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CHAPTER 1 GENERAL INTRODUCTION 

1.1 Nanoparticles (NPs) for encapsulation and drug delivery systems 

1.1.1 Advantages of NPs  

NPs have emerged as a promising platform for encapsulation and delivery of 

therapeutic compounds. NPs are submicron particles ranging from 10-1000 nm in diameter [1]. 

Their relatively small size provides them a number of advantages, including enhanced surface 

area to volume ratio and improved physicochemical properties compared with the larger 

counterpart or bulk material [1,2]. These properties allow NPs to be used for encapsulating or 

carrying a variety of compounds, such as drugs, biomolecules, and proteins. Moreover, the 

physical and chemical properties of NPs can be easily engineered to make them capable of 

controlling the release profiles of a payload and targeting a specific entity, which is of great 

importance for application as nanomedicine in the pharmaceutical and medical research [1,2]. 

NPs can also be utilized for enhancing the solubility of free therapeutic compounds that are 

poorly soluble in water. The enhanced solubility of hydrophobic compounds through 

encapsulation in NPs is important because many beneficial compounds such as anti-cancer 

drugs or nutraceuticals are poorly water soluble, which prevents them from being directly 

utilized for practical applications [1,2]. The poor solubility of drugs also leads to the low 

bioavailability, lowering the efficacy of drugs. As a consequence, the amount of drug 

administered to the body needs to be increased to achieve therapeutic effects. However, a 

higher dose can result in increased toxicity [3,4]. Therefore, development of NPs for such 

purposes is increasingly being explored in the pharmaceutical industry. Indeed, Abraxane, 

which is an albumin-bound paclitaxel (PTX) has been exemplary NPs reaching translation into 

the clinic for cancer therapy [5]. In addition, NPs are also useful to improve chemical stability 

of therapeutic compounds that undergo rapid degradation in the solution, such as wortmannin 

and curcumin [6,7]. 
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Another important benefit of utilizing NPs for drug delivery systems (DDS) is that NPs 

can prevent drugs from enzymatic degradation and thus affects the pharmacokinetic profiles 

[1,3]. Besides, the biodistribution of drugs can be improved by NPs for achieving more 

efficient and effective cancer therapy via active or passive targeting to the cancerous or 

damaged cells. Passive targeting can be inherently achieved by NPs due to their nanoscale size. 

This is possible due to the pathophysiology of tumors. Some tumors exhibit leaky and 

disordered tumor vasculatures, allowing particles from 10-500 nm in diameter to pass through 

and accumulate in the tumor interstitium. This phenomenon has been well-recognized as the 

enhanced permeability and retention (EPR) effect of NPs, which sets a dogma in the DDS 

related-research [2–4,8]. In addition, active targeting has been pursued due to the fact that 

tumor heterogeneity exists and most of NPs circulating in the blood will be cleared by 

mononuclear phagocytes, leading to the accumulation in the reticuloendothelial organs such as 

liver and spleen. Thus, active targeting where NPs are designed such that they have certain 

ability to reach tumor sites favorably over normal tissues, which may alleviate side-effect. 

Active targeting can be achieved by surface modification of NPs with a ligand that binds to a 

specific receptor or biomarker presented in targeted cells [3,4]. The targeting ligands can be 

proteins, peptides, small molecules, polysaccharides, or aptamer [9]. Some examples of the 

ligands are folic acid [10], hyaluronic acid [11], transferrin (Tf) [12], antigens [13], and 

antibodies include cetuximab [14], to target folate (FR), CD44, Tf, and epidermal growth factor 

receptor (EGFR), respectively. The schematic illustration of advantages of NPs through 

passive and active targeting is presented in Fig. 1-1. 

The properties of NPs are comfortably tunable. “Smart” NPs can be fabricated where 

encapsulated drugs can be released in response to intrinsic and extrinsic stimuli aside from 
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their possible controlled release of drugs in a sustained manner for a longer period of time [9]. 

Intrinsic stimuli refer to stimuli present in the target tissues. Damaged or cancerous tissues 

undergo several changes in their pathology, such as elevated temperature, lower pH, increased 

specific enzymes production or greater redox potential compared with the normal tissues. At 

elevated temperature of around 40-45 °C (hyperthermia), a greater blood flow and an improved 

vasculature permeability occur in the damaged tissues [9,15]. The extracellular pH of the tumor 

is acidic due to the lack of nutrients and oxygen, increasing the production of lactic acid via 

glycolysis pathway [16]. The increased expression of proteases such as the matrix 

metalloproteinases (MMPs) is associated with the growth and proliferation of the tumor [17]. 

Finally, the intracellular condition of cells is considered more reducing due to the presence of 

the glutathione (GSH) in the cytosol at 2-10 mM compared with the extracellular counterpart 

(2-20M). Moreover, the concentration of GSH in the tumor cytosol is higher than that in the 

Fig. 1-1 Schematic illustration of advantages of NPs via passive (A) and active (B) 

targeting. Reprint from ref. 8 with permission. 
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normal counterpart [18]. These circumstances can be exploited for fabricating smart NPs for 

more effective cancer therapy. On the other hand, extrinsic stimuli refer to stimuli applied from 

the outside of the tissues [9]. The extrinsic stimuli include external heat from laser, 

ultramagnetic, or ultrasound, magnetic field, light (UV, visible, or near infrared (NIR)), and 

electric fields. Local hyperthermia can be induced by applying those external heat sources 

while light can penetrate the tissues to trigger the release of drugs through breaking down the 

structure’s integrity of NPs [9,19]. Meanwhile magnetic forces can be used to guide the NPs 

to certain location and release the payload through elevated temperature [20]. Clearly, the 

advantage of using stimuli-triggered NPs is that systemic exposure can be minimized because 

drugs are released in the cancerous or targeted tissues where the trigger is presented, reducing 

the side-effect of drugs. In addition, smart NPs may enable the development of a new 

combination therapy such as theranostics, i.e., therapy and diagnostic by taking advantage of 

tunability of NPs. Indeed, there are many excellent examples of stimuli-responsive NPs 

published in the literature with great promise to overcome some limitations in the current 

cancer therapy or other diseases. 

1.1.2 Fabrication and type of NPs  

Fabricating nanoscale DDS requires several manufacturing techniques that mainly 

involve the use of advanced equipment. Although in some cases, they can be simply created 

using a straightforward and convenient method. In general, NPs can be fabricated by a bottom-

up and top-down approach by using a wide variety of materials. The top-down approach 

involves a reduction in the particle size through physical processes, such as milling and 

homogenization, whereas the bottom-up approach relies on the ability of the molecules to form 

nanoscale structures via generally supramolecular chemistry [21]. Several types of NPs have 

been developed ranging from inorganic-based NPs (hard NPs), such as gold, silica, and silver 

to their organic-based counterparts (soft NPs), such as lipid, polymer, proteins [22]. Selection 
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of suitable building materials for the fabrication of NPs is extremely important for applications 

in the food, pharmaceutical, and medical industry because there is a concern about the safety 

of NPs due to enhanced reactivity with the biological system, associated with their nanoscale 

size [3,4]. In addition to improving the efficacy of NPs formulation, ensuring selected building 

materials are safe and biodegradable is a key step in achieving successful utilization of NPs in 

the clinical practice. Moreover, the manufacturing method and technology for the production 

of NPs should be amenable for large-scale production and commercialization and be 

standardized to avoid heterogeneity in the quality of NPs produced [23]. It is not surprising 

that hard NPs such as gold or other metals NPs face extreme difficulties to reach the clinical 

stage although many promising results are shown in the literature and in the preclinical stage. 

This may be due to unknown biodegradability and toxicological profiles of hard or inorganic 

NPs in relation to the human body. Only iron oxide-based NPs such as Feridex®, Feraheme®, 

and NanoTherm® have entered the clinical stage for diagnostics, iron deficiency treatment, and 

local heat-triggered cancer therapy, respectively [5]. Thus, soft NPs have been extensively 

exploited by many scientists and affiliated industries for development of new nanotherapeutics 

with valuable properties with the goal of achieving advancement in the healthcare system.  

Doxil® is the first approved and commercialized soft NPs for cancer therapy and has 

been served as a model for many researchers to develop newly approved nanomedicine with 

improved performance [5,24,25]. It mainly comprises liposomes that are conjugated with 

polyethylene glycol (PEG). Liposomes are a nanoscale phospholipid vesicle, which is formed 

by the self-assembly of phospholipids with the help of added kinetic and/or thermal energy 

[25]. This liposomal NPs formulation encapsulates doxorubicin hydrochloride, a potent anti-

cancer drug. Doxil® sets the gold standard for the NPs formulation with proven advantages 

over conventional liposomal formulation and other cancer therapy in terms of targeting ability 

to the tumors [25]. After approval of Doxil® in 1995, several liposomal-based formulations 
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have also been approved for other uses, such as AmBisome®, DaunoXome®, Myocet®, 

DepoDur®, and many others [5,24]. Another successful soft NPs platforms is protein-based 

NPs formulation, such as Abraxane, which utilizes high-pressure homogenization of PTX 

with human serum albumin (HSA) to yield colloidal NPs with 130 nm in diameter [26]. This 

albumin-based NPs takes advantages of the EPR effect and albumin-receptor mediated 

pathway to enhance the efficacy and reduce the side-effect of PTX. Pegylated proteins and 

antibodies such as Adagen®, Cimzia® are also get approval by the US Food Drug 

Administration (FDA) to treat immunodeficiency and Crohn’s diseases [27,28]. Polymer-based 

NPs have also shown promises in the pre- and clinical settings for treatment of cancer. Eligard® 

and Genexol® are the initial examples of polymeric NPs reaching to the clinic [29,30]. Eligard® 

is NPs composed of biodegradable poly (DL-lactide-co-glycolide) polymer for sustained 

release of leuprolide acetate, a synthetic analog of gonadotropin releasing hormone (GnRH or 

LH-RH), whereas Genexol® is polymeric micelles of poly (ethylene glycol)-poly (DL-lactide) 

with 20-50 nm in size for PTX delivery to treat metastatic breast and pancreatic cancer and is 

approved and marketed in South Korea. Some other polymer-based NPs are still in the 

development phase but show a great potential for approval and commercialization as 

nanotherapeutics with improved performance to treat various diseases. Indeed, the current 

trend is to develop novel soft NPs with unique properties and improved capabilities for use as 

a nanocarrier in the food, pharmaceutical, and medical industry. 

1.2 NPs fabricated from the interaction between proteins and polysaccharides 

1.2.1 Proteins and polysaccharides as promising soft materials 

Proteins and polysaccharides are soft materials that play important roles in the 

biological systems due to their functional properties. Proteins are biomacromolecules 

consisting of polypeptide chains of a specific amino acid sequence linked together via peptide 

bonds and are required in the structure and regulation, energy production, and metabolism of 
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the living systems [31–33]. Proteins have long been extensively studied for a wide variety of 

applications due to their beneficial biological and chemical properties as well as potential 

health benefits [34]. One of important functional properties of proteins is emulsifying ability 

through reducing the interfacial tension between oil and water phase [33]. On the other hand, 

polysaccharides comprise chains of monosaccharides connected through condensation 

reactions and serve as a key component found abundantly in nature that can be utilized for 

various purposes due to their unique structures and valuable biological properties. For instance, 

polysaccharides may self-assembled to form three-dimensional structures, which can be used 

as viscosifying and gelling agents [1]. Both proteins and polysaccharides possess diverse 

structural characteristics (molecular weight, conformation, monomer arrangement, polarity, 

electricity, etc), which can be utilized for some specific purposes [32,35]. Proteins and 

polysaccharides can interact with each other in solution to form supramolecular structures such 

as complexes, which can be naturally found or artificially created. Some examples of naturally 

occurring interactions between the two biomolecules include the formation of complexes 

between the chondroitin sulfate proteoglycan aggrecan and hyaluronan, which is responsible 

for the mechanical strength of cartilage, and the binding of heparin to antithrombin protein for 

anti-coagulation of blood [36]. For artificially made, biologically relevant interactions, the 

electrostatic interaction between pectin of wine and proteins present in the saliva, which 

decreases astringency in wine, can be a practical application [36]. Indeed, there are more 

practical applications of the protein-polysaccharides complexes generally found in the food, 

cosmetics and pharmaceutical industry, such as microencapsulation of bioactive molecules or 

ingredients, and recently the development of novel nanocomplexes (NCs) and NPs from the 

interaction between proteins and polysaccharides and their evaluation as nano delivery systems 

is gaining much attention by many scientists [35,37,38].  

1.2.2 Formation mechanism of proteins-polysaccharides complexation 
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Fabricating NPs with desired physicochemical properties requires understanding in the 

formation’s mechanism, molecular characteristics of proteins and polysaccharides, and several 

other processing parameters. Understanding the events that may take place when mixing 

proteins and polysaccharides in the solution is important to design and create suitable NPs. In 

general, NPs can be fabricated by mixing of the biopolymers that undergo phase separation 

through segregative (repulsive) or associative (attractive) interactions (Fig. 1-2) [39,40]. In 

segregative system, shearing and extrusion of the phase-separated biopolymers are usually 

needed to form spheroid particles, followed by gelling of the biopolymers via heating, additions 

of ions, or cross-linking reaction to stabilize the particles [32,37]. In associative system, the 

biopolymers attract to each other to form aggregates or complexes. The state of complexation 

and particle size can be controlled by adjusting the initial biopolymer concentration, pH, ionic 

strength, mass ratio, and other parameters [32]. The association between proteins and 

polysaccharides involves various intermolecular forces, including electrostatic, hydrogen 

bonding, and hydrophobic interactions [35–39,41]. Indeed, the most utilized system to form 

NPs is through associative interactions that involve oppositely charged proteins and 

polysaccharides, i.e., electrostatic complexation. Electrostatic complexation-based NPs can be 

formed by simply mixing cationic or anionic polysaccharides and proteins in the solution. 

Different types of complexation can occur by adjusting the pH of solution, and the isoelectric 

point (pI) of proteins and pKa of polysaccharides play critical role in the formation of 

complexes or NPs [35,38].  

There are four possible phenomena when proteins and polysaccharides are mixed, i.e., 

no complexation, soluble complexes, insoluble complexes/coacervation, and precipitation [32]. 

1) No complexation takes place when both proteins and polysaccharides have the same, 

sufficiently strong charge that prevents them from interacting to each other. This phenomenon 
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is pH dependent. For instance, when the pH of the solution is below pI of proteins, both cationic 

polysaccharides and proteins are positively charged. 2) Soluble complexes can be formed when 

proteins and polysaccharides weakly associate to each other. This phenomenon usually occurs 

at below critical pH, where insoluble complexes exists. The characteristics of soluble 

complexes includes translucent or slightly turbid solution in the appearance due to their 

relatively small size and weak scattering, and reversible, highly dynamics structures due to the 

weak physical interactions between them, and highly charged entities [32,42]. The occurrence 

of soluble complexes can be determined using simultaneous use of light scattering technique 

and UV-vis spectrophotometer [41]. An increase in the intensity observed in the light scattering 

technique where no increase in the absorbance value from UV-vis spectrophotometer indicates 

the formation of soluble complexes [43]. 3) Insoluble complexes/coacervation are probably the 

most interesting, biologically and functionally relevant phenomenon when it comes to the 

electrostatic complexation between proteins and polysaccharides [35,38]. This phenomenon 

occurs when proteins and polysaccharides strongly associate to form relatively large complexes 

(100-10000 nm range). Thus, they tend to scatter light strongly, resulting in the turbid solution. 

Fig. 1-2 Phase separation behaviour of mixtures of proteins and polysaccharides. (a) 

soluble complexes, (b) insoluble complexes, (c) co-solubility, (d) segregative phase. 

Reprinted from ref. 40 with permission. 
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Another important characteristics is that their net charge is relatively low so that coalescence 

easily takes place, leading to phase separation into two different phases, i.e., one phase is rich, 

dense, usually viscous solution that consists of the association of the proteins and 

polysaccharides, another phase is dilute solution that mainly consists of the solvents [44]. The 

driving force for the formation of insoluble complexes/coacervation is indeed the electrostatic 

interaction that comes from oppositely charged proteins and polysaccharides in the solution 

and the decrease of the free energy of the system through the gain of entropy by the release of 

counterions and water molecules and the decrease of electrostatic enthalpy contribution by the 

complex formation [36,39,44]. In addition, other weak, non-covalent interactions, such as 

hydrogen bonding, hydrophobic interactions can have a significant impact on the formation of 

insoluble complexes/coacervation [21]. It should be noted that for some researchers, the term 

“coacervation” is strictly defined to liquid-liquid phase separation where the formation of 

coacervates are confirmed by the presence of fused coacervate droplets with liquid-like or 

highly viscous properties by the use of centrifugation, light microscopy techniques, and 

interfacial tension measurement [45]. 4) Precipitation occurs when the electrostatic interactions 

are strong enough to expel more counterions and water such that tight packing and binding 

between the two biopolymers take place [32]. As a result, solid-like particles (precipitates) can 

be observed in the system through visual observation and microscopy technique. Precipitates 

tend to scatter light more strongly and sediment faster than does coacervates. In contrast to 

coacervates, precipitates are kinetically controlled and essentially irreversible [32]. Among 

these phenomena, soluble and insoluble complexes are widely used to fabricate NPs for 

encapsulation and delivery systems. To get complexes in the nanoscale level, one has to adjust 

several operating parameters, including total proteins/polysaccharides concentration, proteins-

polysaccharides ratio, pH, ionic strength, and molecular characteristics (molecular weight, 

flexibility, charge density, conformation) [37]. In some cases, external forces and additional 
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elements, such as heat and ions are required to form NPs from soluble/insoluble complexes 

[46,47]. In addition, processing operation methods, such as spray and freeze drying, 

homogenizer, and microfluidics can be utilized to form small and stable NPs [32]. In general, 

the formation of NPs is carried out under dilute (the total biopolymers concentration is typically 

less than 0.5% (w/v)) and low ionic strength conditions [48]. NPs fabricated from the 

electrostatic complexation are typically reversible and highly dynamic. Therefore, they are 

likely to deform and destabilize when the pH and ionic strength are changed. The particle 

stability is of importance to ensure the practicality of the NPs for encapsulation and delivery 

systems as they will be encountered harsh and unfavorable environments, such as acidic pH, 

high salt concentration in the body. 

1.2.3 Stability of NPs 

Enhancing the stability of NPs can be done using physical, enzymatic, conjugation, and 

chemical methods. Physical enhancement utilizes non-covalent forces, such as hydrogen 

bonding, hydrophobic interactions, and ionic cross-linking, which can be obtained by 

employing heat and mineral ions [46]. Hydrophobic and hydrogen bonding-related associations 

tend to increase with increasing and decreasing temperature, respectively [44]. For instance, 

the stability of whey protein-pectin complexes in a wide range of pH was remarkably enhanced 

after heat treatment due to increased hydrophobic interactions among unfolded whey proteins 

[49]. Similarly, pH and salt-stable nanogels composed of soy proteins and soy polysaccharides 

could be fabricated after heat treatment [50]. Ionic cross-linking can be employed to form stable 

NPs by adding mineral ions such as calcium and potassium into NPs containing anionic 

polysaccharides. Pectins, alginates, and carrageenan may self-assemble into gel-like structure, 

which promotes the integrity of NPs [51–53]. Enzymes such as transglutaminase, tyrosinase, 

and laccase can be also used to enhance the stability of the protein-polysaccharide complex 

[54,55]. Likewise, conjugation of protein with polysaccharides can render the NPs stable 
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against agglomerations and high salt concentrations [56–58]. One convenient and effective 

approach is the use of chemical cross-linker to make the NPs stable under physiological 

conditions by forming covalent bonds among proteins/polysaccharides within the NPs. Some 

examples of cross-linkers that have been commonly used are glutaraldehyde, 1-ethyl-3-(3-

dimethylaminopropyl) carbodiimide (EDC), diisocyanate, and sulfhydryl-reactive cross-

linkers [48,59–61]. However, the utilization of amenable, non-toxic cross-linker has recently 

been encouraged. Genipin is a foremost natural cross-linker that attracts many researchers due 

to its safety and great biological activities [62]. 

1.2.4 NPs formed from the interaction between chitosan and proteins 

Among other polysaccharides, chitosan (CH) is of great interest for fabricating NPs 

through complexation with proteins due to its inherent cationic properties, mild toxicity, 

biodegradability, diverse biological activities, mucoadhesiveness, and great abundance. CH is 

a linear homopolymer that can be obtained by partial deacetylation of chitin, the major 

components of crustaceans, some bacterial and fungal cell walls (Fig. 1-3) [63]. CH consists 

of -(1,4)-linked N-acetyl-glucosamine chains. CH is positively charged in the solution and its 

charge density decreases as pH is increased from acidic to neutral/alkaline condition [47,63]. 

However, CH is poorly soluble in water and requires mild acid to solubilize it [47]. For this 

reason, derivatives of CH have been synthesized such as carboxymethyl CH and glycol CH 

(GC) [64,65]. Nevertheless, CH has still been extensively used in the various fields, including 

food, pharmaceuticals, and biomedical fields. NPs formed from the interaction between CH 

and proteins have been explored for encapsulation and delivery systems. Different types of 

proteins, including globular, linear, unstructured have been known to form nano-complexation 

with CH for encapsulation of hydrophilic or hydrophobic bioactive compounds. These include 

animal- and plant-based globular proteins such as -lactoglobulin [66–68], -conglycinin [69], 

soy proteins [70], zein [64,71]. Likewise, various albumins including those obtained from 
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plants (rice bran albumin) [72], bovine serum [73–76], milks (lactalbumin) [77,78], eggs 

(ovalbumin) [46,79,80], and human serum [81] have been explored for fabrication of NPs with 

CH. Linear and unstructured proteins such as gelatin [82], caseins [76,83,84] have also been 

reported to form nano-scale complexation with CH for encapsulation of therapeutic compounds. 

Recently, transport proteins such as ferritin [85,86] have also been studied for fabrication of 

NPs with CH. Moreover, therapeutic proteins such as insulin [87,88], peptides [48,62] have 

also been utilized for the formation of nano-scale complex. These NPs have shown promising 

abilities for controlled release, improved mucoadhesiveness and cellular interaction, enhanced 

stability and bioactivity of encapsulated compounds. However, these NPs are mainly studied 

for encapsulation of hydrophilic compounds.  

1.3 Aim and outline of this thesis 

The aim of this research is to get a better understanding on the capabilities of nano-

complexation between CH and proteins as a nanocarrier for encapsulation and delivery of 

hydrophobic therapeutic compounds. In particular, the formation and properties of NPs from 

these complexations are investigated, and the cellular in vitro studies are carried out to evaluate 

their potential applications as a nanocarrier. 

In Chapter 2, we focused on characterizing the nano-complexation between CH and 

unstructured protein, sodium caseinate (CS). The feasibility of these complexes to encapsulate 

Fig. 1-3 Chemical structure of CH 
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curcumin, a yellow medicinal compound from turmeric plants was investigated by evaluating 

their ability to enhance water dispersibility, thermal and storage stability, and antioxidant 

activity of curcumin. 

In Chapter 3, we investigated the bioactivity of curcumin-loaded in the NPs described 

in the previous chapter. First, the stability of the NPs was enhanced by applying genipin cross-

linker. Finally, the cytotoxicity in vitro and cellular uptake studies in cancer and normal cells 

were carried out to determine the capabilities of these NPs as delivery systems for curcumin. 

In Chapter 4, we studied the formation of NPs between globular protein, bovine serum 

albumin (BSA) and glycol chitosan (GC). The formation mechanism and properties of these 

NPs were characterized in detail. We explored the ability of these NPs for PTX delivery by 

evaluating encapsulation efficiency, release profile, and cytotoxicity in vitro studies of PTX-

loaded in these NPs. 

Finally, in Chapter 5, we summarized the findings of this research and briefly 

discussed further research directions related to this research. 
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CHAPTER 2 FORMATION AND CHARACTERIZATION OF CASEINATE–

CHITOSAN NANOCOMPLEXES FOR ENCAPSULATION OF CURCUMIN 

2.1 Abstract 

Curcumin holds promise as a therapeutic agent due to its capability of conferring 

several pharmacological activities. While curcumin shows efficacy in preclinical studies as an 

anti-cancer agent, its translation into the clinic as a drug has yet to be realized. One possible 

reason is its poor solubility and stability in water, which decreases the bioavailability. Here, 

we report the formation of biocompatible nanocomplexes (NCs) from caseinate (CS) and 

chitosan (CH) using an electrostatic interaction-based approach to stabilize and enhance water 

solubility of curcumin. The formation of CS–CH NCs (CCNCs) was studied as a function of 

CH concentration. We show that positively charged NCs, having size between approx. 250 nm 

with a narrow distribution was formed by adjusting CH concentration. CCNCs successfully 

entrapped curcumin with a high entrapment efficiency. Curcumin was possibly located in a 

hydrophobic region of CS as indicated by a blue-shift in the emission maxima of curcumin. 

Ultimately, the stability and water solubility of curcumin in CCNCs could be remarkably 

enhanced. These results suggest that CCNCs would be useful for increasing the potential of 

curcumin as a preventive or therapeutic agent. 
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2.2 Introduction 

Curcumin [1,7-bis(4-hydroxy-3-methoxyphenyl)-1,6-heptadiene-3,5-dione; 

diferuloylmethane] (Fig. 2-1) is a polyphenolic compound associated with several beneficial 

health effects such as anti-cancer, anti-inflammatory, anti-diabetes, anti-microbial, and anti-

Alzheimer [1]. Moreover, curcumin also shows hepato-and cardio-protective activity [2, 3] and 

has strong antioxidant properties, which are attributed to the phenolic groups and conjugated 

diene moiety [4]. Curcumin has relatively low toxicity. High doses of curcumin (12 g daily) 

resulted in only a minor side effect [5], suggesting its remarkable pharmacological safety. 

However, curcumin bioavailability is extremely low as evidenced by the little curcumin 

detected in plasma after oral or intravenous administration [5, 6]. In addition to the rapid 

metabolism and systemic elimination [7], one of the major reasons for the low curcumin 

bioavailability is the poor aqueous solubility, which is about 11 ng/ml [8]. Therefore, a strategy 

to overcome the low bioavailability for realizing curcumin potential as a preventive or 

therapeutic agent against various cancers and diseases needs to be devised. 

Several strategies to improve solubilization and bioavailability of curcumin have been 

developed. The use of adjuvants such as piperine is able to improve curcumin bioavailability 

by inhibiting glucuronidation [9], which is responsible for curcumin metabolism in the body. 

The utilization of nano-sized carriers such as liposomes [10], self-assembling micelles [11], 

polymeric nanoparticles [12], nanoemulsion [13], and lipid-based nanocarriers [14] has shown 

a great promise in improving curcumin bioavailability and stability, enhancing curcumin 

Fig. 2-1 The chemical structure of curcumin 
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cellular uptake and facilitating controlled release and targeted delivery. Nevertheless, some of 

nanocarriers suffer from the complexity of the production method, the high cost of materials 

and equipment, and the frequent use of harmful organic solvents in the preparation of 

nanocarriers. 

Recently, nanocomplexes (NCs) made from electrostatic interactions between proteins 

and polysaccharides have demonstrated excellent ability to enhance water solubility and 

bioavailability of bioactive molecules [15-17]. NCs can be easily formed by mixing proteins 

and polysaccharides having opposite charge in an aqueous solution, allowing simple, effective, 

and energy efficient manufacturing processes [18-19]. In addition, the use of a harmful organic 

solvent could be prevented, which is advantageous for the development of functional foods. 

While the main driving force of the formation of NCs is commonly believed to be a strong yet 

reversible electrostatic interaction, other forces, such as hydrogen bonding and hydrophobic 

interactions are also involved [19]. Improving aqueous solubility and bioavailability of 

curcumin by utilizing NCs from protein and polysaccharides is deemed a simple yet interesting 

approach. 

Chitosan (CH), being a biopolymer bearing positive charge, has been extensively 

utilized to fabricate NCs [18, 19]. CH is a polysaccharide derived from crustacean shells and 

is composed of glucosamine and N-acetyl glucosamine groups linked by -(1,4) glycosidic 

bond. It is well known for its excellent biocompatibility, biodegradability, mucoadhesiveness 

and non-toxic property (18-20]. Its potential use as a drug excipient or a bioactive compound 

in food [21], biomedical [22] and pharmaceutical [23] applications has been well demonstrated. 

Despite the fact that various kinds of nanocarriers employing CH have been developed, few 

studies are available investigating the capability of protein CH-based NCs for improving 

therapeutic effectiveness of curcumin. 
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Caseins, the major protein from bovine milk, are open-structured rheomorphic proteins, 

and consist of four casein phosphoproteins, S1-, S2-, -, and -casein, with molecular 

weights between 19 and 25 kDa, and a calcium phosphate nanocluster [24]. Due to its 

biocompatibility and great surface-active characteristic, caseins have been widely used for 

developing delivery systems of hydrophobic molecules [16, 25], including curcumin. 

Curcumin encapsulated into caseins has shown improved chemical stability, enhanced water 

solubility and curcumin cellular uptake into cells [26, 27]. In the present work, caseinate (CS), 

which is an acid precipitation form of caseins, was used instead of native casein micelles for 

more practical application. A previous report demonstrated that NCs from CS and CH could 

be prepared by controlling the initial concentration and the mass ratio of two biopolymers and 

by adjusting pH of the solution [28]. However, no report is available to demonstrate the 

capability of these NCs to enhance aqueous solubility and stability of curcumin. So far, only 

one article investigating the delivery of a platinum-based anticancer drug by -casein–chitosan 

NCs has been reported [29]. Therefore, the primary objective of this study was to get insight 

into the capability of CS–CH NCs (CCNCs) as a carrier for curcumin. In addition, the effect 

of CH concentration on the formation of CCNCs was investigated by monitoring their particle 

sizes, polydispersity index (PDI), derived count rate, zeta potential, and turbidity. The nature 

of the interaction between curcumin and CCNCs was confirmed by the fluorescence 

spectroscopy technique, and the enhanced water dispersibility and stability of curcumin loaded 

into CCNCs were shown.  

2.3 Experimental 

2.3.1 Materials and preparation of CH and CS solution 

Low molecular weight CH (viscosity of 5-20 mPa.s and degree of deacetylation (DD) 

of 80.7%) was purchased from Tokyo Chemical Industry Co., Ltd (Tokyo, Japan) and was used 

as received. CS and potassium ferricyanide [K3Fe(CN)6] were purchased from Sigma-Aldrich, 
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USA. Curcumin, trichloroacetic acid, and ferric chloride (FeCl3) were obtained from Wako 

Pure Chemical Industries (Osaka, Japan). CH solutions were prepared by dissolving CH in the 

powder form into 0.1 M acetic acid, and were then stirred until complete dissolution. Then, pH 

of the CH solution was adjusted to 5.5 by adding 1 M NaOH. CS solutions were prepared by 

dissolving them into Milli-Q water. Both CH and CS stock solutions were filtered against a 

0.45 m Millipore filter and were stored at 4oC overnight to ensure complete hydration before 

use. 

2.3.2 CCNCs formation 

CCNCs were fabricated based on electrostatic interaction between positively charged 

CH and negatively charged CS according to a previously published article [28]. Briefly, a CS 

solution was slowly added into the CH solution at the same volume ratio under slow agitation. 

NCs formation was indicated by the occurrence of a turbid or translucent solution. The final 

pH was adjusted to 5.5 by adding 0.1 M HCl or 0.1 M NaOH. In order to find optimum 

conditions for the formation of CCNCs, varying CH concentrations were prepared (0.25, 0.33, 

0.5, 1, 2 mg/ml) at a final CS concentration of 1 mg/ml. 

2.3.3 Curcumin-loaded CCNCs 

Stock curcumin was prepared in an ethanolic solution (1 or 2 mg/ml) and was used for 

loading curcumin into CCNCs. Briefly, curcumin was loaded after NCs formation by adding 

the curcumin ethanolic stock solution to CCNCs under gentle stirring for 30 min. Preparation 

was done in the dark to avoid curcumin degradation. The final ethanol concentration used in 

the formulation was below 3%. The particle size, and PDI before and after curcumin addition 

were recorded. The entrapment efficiency (EE) of curcumin was determined based on the 

method reported previously [16] with a slight modification. CCNCs were centrifuged at 9,000 

g for 30 min at 20oC. A small aliquot of supernatant was extracted with ethanol, then the 

mixture was subjected to a micro plate reader to quantify the amount of unloaded curcumin by 
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measuring the absorbance of supernatant at 425 nm. The standard curve of curcumin in ethanol 

was previously made (R2 = 0.998). The entrapment efficiency (EE) (%) of curcumin in CCNCs 

was calculated using the following equation. 

𝐸𝐸 (%)  =
𝑇𝑜𝑡𝑎𝑙 𝑐𝑢𝑟𝑐𝑢𝑚𝑖𝑛 𝑎𝑑𝑑𝑒𝑑 − 𝑐𝑢𝑟𝑐𝑢𝑚𝑖𝑛 𝑖𝑛 𝑠𝑢𝑝𝑒𝑟𝑛𝑎𝑡𝑎𝑛𝑡

𝑇𝑜𝑡𝑎𝑙 𝑐𝑢𝑟𝑐𝑢𝑚𝑖𝑛 𝑎𝑑𝑑𝑒𝑑
𝑥 100% 

2.3.4 Fluorescence spectroscopy study 

Fluorescence emission of CS and curcumin was measured using a LS 55 Perkin-Elmer 

fluorescence spectrometer. To observe fluorescence quenching of CS with the addition of 

increasing amount of curcumin (51-119 M), CS (0.25 mg/ml) in the presence of CH (0.125 

mg/ml) was used. The excitation wavelength was set at 295 nm, and the emission spectra were 

recorded from 310 to 450 nm with a slit width of 10 nm set for both excitation and emission. 

The inner filter effect was also considered. Fluorescence spectra of free curcumin in ethanol 

and curcumin loaded into CCNCs were recorded at the excitation wavelength of 420 nm, and 

the emission profiles from 450 to 700 nm were obtained. 

2.3.5 Thermal stability and antioxidant activity of curcumin-loaded CCNCs 

Free curcumin dissolved in 5 mM acetate buffer (pH 5.5) with a small amount of 

ethanol (2.6% v/v), curcumin-loaded CCNCs with CH concentrations of 0.5, 1, 2 mg/ml were 

heated at 80oC for 2 h with light protection. At predetermined times (0, 0.5, 1, 1.5, and 2 h), 

aliquots of samples were taken and extracted with ethanol. The mixtures then were centrifuged 

at 9000 g at 20oC for 5 min. The supernatant was taken and its absorbance at 425 nm was read 

as described in section 1.3. Curcumin retention (%) was defined as the amount of curcumin 

remaining after the thermal stability test. 

The ferric reducing antioxidant power (FRAP) method [30] with a minor modification 

was used to estimate antioxidant activity of free curcumin and curcumin-loaded in CCNCs (at 

curcumin concentration of 50 g/ml) with varying CH concentrations (0.5, 1, and 2 mg/ml). 
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Briefly, 0.4 ml of samples were mixed with 1 ml of sodium phosphate buffer pH 6 and 1 ml of 

1% potassium ferricyanide [K3Fe(CN)6]. The mixtures then were incubated at 50oC for 20 min. 

One milliliter of 10% trichloroacetic acid was added to acidify the mixtures, followed by 

mixing and centrifugation at 3000 rpm for 10 min. Supernatant (0.5 ml) was taken out and 

mixed with 0.5 ml distilled water and 0.1 ml of 0.1% ferric chloride (FeCl3). After incubation 

for 10 min at room temperature, the absorbance at 700 nm was read. Higher absorbance 

indicates higher antioxidant activity. Blanks were samples and all reagents without 1% 

potassium ferricyanide. 

2.3.6 Water dispersibility and storage stability of freeze-dried curcumin-loaded CCNCs 

Curcumin-loaded CCNCs were freeze-dried for 24 h in the presence of 5% trehalose to 

avoid aggregation. Milli-Q water was then added to the freeze-dried cake, and vortexed for 30 

seconds to ensure complete dispersion. The physical properties of redispersed curcumin-loaded 

CCNCs were characterized. Free curcumin dissolved in Milli-Q water containing 5% trehalose 

was served as a control. A small amount of ethanol (2.6%) was used to help solubilization of 

free curcumin in Milli-Q. The amount of curcumin in redispersed CCNCs was determined by 

measuring absorbance at 425 nm. The storage stability of redispersed curcumin-loaded CCNCs 

was done at 25oC for one week. The changes in the particle size, PDI, and zeta potential were 

noted.  

2.3.7 Characterization of CCNCs and curcumin-loaded CCNCs  

Z-average particle size of CCNCs or curcumin-loaded CCNCs was determined by a 

dynamic light scattering (DLS) at scattering angle of 173o at 25oC with 10 runs each for 10 s 

(a Zetasizer Nano Series, Malvern Instrument). Zeta potential and derived count rate (103 kcps) 

were obtained using the same instrument. The derived count rate is defined as the theoretical 

count rate (signal strength) at maximum laser power without attenuation. It indicates the 

concentration of particles detected by DLS [31]. Turbidity was defined as optical density at 
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600 nm (OD 600) and was measured using a Jasco V-630 UV-Vis spectrophotometer. The 

absorbance profile of curcumin in ethanol and curcumin-loaded CCNCs were also determined 

using the same spectrophotometer. Attenuated total reflectance (ATR) FT-IR profiles of CH, 

CS and lyophilized CCNCs were conducted using a Perkin-Elmer FT-IR spectrometer with a 

resolution of 4 cm-1. 

2.4 Results and Discussion 

NCs arising from the interaction of at least two oppositely charged polymers mainly 

involve strong electrostatic interactions [18]. In addition, hydrophobic interaction and 

hydrogen bonding participated in the formation of NCs. NCs could be instantaneously formed 

by simply mixing two oppositely charged molecules under a certain pH range and low ionic 

strength due to the entropy gain by the release of small counterions [18-19]. In this study, CH 

and CS were selected as positively and negatively charged entities, respectively. During the 

course of study, the initial pH of CH solution was adjusted to 5.5 to facilitate the formation of 

positively charged molecules, while CS was dissolved in Milli-Q water (pH 7) to ensure 

negatively charged CS molecules were obtained. CH is an amino-polysaccharide with a pKa 

value of ~6.5; therefore, in an acidic environment, the primary amino groups of CH undergo 

protonization, leading to a solubilization of chitosan chains with high density of positive 

charges. On the other hand, CS has an isoelectric point (pI) value of ~4.7. Above pI, CS is 

negatively charged. The final pH was fixed at 5.5 to ensure colloidal stability of CCNCs, as 

previously reported [28, 29]. Since the formation and physicochemical characteristics of 

electrostatic-based NCs are considerably affected by biopolymer concentrations [32], we 

studied the effect of CH concentration on the particle size, PDI, the number of particles, 

turbidity, and zeta potential to get a better understanding of the essential feature of CCNCs. 

2.4.1 Effect of CH and total biopolymer concentration on the characteristics of CCNCs 
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CH concentration is one important parameter affecting the formation and the surface 

properties of NCs. CH is expected to endow CCNCs with positive surface charge, which could 

be beneficial for cellular uptake and mucoadhesiveness. In addition, CH should be in excess 

over CS in order to avoid the occurence of neutral particles, which can lead to precipitation or 

aggregation of NCs [18]. Therefore, the effect of CH concentration on the particle size, PDI, 

the number of particles, turbidity, and zeta potential of CCNCs were investigated. A varying 

CH concentration at a constant CS concentration of 1 mg/ml was evaluated. As shown in Fig. 

2-2A, the particle size slightly decreased as CH concentration increased from 0.25 to 0.5 mg/ml, 

then increased as CH concentration increased from 0.5 to 2 mg/ml. The PDI decreased from 

0.147 to 0.106 as CH concentration increased from 0.25 to 0.33 mg/ml, then increased linearly 

from 0.106 to 0.144 as increasing CH concentration. These results indicate that relatively small, 

homogeneous nanoparticles could be obtained within the CH concentrations studied. The 

derived count rate measured by a DLS could be used to estimate the stability and number of 

particles [33]. An increase in the derived count rate at CH concentrations of 0.5 and 1 mg/ml 

indicates effective NCs formation and more stable NCs. On the other hand, at CH concentration 

of 2 mg/ml, a slight decrease in the derived count rate indicates less NCs formation. At lower 

CH concentrations (0.25 and 0.33 mg/ml), NCs tend to settle down more quickly due to lower 

zeta potential (Fig. 2-2B), resulting in the lower derived count rate. The number of particles of 

CCNCs with CH concentrations of 0.5 and 1 mg/ml was comparable. The zeta potential of 

CCNCs almost increased linearly from +23.7 to +31.3 mV as CH concentration was increased. 

These results indicate that the composition of CS and CH in CCNCs has changed. It might be 

that less CS molecules interact with CH molecules to form NCs. Thus, the zeta potential 

becomes higher as a result of an excess positive charge. The zeta potential value of +30 mV is 

considered stable for colloidal particles that rely mostly on electrostatic interaction. It is worth 

mentioning that instant aggregation (data not shown), followed by precipitation of CCNCs with 
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CH concentration of 0.167 mg/ml was noticed, which is probably due to neutralization of the 

surface charge of CCNCs. 

  

Fig. 2-2 Effects of CH concentration on the particle size and PDI (A) and zeta potential (B) at 

a CS total concentration of 1 mg/ml; pH of CCNCs was fixed at 5.5; data are presented as the 

mean  standard deviation, n = 3 
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Absorbance at 600 nm (OD 600) was used to monitor the turbidity of CCNCs, as 

negligible absorbance was observed for both polymers at this wavelength. Therefore, the 

absorbance measured at this wavelength suggests the formation of NCs. By increasing CH 

concentration, the turbidity decreased almost linearly (Fig. 2-3), which contradicts what was 

reported previously [28]. The difference could be due to the variation in molecular 

characteristics of CH, i.e. molecular weight, deacetylation degree, which requires future 

investigations. In the present work, low molecular weight CH was used instead of high 

molecular weight CH. 

To get insight into the factors controlling the particle size and the formation structure 

of CCNCs, we investigated the effect of total biopolymer concentration (i.e. [CS] + [CH]) on 

the characteristics of CCNCs. It revealed that the total biopolymer concentration affects the 

particle size. Increasing the total biopolymer concentration resulted in larger particles (Fig. 2-

Fig. 2-3 Effects of CH concentration on OD 600 and derived count rate at a CS total 

concentration of 1 mg/ml; pH of CCNCs was fixed at 5.5; data are presented as the mean  

standard deviation, n = 3 
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4). It indicates that the composition of CS and CH also has an important role in controlling the 

particle size and structure of CCNCs. 

2.4.2 Interactions between CS and CH by FT-IR 

It has been reported that the interactions between these two biopolymers seem to not 

only be electrostatic interactions but also hydrophobic interactions arising from the possible 

interaction between N-acetylglucosamine residues of CH and hydrophobic domains of CS [34]. 

Nevertheless, few studies are available with regard to the mechanism of the formation of 

CCNCs. We thus sought to confirm the intermolecular interactions of CS with CH based on 

the ATR-FTIR spectra of lyophilized CS, CH, and CCNCs (Fig. 2-5). The FT-IR spectrum of 

CS reveals the major characteristic bands at 3288 cm-1, 1644 cm-1, 1533 cm-1, 1240 cm-1, and 

1079 cm-1, which correspond to the O-H stretching, amide I, amide II, amide III, and 

monoanionic symmetric stretching of phosphate, respectively [26, 35]. Meanwhile, the peaks 

around 1400 cm-1 (1447 cm-1 and 1395 cm-1) and the small yet beneficial peak at 976 cm-1 were 

Fig. 2-4 Effect of total biopolymer concentration ([CS] + [CH]) on the particle size and PDI at 

a CS/CH mass ratio of 1:1; pH of CCNCs solution was fixed at 5.5; data are presented as the 

mean  standard deviation, n = 3 
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due to the C-N stretching vibrations, the C=O stretching vibrations of COO- and dianionic 

phosphate symmetric stretching, respectively [35-37].  The FT-IR spectrum of CH shows the 

primary amine (N-H) bands at around 3200-3400 cm-1, amide I (1657 cm-1), amide II (1567 

cm-1), and glycosidic linkage stretching (C-O-C) at around 1068 cm-1 [38]. On the other hand, 

the spectrum of CCNCs shows a representative of both CS and CH spectra with major changes 

or shifts, suggesting the existence of the intermolecular interactions between the two 

biopolymers. In the region of 1700 cm-1 – 1300 cm-1, several peak changes were noticed. The 

amide II band became slightly broader and shifted to 1539 cm-1, while the peaks at 1447 cm-1 

and 1395 cm-1 disappeared and shifted to 1403 cm-1, respectively. These results indicate that 

the electrostatic interactions between the carboxyl and phosphate groups of CS and positively 

charged CH molecules might play an important role in the association of two biopolymers. 

Moreover, a marked decrease and minor shift at 1240 cm-1 attributed to N-H bending of amide 

III [39] provides additional evidence for the complexation between CS and CH. 

2.4.3 Curcumin-loaded CCNCs 

Having studied the effect of CH concentration on the formation of CCNCs in the 

previous sections, we selected CCNCs with CH concentrations of 0.5, 1, and 2 mg/ml for 

curcumin loading described in this section. Our choice was based on the colloidal stability and 

the number of particles, as indicated by high zeta potential (around 30 mV), sufficient derived 

count rates, and turbidity measurements. There are two commonly used methods to incorporate 

drugs or bioactive molecules into nanocarriers, i.e. drugs are incorporated before (mixed 

method) and after nanocarriers formation (adsorption method) [32]. In this study, curcumin 

was incorporated after CCNCs’ formation for the sake of simplicity. Besides, there are no 

marked differences between the two methods on entrapment efficiency (EE) and the particle 
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size (Table 2-1). The physical appearance and properties of CCNCs before and after curcumin 

addition are shown in Fig. 2-6 and Table 2-2. While there was no marked difference in the 

particle size and PDI at a CH concentration of 0.5 mg/ml (Table 2-2), the addition of curcumin 

caused a notable increase in the particle size and PDI at CH concentrations of 1 and 2 mg/ml, 

suggesting that curcumin could induce alteration in the structural integrity of CCNCs, 

conceivably through hydrophobic interactions with CS. The reason for the discrepancy 

observed at a CH concentration of 0.5 mg/ml was likely to be associated with the higher number 

of particles as measured by DLS and UV spectrophotometer. A higher number of particles 

indicates more curcumin can be loaded and distributed evenly as more binding sites for 

curcumin are available. Thus, the impact of curcumin addition on the integrity of complexes’ 

network would be minimized.

Fig. 4 Photographs of freshly prepared unloaded CCNCs (A) and curcumin-

loaded CCNCs (B) with different CH concentrations (0.5, 1, and 2 

mg/ml); total concentration of CS was 1 mg/ml; final pH was fixed at 5.5; 

curcumin was loaded at 25 g/ml 
 

Fig. 2-5 ATR-FTIR spectra of CH, CS, and CCNCs at a CH concentration of 0.5 mg/ml 
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Table 2-1 Physical characteristics of curcumin-loaded CCNCs with varying CH concentrations using two different loading methods and their 

curcumin entrapment efficiencya 

CH 

Concentration 

[mg/ml] 

Mixed Method  Adsorption Method 

Particle Size [nm] PDI EE [%] 

 

Particle Size [nm] PDI EE [%] 

0.5 250.12.1 0.1500.010 55.54.3  254.83.7 0.1180.004 55.92.2 

1 255.08.6 0.1620.019 31.71.3  292.26.2 0.1710.016 33.64.3 

2 300.411.7 0.1940.018 34.65.9  302.86.0 0.2060.015 32.64.2 

 

aMixed method: Curcumin was added in CS before nanocomplexes formation; adsorption method: Curcumin was added after nanocomplexes 

formation; the amount of curcumin loaded was 136 g; total concentration of CS was 1 mg/ml; final pH was fixed at 5.5; data are reported as the 

mean  standard deviation, n = 3. 
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The highest EE of 55.9% was achieved at the lowest CH concentration of 0.5 mg/ml (Table 2-

2). This may also be attributed to the higher number of particles at a CH concentration of 0.5 

mg/ml, as indicated by the derived count rate and turbidity values.  

2.4.3.1 A spectroscopic study of curcumin-loaded CCNCs 

We utilized spectroscopy techniques including UV-vis and fluorescence 

spectrophotometer to get a better understanding of the binding between curcumin and CCNCs 

by monitoring CS and curcumin inherent fluorescent properties. Fig. 2-7A shows the 

absorbance spectra of curcumin in ethanol and CCNCs. The absorbance maxima of curcumin 

in ethanol was ~425 nm, which is attributed to the -* transitions in the enolic form of 

curcumin [40], while that of curcumin in CCNCs was slightly red-shifted to 428 nm, which is 

in agreement with a previous report utilizing soy protein to encapsulate curcumin [41]. It is 

well-known that the sensitivity of CS and curcumin towards variation in the microenvironment 

could be of use for probing their polarity and structural changes [26, 27, 42]. 

Fig. 2-6 Photographs of freshly prepared unloaded CCNCs (A) and curcumin-loaded CCNCs 

(B) with different CH concentrations (0.5, 1, and 2 mg/ml); total concentration of CS was 1 

mg/ml; final pH was fixed at 5.5; curcumin was loaded at 25 μg/ml 
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Table 2-2 Physical characteristics of CCNCs with varying CH concentrations before and after curcumin addition and their curcumin entrapment 

efficiencya 

 

aThe amount of curcumin added was 136 g; total concentration of CS was 1 mg/ml; final pH was fixed at 5.5; data are reported as the mean  

standard deviation, n = 3 

 

 

CH Concentration 

[mg/ml] 

Unloaded CCNCs 
 

Curcumin-loaded CCNCs 
 

EE [%] 

Particle Size [nm] PDI  Particle Size [nm] PDI  

0.5 250.57.7 0.1150.012  254.83.7 0.1180.004  55.92.2 

1 257.28.0 0.1310.009  292.26.2 0.1710.016  33.64.3 

2 275.113.9 0.1440.007  302.86.0 0.2060.015  32.64.2 
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It has been reported that casein micelles interact with hydrophobic molecules such as 

ANS, Nile Red, pyrene, vitamin D2 as well as curcumin mainly through tryptophan (Trp) or 

tyrosine (Tyr) residues [25-27, 43]. -casein and s1-casein collectively have three Trp residues, 

which are primarily located in the interior hydrophobic sites of casein molecules [42]. Hence, 

the Trp fluorescent signal in the presence of increasing concentrations of curcumin was 

followed by exciting at 295 nm. As expected, the fluorescence intensity of Trp gradually 

decreased as curcumin was added (Fig. 2-7B), confirming the binding of curcumin with Trp of 

CS. The decrease was more obvious as more curcumin was incorporated. In addition, the 

fluorescence maxima of curcumin entrapped in CCNCs was blue-shifted by about 13 nm to 

525 nm (Fig. 2-7C), as compared with the fluorescence maxima of curcumin in ethanol (max 

= 538 nm), indicating that curcumin was located in a more hydrophobic environment [26, 27]. 

Although the binding of curcumin with CH could be expected [20, 40], it seemed that curcumin 

was more favorably bound with hydrophobic domains of CS as evidenced by the fluorescence 

measurement. At low pH (below 6.5), chitosan behaves as a strong polyelectrolyte and is 

weakly hydrophobic, while at high pH (above 6.5) its hydrophobicity substantially increases 

due to the inter-intramolecular interactions among deprotonized chitosan molecules [18, 40]. 

Therefore, the binding of curcumin with CH at pH 5.5, which was used at this study, was 

minimized. 
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Fig. 2-7 UV-Vis absorbance spectra of curcumin in CCNCs (solid lines) and ethanol (dash lines) showing max at 428 and 425 nm, respectively (A); 

fluorescence emission spectra of CCNCs in the presence of increasing concentration of curcumin (51, 68, 85, 102, 119 µM) (B); fluorescence emission 

spectra of curcumin in ethanol (dash lines) and in CCNCs (solid lines) excited at 420 nm (C) 
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2.4.3.2 Thermal stability and antioxidant activity of curcumin in CCNCs 

We evaluated the degradation of curcumin entrapped in CCNCs after being heated at 

80oC for 2 h. As shown in Fig. 2-8, CCNCs with CH concentrations of 1 and 2 mg/ml conferred 

enhanced protection of curcumin against high temperature as compared with free curcumin 

dissolved in 5 mM acetate buffer as a control. Approximately 42% of curcumin degraded after 

being heated for 2 h in the case of control; whereas, around 63 and 58% of curcumin still 

remained in the case of curcumin-loaded in CCNCs with CH concentrations of 1 and 2 mg/ml, 

respectively. The enhanced thermal stability of curcumin might be in part due to the protective 

effect of CCNCs from direct contact with water. CCNCs with a CH concentration of 0.5 mg/ml 

had the lowest curcumin protection among CCNCs, but its curcumin-protective ability was 

comparable to that of free curcumin, presumably due to particle instability against heat, as 

indicated by an increase in the particle size (Table 2-3). 

Fig. 2-8 Curcumin retention (%) of curcumin-loaded CCNCs with varying CH 

concentrations after thermal treatment at 80oC for 2 h; free curcumin dissolved in 5 mM 

acetate buffer (pH 5.5) with a small amount of ethanol (2.6% v/v) was used as a control; data 

are reported as the mean  standard deviation, n = 3 
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Table 2-3 Particle size and PDI of curcumin-loaded CCNCs with varying chitosan 

concentrations before and after heat treatment for 2 ha 

 

aThese data were taken from Table 2.2 

 

Antioxidant activities of free curcumin and curcumin-loaded CCNCs at a concentration 

of 50 g/ml were evaluated using the FRAP method, which is based on the ferricyanide 

reducing capability [30]. The reducing power of curcumin-loaded in CCNCs was slightly lower 

than that of free curcumin (Table 2-4). This could be attributed to the limited accessibility of 

ferricyanide to curcumin entrapped in the hydrophobic region of CCNCs [44, 45], which in 

turn reduces the electron transfer rate from curcumin to Fe3+. 

2.4.4 Water dispersibility and storage stability of freeze-dried curcumin-loaded CCNCs 

To study water dispersibility and storage stability of curcumin-loaded CCNCs, freshly 

prepared curcumin-loaded CCNCs were freeze-dried in the presence of 5% trehalose, a well-

known cryoprotectant, to prevent aggregation of CCNCs induced by the extremely harsh 

freezing process. Afterward, the freeze-dried curcumin-loaded CCNCs was reconstituted in 

Milli-Q water. Fig. 2-9 shows the appearance of free curcumin as a control, redispersed 

curcumin-loaded CCNCs before and after 1-day of storage at room temperature (25oC). The 

solubility of free curcumin in water was promoted by trehalose. However, some portions of 

CH 

Concentration 

[mg/ml] 

Before Heat Treatment for 2 h* 
 

After Heat Treatment for 2 h 

Particle Size 

[nm] 
PDI 

 Particle Size 

[nm] 
PDI 

0.5 254.83.7 0.1180.004  361.322 0.0450.008 

1 292.26.2 0.1710.016  285.73.2 0.0860.006 

2 302.86.0 0.2060.015  304.42.9 0.1200.007 
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curcumin were precipitated after 1-day of storage. The precipitation rate increased after several 

days of storage. On the other hand, reconstituted curcumin-loaded CCNCs showed enhanced 

stability and water dispersibility. The amount of curcumin in CCNCs was determined to be 

approx. 25 g/ml, which was several orders of magnitude higher than the solubility of curcumin 

in water (11 ng/ml) [8]. Reconstituted curcumin-loaded CCNCs also showed remarkable 

storage stability at least for 1 week at room temperature (25oC), as minimal changes in the 

physicochemical properties were noted (Table 2-5). 

Table 2-4 Total reducing power of curcumin-loaded in CCNCsa 

Samples FRAP [A700nm] Relative Reducing 

Power [%]b 

Free Curcumin 0.1820.008 100 

Curcumin-loaded CCNCs with a CH 

concentration of 0.5 mg/ml 
0.1610.004 88.5 

Curcumin-loaded CCNCs with a CH 

concentration of 1 mg/ml 
0.1670.008 91.8 

Curcumin-loaded CCNCs with a CH 

concentration of 2 mg/ml 
0.1740.006 95.6 

 

aFree curcumin dissolved in 5 mM acetate buffer (pH 5.5) with 2.6% v/v ethanol was used as 

control; curcumin concentration used was 50 g/ml; total concentration of CS was 1 mg/ml; 

data are reported as the mean  standard deviation, n = 3 

bRelative reducing power was calculated using free curcumin as the reference value 
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The excellent enhancing of water solubility and stability of curcumin by CS-based carriers was 

reported previously [26, 27]. Nevertheless, nanocarriers carrying positive charges have some 

advantages for enhancing cellular uptake and mucoadhesiveness, which is suitable for oral 

delivery. In this study, CH was simultaneously used for inducing the formation of NCs with 

CS and for conferring positively charged domains, while CS served as a stabilizer and 

solubility enhancer for curcumin. Having these two biocompatible polymers along with their 

merits in the form of CCNCs as a carrier for curcumin is considered advantageous. 

Fig. 2-9 Photographs of reconstitued curcumin-loaded in CCNCs with different CH 

concentrations (0.5, 1, and 2 mg/ml) and free curcumin before (A) and after 1-day of storage 

(B) at 25oC; curcumin was loaded at 25 g/ml 
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Table 2-5 Physical characteristics of reconstituted curcumin-loaded CCNCs after 1-week of storage at 25oCa 

 
aFreeze-dried curcumin-loaded CCNCs was reconstituted in Milli-Q water (final pH 6); the amount of curcumin used was 25 g; the total 

concentration of CS was 1 mg/ml; data are reported as the mean  standard deviation, n = 3 

  

CH 

Concentration 

[mg/ml] 

Day 0  Day 7  

Curcumin 

Retention [%] 
Particle Size 

[nm] 
PDI 

Zeta Potential 

[mV] 

 Particle Size 

[nm] 
PDI 

Zeta Potential 

[mV] 

 

0.5 263.05.6 0.1250.012 23.40.4  255.95.1 0.1000.006 22.80.4  896 

1 264.913.1 0.1360.004 26.70.5  259.813.9 0.1160.009 26.80.3  914 

2 280.02.8 0.1710.005 28.80.1  268.00.7 0.1450.006 28.30.5  852 
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2.5 Conclusions 

We have studied the formation of electrostatic interaction-based, biocompatible NCs of 

CS and CH as a function of CH concentration for encapsulation of curcumin. The number of 

particles of CCNCs was highly dependent on CH concentration. Curcumin could be 

successfully loaded into CCNCs with a high entrapment efficiency. The binding of curcumin 

and CCNCs was due to hydrophobic interaction between CS and curcumin as suggested by the 

fluorescence study. The enhanced water solubility and stability of curcumin in CCNCs was 

achieved, suggesting the potential of CCNCs as a delivery vehicle for curcumin in the food and 

pharmaceutical applications. Future work will be focused on the delivery of curcumin-loaded 

CCNCs into the cells.
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CHAPTER 3 GENIPIN-STABILIZED CASEINATE-CHITOSAN NANOPARTICLES 

FOR ENHANCED STABILITY AND ANTI-CANCER ACTIVITY OF CURCUMIN 

3.1 Abstract 

Nanoparticles formed by the assembly of protein and polysaccharides are of great 

interest for the delivery of hydrophobic molecules. Herein, the formation of genipin-

crosslinked nanoparticles from caseinate (CS) and chitosan (CH) is reported for the delivery of 

curcumin, a polyphenolic compound from turmeric, to cells. Genipin-crosslinked CS-CH 

nanoparticles (G-CCNPs) having a diameter of ~250 nm and a low polydispersity index 

showed excellent stability over a wide pH range, as indicated by dynamic light scattering and 

transmission electron microscopic measurements. Cellular uptake of curcumin loaded into G-

CCNPs by HeLa cells was improved, as measured by confocal laser scanning microscopy 

(CLSM) and fluorescence-activated cell-sorting analysis. Cell proliferation assays indicated 

that G-CCNPs were nontoxic and that curcumin’s anticancer activity in vitro was also 

improved by G-CCNPs. Stability of curcumin at neutral pH was enhanced by G-CCNPs. 

CLSM study revealed that G-CCNPs were poorly internalized by HeLa cells, possibly because 

of strong cell membrane interactions and a negative zeta potential. Overall, our results 

suggested that the enhanced curcumin cytotoxicity might be associated with the enhanced 

stability of curcumin by G-CCNPs and free curcumin released from G-CCNPs into the cell. 

These biocompatible NPs might be suitable carriers for enhancing curcumin’s therapeutic 

potential.
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3.2. Introduction 

Nanostructured delivery systems fabricated from polysaccharide-protein interactions 

have gained increasing interest in the food and pharmaceutical fields because of their facile 

preparation and biocompatibility [1,2]. The principal driving force for their formation is 

attractive electrostatic interactions between oppositely charged biopolymers in aqueous 

solution, although hydrogen bonding and hydrophobic interactions are also important [3]. 

Among the many available polysaccharides, chitosan (CH) is the most popular for its cationic 

nature, biodegradability, biocompatibility, and mild toxicity [4–6]. CH is generally obtained 

by deacetylation of chitin from shrimp shells and, in dilute acidic solution, the amine moieties 

of CH (pKa of ∼6.5) are proto-nated, allowing expansion of CH linear chains and a resulting 

high charge density [7]. Nanoparticles (NPs) prepared by molecular self-assembly of CH and 

protein/peptides have shown promise in solubilizing, stabilizing, and enhancing the bioactivity 

of a wide range of hydrophilic and hydrophobic drugs and biomolecules, including 

epigallocatechin-3-gallate [8], doxorubicin hydrochloride [9], lutein [10] and resveratrol [6]. 

In addition, NPs have also been utilized for gene and protein delivery with encouraging results 

[11,12]. One of the potential proteins for fabrication of these kinds of NPs is caseinate (CS), a 

milk protein consisting of four protein types ( S1, S2, , and ) with an isoelectric point of 

4.7 and an excellent ability for enhancing the solubility and delivery of hydrophobic molecules 

[13,14]. The formation of CS and CH nano-sized complexes (CCNCs) has been reported, using 

modulations of CS-CH concentrations, pH, and medium ionic strength to obtain NPs with low 

polydispersity [15]. However, CCNCs stability is strongly dependent on pH and salt 

concentrations, which is unfavorable for further applications in which NPs have to be applied 

under physiological conditions. Chemical crosslinking is a straightforward yet an effective 

approach for stabilizing NPs. This approach could also be useful for modulating the release 

profiles of encapsulated biomolecules [16,17]. However, commonly used and effective 
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chemical crosslinkers, such as glutaraldehyde and diisocyanate, are not suitable for clinical and 

biological applications because of their possible residual toxicity [18,19]. Recently, genipin 

has attracted considerable attention as a chemical crosslinker, owing to its nontoxic property 

and excellent biocompatibility [20–22]. Genipin is an aglycone derived from geniposide of the 

Gardenia fruit (Fig. 3-1). It primarily reacts with amino groups to generate intrinsic 

fluorescence conjugates that are highly stable against light and enzymes,which enables them 

to be utilized as bio-imaging probes and fluorescent labeling agents [23]. Genipin-mediated 

crosslinking has recently been reported to strengthen the colloidal stability and structural 

integrity of CH-based NPs and CS micelles [24,25]. Genipin-stabilized peptide-CH NPs for 

encapsulation of a water-soluble compound has been reported [8]. Moreover, genipin-

crosslinked aminated starch-coated NPs capable of modulating the release profile of a 

hydrophobic compound, curcumin has also been demonstrated [26].  

Herein, we fabricated genipin-crosslinked CS-CH NPs (G-CCNPs). The role of genipin 

conjugation was investigated instabilizing CS-CH NPs under various conditions for effective 

curcumin delivery to cells. Curcumin encapsulation into G-CCNPs was shown to not only 

provide better stability in neutral pH but also to enhance anticancer activity in vitro in the 

human cervical cancer cell line HeLa. Furthermore, cellular uptake studies were performed 

using confocal laser scanning microscopy (CLSM) to gain an insight into G-CCNPs 

Fig. 3-1 The chemical structure of genipin 
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interactions with HeLa cells as well as how G-CCNPs improved the efficacy of entrapped 

curcumin over free curcumin in HeLa cells. 

3.3 Experimental 

3.3.1 Materials 

Low molecular weight CH (viscosity of 5–20 mPa∙s and degree of deacetylation of 

80.7%) and genipin (>97% pure) were purchased from Tokyo Chemical Industry Co., Ltd. 

(Tokyo, Japan). CS was purchased from Sigma-Aldrich, Inc. (St. Louis, MO, USA). Curcumin 

was purchased from Wako Pure Chemical Industries, Ltd. (Osaka, Japan). A cell counting kit, 

WST-8, and Hoechst 4432 solution were purchased from Dojindo Laboratories, Inc. 

(Kumamoto, Japan). Minimum essential medium (MEM), fetal bovine serum (FBS), penicillin, 

streptomycin, OPTI-MEM, and Alexa Fluor 488 phalloidin were purchased from Thermo 

Fisher Scientific, Inc. (Waltham, MA, USA). Dulbecco’s phosphate-buffered saline (D-PBS) 

was purchased from Nacalai Tesque, Inc. (Kyoto, Japan). All other chemicals were analytical 

grade. 

3.3.2 Preparation and characterization of G-CCNPs and curcumin-loaded G-CCNPs 

 G-CCNPs were prepared by simply mixing CS and CH solutions to yield CS-CH 

nanocomplexes (CCNCs), followed by crosslinking with genipin and a purification step. 

Briefly, a CH solution (1 mg/ml) was prepared by dissolving CH in 0.1 M acetic acid under 

mild stirring until dissolved and then adjusted pH 5.5 with 1 M NaOH. A CS solution (2 mg/ml) 

was prepared in Milli-Q water and both solutions stored at 4 oC overnight to facilitate complete 

hydration before use. CCNCs were formed spontaneously by slowly adding CS solution to an 

equal volume of CH solution under stirring at room temperature (25 oC) and the final pH 

adjusted to 5.5 with 0.1 M HCl or NaOH. Then, the crosslinking reaction with genipin was 

performed as follows. Genipin (20 mg/ml), dissolved in dimethyl sulfoxide (DMSO), was 

added into 2 ml of CCNCs to a final concentration of 0.5 mg/ml and allowed to react at 30 oC 
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for 24 h to yield G-CCNCs. Unreacted genipin was removed by dialysis against Milli-Q water 

using a 3.5 kDa molecular weight cut-off cellulose membrane (Spectrum Laboratories, Inc., 

Rancho Dominguez, CA, USA) at 4 oC for 3 h. Last, purification was performed to separate 

NPs from free polymers using a centrifugation method (2500 g, 20 oC, and 30 min). After two 

cycles of washing-centrifugation, the resulting G-CCNPs were collected and redispersed in 

Milli-Q water. The uncrosslinked CS-CH NPs (CCNPs) were prepared in the similar manner 

as for G-CCNPs, except that no genipin was added and purification was done at 9000 g. For 

preparation of curcumin-loaded G-CCNPs, a curcumin stock solution (1 mg/ml) was added to 

the G-CCNPs solution and vortexed for 10 s to allow curcumin entrapment. The hydrodynamic 

size, polydispersity index (PDI), and zeta potential of G-CCNPs and curcumin-loaded G-

CCNPs were measured by dynamic light scattering (DLS; Zetasizer Nano ZS, Malvern 

Instruments Ltd., Worcestershire, United Kingdom). The curcumin entrapment efficiency (EE) 

was determined based on a centrifugation method. Briefly, curcumin-loaded G-CCNPs were 

centrifuged at 9000 g at 20 oC for 30 min. An aliquot of supernatant containing unloaded 

curcumin was extracted with acetonitrile (1:1 volume ratio) and filter-centrifuged (Amicon 

Ultra; molecular weight cut-off, 30 kDa; Millipore Corp., Billerica, MA, USA) at 14 000 g at 

20 oC for 20 min before injection into a reversed-phase high performance liquid chromatograph 

equipped with an auto sampler (Jasco LC-4000, Jasco Inc., Easton, MD, USA). A C-18 column 

(InertSustain; GL Sciences, Inc., Tokyo, Japan) was used with a mobile phase of acetonitrile 

containing 0.1% trifluoroacetic acid (55% by vol) and Milli-Q water at a flow rate of 0.8 

ml/min. The EE (%) and loading capacity (LC) of curcumin loaded G-CCNPs were calculated 

using the following equations: 

EE (%) =  
Total curcumin added − unloaded curcumin

Total curcumin added
 ×  100% 

LC (%) =  
Total curcumin entrapped

Total mass of G − CCNPs
 ×  100% 
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To evaluate G-CCNPs stability under different conditions, G-CCNPs were redispersed 

in Milli-Q water mixed with an equal volume of Milli-Q water with 2x PBS (pH 7.4) and 70 

mM HCl containing 4 mg/ml NaCl (pH 1.2). The samples were equilibrated at room 

temperature for at least 2 h before being characterized by DLS and transmission electron 

microscopy (TEM). 

3.3.3 Release profile of curcumin from G-CCNPs 

The release profiles of curcumin from G-CCNPs were investigated using a dialysis 

method in two different pH, i.e., pH 7.4 and 5.5. Briefly, 1.6 ml of curcumin-loaded G-CCNPs 

(20g/ml) in PBS pH 7.4 and 5.5 was put in a dialysis membrane (Spectra/Por, 12-14 kDa 

molecular weight cut-off). The dialysis bags were then immersed in 25 ml of the release 

medium (10 mM PBS pH 7.4 and 5.5 containing 50% ethanol) and placed in an incubator 

shaker at 37 oC and 50 rpm for 6h. 50% ethanol was used in the release medium to provide 

sink condition, as previously reported [27]. At predetermined time, 200l of release medium 

containing curcumin was collected and replaced with the same amount of pre-warmed release 

medium. The amount of curcumin was determined using HPLC analysis, as previously 

mentioned. 

3.3.4 Cytotoxicity in vitro  

Cell viabilities of HeLa cells for free curcumin and unloaded and curcumin-loaded G-

CCNPs were determined by WST assay. HeLa cell line was provided by the RIKEN BRC 

through the National Bio-Resource Project of the MEXT, Japan. HeLa cells were cultured in 

MEM medium containing 10% FBS and 1% antibiotic-antimycotic (Thermo Fisher Scientific, 

Inc.). HeLa cells were grown to a density of 5000 cells per well in a 96-well plate (Greiner 

Bio-One GmbH, Frickenhausen, Germany) and incubated overnight under a 5% CO2 

atmosphere. Then, the medium was removed and the cells exposed to free curcumin, curcumin-

loaded or unloaded G-CCNPs in a reduced serum medium (OPTI-MEM, Thermo Fisher 
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Scientific, Inc.) at varying concentrations. DMSO was used to solubilize free curcumin, with a 

final DMSO concentration at <0.5%. After a 24-h incubation, the samples were removed and 

100 l of WST-8 cell counting solution in OPTI-MEM added to each well. After a further 3-h 

incubation, the A450 was read using a microplate reader (Bio-Tek Instrument, Inc., Winooski, 

VT, USA) and cell viabilities expressed as the percentage of living cells over untreated cells. 

3.3.5 Cellular uptake studies 

Cellular uptake of free curcumin and curcumin-loaded G-CCNPs in HeLa cells was 

evaluated by CLSM and a flow cytometer. For CLSM studies, HeLa cells were seeded in a 

multi-well glass bottom dish (Matsunami Glass Industries, Ltd., Osaka, Japan) at a density of 

10 000 cells per well and incubated overnight at 37 oC under CO2 atmosphere. Then, the 

medium was removed and samples, dispersed in OPTI-MEM, added to the dish, with curcumin 

at 10 g/ml. After 3 and 6 h of incubation, the samples were removed and the cells fixed with 

4% paraformaldehyde (Wako Pure Chemical Industries, Ltd.) at 25 oC for 10 min. The cells 

were then viewed under an LSM 700 confocal microscope (Carl Zeiss AG, Oberkochen, 

Germany) equipped with a diode laser. Fluorescein isothiocyanate and Texas Red filter were 

used to observe the green fluorescence of curcumin and red fluorescence of unloaded G-

CCNPs, respectively. For flow cytometric analysis, HeLa cells were seeded in a Nunc cell-

culture treated 6-well dish (Thermo Fisher Scientific, Inc.) at a density of 300 000 cells per 

well and incubated overnight at 37 oC under CO2 atmosphere. Then, the medium was removed 

and samples added to the dish, with curcumin at 10 g/ml. After 3 and 6 h of incubation, the 

samples were removed and washed thrice with D-PBS. Then, HeLa cells were trypsinized 

(Nacalai Tesque, Inc.), washed twice with cold D-PBS, centrifuged (450 g, 4 oC, and 5 min), 

and finally redispersed in D-PBS containing 1% FBS. The samples were held in an ice bath 

until measured. After filtering with a cell strainer, the samples were analyzed using a flow 

cytometer (Sony cell sorter EC800, Sony Biotechnology Inc., San Jose, CA, USA) at 488 nm. 
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Quantitative analysis of cell-associated NPs was evaluated by a flow cytometer 

equipped with 561 nm laser (BD FACS Aria, BD Biosciences Co, San Jose, CA, USA). A 

yellow/green filter (610/20) was used. Samples were prepared in the similar manner as for 

quantifying cellular uptake of curcumin in HeLa cells, except that HeLa cells were collected 

by using a cell scraper to avoid damage on the cell membrane. A total of at least 20000 events 

was recorded for each sample. Data are reported as mean intensity. 

3.3.6 Statistical analysis 

The statistical analysis was performed using ANOVA and Student’s t-test with 

Microsoft Excel (Version 2017 for Macintosh, Microsoft Corp, Redmond, WA, USA). P values 

of < 0.05 were considered statistically significant. 

3.4 Results and Discussion 

3.4.1 Formation and characterization of G-CCNPs 

The formation of biocompatible CCNCs by the electrostatic interactions was studied 

previously and the stability of these structures against pH and ionic strength found to be poor 

because of repulsive forces and salt-screening effects [15]. Herein, a crosslinking reaction 

between CCNCs and genipin, a naturally occurring nontoxic crosslinker was applied to 

enhance the stability. The genipin concentration, crosslinking reaction pH, reaction 

temperature, and duration were chosen to be 0.5 mg/ml, 5.5, 30 oC, and 24 h, respectively. 

Under these reaction conditions, no visible aggregation of G-CCNCs was observed. The 

formation of blue color in CCNCs after incubation with a genipin solution was considered 

evidence of a successful crosslinking reaction, as has been previously reported [22,24,25]. The 

crosslinking mechanism of CCNCs and genipin involved two reactions [28]. The first reaction 

was believed to be a nucleophilic attack on the olefinic carbon atom at the genipin C-3 by 

primary amine groups of CS or CH, while the later reactions was a nucleophilic substitution of 

the genipin ester group to form a secondary amide. After genipin crosslinking, centrifugal 
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purification was carried out to remove free polymers and collect G-CCNPs. The hydrodynamic 

size, PDI, and zeta potential before and after crosslinking are shown in Table 3-1. No notable 

differences in particle sizes were observed, suggesting that no interparticle crosslinking 

reaction took place and NPs structures remained unaffected. A decrease in the NPs zeta 

potential from +32.6 to +24.7 mV after crosslinking was noticed, which was because of the 

consumption of primary amines in the genipin-crosslinking reaction. 

Table 3-1. Z-average size, PDI, and surface charge of CCNPs and G-CCNPs redispersed in 

Milli-Q water 

Samples Particle Size [nm] PDI Zeta Potential [mV]a 

CCNPs 256.6 7.7 0.201 0.013 +32.9 0.5 

G-CCNPs 238.6 13.9 0.076 0.022 +24.7 1.3 

 

Data, mean standard deviation, n=3 

aZeta potential measured at pH 5.5 

3.4.2 Stability of G-CCNPs 

G-CCNPs stability against pH and ionic strength was evaluated by preparing G-CCNPs 

in HCl containing 2 mg/ml NaCl (pH 1.2) and PBS (pH 7.4), with CCNPs used as a control. 

Changes in physical characteristics (hydrodynamic size and PDI) of CCNPs and G-CCNPs 

were recorded by DLS after a 2-h incubation at 25 oC. A marked increase in CCNPs 

hydrodynamic size and PDI was observed after dispersal in PBS (Fig. 3-2A). At pH 7.4, CH 

molecules at CCNPs surfaces would be deprotonated, as their pKa is around 6.5 [29], and the 

electrostatic interactions thus would be weakened, leading to swollen particles. At pH 1.2, a 

marked decrease in CCNPs hydrodynamic size was noted. Also, CCNPs appearance changed 

from a slightly turbid to a clear transparent solution, indicating NPs disruption. This visual 

observation was confirmed by a drastic drop in the light scattering intensity (data not shown), 

as measured by DLS. The obtained CCNPs hydrodynamic size from DLS at pH 1.2 could have 
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arisen from CS in the aqueous solution. At pH 1.2, both CS and CH are positively charged, 

such that repulsive interactions are dominant and counteract NPs formation. In contrast, G-

CCNPs hydrodynamic size and PDI under different conditions remained fairly constant, 

suggesting that covalent crosslinking with genipin overcame destabilization induced by pH and 

ionic strength (Figs. 3-2A and 3-2B). In addition, TEM analysis confirmed the DLS results 

(Fig. 3-2C), with both CCNPs and G-CCNPs showing spherical shapes in water. Notably, G-

CCNPs structural integrity appeared unaffected in simulated gastric fluid (SGF; pH 1.2) and 

simulated intestinal fluid (SIF; pH 7.4) while that of CCNPs was considerably altered. 

3.4.3 Curcumin-loaded G-CCNPs and release profile of curcumin from G-CCNPs 

Having confirmed that G-CCNPs were quite stable under various pH conditions, 

curcumin was loaded to a final concentration of 25 g/ml into these NPs using the adsorption 

method, in which curcumin was added after G-CCNPs formation, to simplify the preparation 

step and increase entrapment efficiency. After loading, slight increases in hydrodynamic size 

and PDI were observed, suggesting that curcumin was successfully loaded into G-CCNPs. The 

entrapment efficiency and loading capacity of curcumin in G-CCNPs were 88.6 and 4.2%, 

respectively (Table 3-2). The high entrapment efficiency was because of curcumin binding to 

G-CCNPs through hydrophobic interactions, presumably with CS’s hydrophobic tryptophan, 

as has been suggested previously [30]. 
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Fig. 3-2 (A) Particle sizes and PDI of G-CCNPs under various conditions determined by DLS. 

Uncrosslinked NPs (CCNPs) used as control. (B) Size distribution of G-CCNPs under various 

conditions. (C) TEM images of CCNPs and G-CCNPs under various conditions. Scale bars, 100 

nm 
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Table 3-2. Characteristics of curcumin-loaded G-CCNPsa 

Samples Size [nm] PDI EE [%] LC [%] 

Curcumin G-CCNPs 272.9 13.1 0.077 0.011 88.6 0.2 4.2 0.2 

aAn aliquot of 1 mg/ml curcumin stock solution dissolved in DMSO added after G-CCNPs 

redispersed in Milli-Q water. 

Data, mean standard deviation, n=3 

The release of curcumin from G-CCNPs was studied in pH 7.4 and 5.5 which simulates 

a physiological condition and acidic environment of cancer, respectively. The release of 

curcumin from G-CCNPs in both pH conditions showed a biphasic profile where a burst release 

was observed within 1 h and followed by a sustained release for up to 6 h (Fig. 3-3). The release 

of curcumin was faster in pH 5.5 than in pH 7.4. It might be attributed to the degree of 

protonation of CH [31]. At low pH, CH undergoes protonation, resulting in the swelling of G-

CCNPs matrix. Therefore, curcumin can be released faster. At the neutral pH, CH is 

deprotonated, which limits G-CCNPs swelling behavior. Hence, curcumin release was reduced. 

These results suggest that G-CCNPs might be useful to release curcumin effectively in acidic 

environment of cancer cells. 

Fig. 3-3 Release profile of curcumin from G-CCNPs in two different pHs. Data, mean  

standard deviation, n = 3. 
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3.4.4 Cytotoxicity in vitro of free curcumin and curcumin-loaded G-CCNPs 

The cytotoxicity of free curcumin in vitro was evaluated by exposing HeLa cells to 

curcumin and curcumin-loaded and unloaded G-CCNPs. HeLa cells were treated with samples 

possessing various curcumin concentrations for 24 h and cell viability determined by WST-8 

assay. Cytotoxicity results showed that no decrease in cell viability was observed in the 

presence of unloaded G-CCNPs at all concentrations used, indicating that G-CCNPs were 

biocompatible and nontoxic (Fig. 3-4). Cell viability decreased in a concentration-dependent 

manner in the presence of free curcumin or curcumin-loaded G-CCNPs. However, the 

cytotoxicity of curcumin-loaded G-CCNPs was enhanced compared with that of free curcumin, 

with the IC50 values of free curcumin and curcumin-loaded G-CCNPs for these cells at 10 and 

6.5 g/ml, respectively. The obtained IC50 value for free curcumin was comparable with those 

Fig. 3-4 Cytotoxicity in vitro of free curcumin and curcumin-loaded and unloaded G-CCNPs 

in HeLa cells by WST-8 assay after a 24-h incubation. Data, mean  standard deviation, n=3, 

*p < 0.05 
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in previous reports [32,33]. Curcumin has been shown to have the ability to induce cytotoxicity 

in vitro in various cancer cell lines through apoptosis-related induction and the regulation of 

important oncogenic molecules [34–36]. Additionally, cytotoxicity in vitro in normal cell lines 

(L929) was also evaluated. Both free curcumin and curcumin-loaded G-CCNPs were less toxic 

toward normal cells than cancer cells (Fig. 3-5). The increased cytotoxicity of curcumin 

towards cancer cells might be due to the differences in cell structure and the ability of curcumin 

to modulate important signalling molecules in cancer cells [31, 37]. 

Fig. 3-5 Cytotoxicity in vitro of free curcumin, curcumin-loaded G-CCNPs, and unloaded G-

CCNPs in normal cells (L929) by WST-8 assay after a 24-h incubation. 

Data, mean  standard deviation, n = 3 
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3.4.5 Cellular uptake of free curcumin and curcumin-loaded G-CCNPs 

The enhanced cytotoxicity in vitro of curcumin-loaded G-CCNPs was confirmed by 

evaluating the intracellular uptake of free curcumin and curcumin-loaded G-CCNPs by HeLa 

cells using CLSM and flow cytometric analysis. The intrinsic green fluorescence of curcumin 

was used to visualize intracellular curcumin delivery to HeLa cells. Both free curcumin and 

curcumin-loaded G-CCNPs showed a slight green fluorescence signal after a 3-h incubation 

and curcumin signals were predominantly observed in the cytoplasm, consistent with previous 

studies (Fig. 3-6) [38,39]. However, the green signal from free curcumin decreased after a 6-h 

incubation because of rapid curcumin degradation in the serum-free medium (Fig. 3-7). In 

contrast, the green signal from curcumin-loaded G-CCNPs continued, even after a 6-h 

incubation, indicating that curcumin stability was enhanced by entrapment in G-CCNPs. Flow 

cytometric analysis further confirmed that intracellular delivery by curcumin-loaded G-CCNPs 

was enhanced compared with that of free curcumin. The mean fluorescence intensity of 

curcumin-loaded G-CCNPs was higher than that of free curcumin at 3 and 6 h (Fig. 3-8). These 

results suggest that G-CCNPs could be used as a potential carrier for enhanced curcumin 

delivery to cancer cells. 
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Fig. 3-6 Cellular uptake of free curcumin and curcumin G-CCNPs in HeLa cells determined 

by CLSM. Cells incubated for 3 and 6 h at a final concentration of 10 g/ml curcumin. At 40× 

magnification, curcumin emits green fluorescence at 488 nm, and scale bars, 20 m 
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Fig. 3-7 Stability of free curcumin (solid lines) and curcumin G-CCNPs (dash lines) in serum-

free medium (OPTI-MEM) at 37oC under 5% CO2 atmosphere. The initial concentration of 

curcumin was 10 g/ml. Data, mean  standard deviation, n = 3 

 

Fig. 3-8 Mean fluorescence intensity of curcumin in HeLa cells after incubation with free 

curcumin and curcumin-loaded G-CCNPs for 3 and 6 h at a final concentration of 10 g/ml 

curcumin, determined by flow cytometric analysis. Cell density, 3 x 105 cells/well and data, 

mean  standard deviation, n=3 
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3.4.6 Cellular uptake of G-CCNPs 

Further insight into the mechanism of this enhanced cytotoxicity in vitro of curcumin-

loaded G-CCNPs in HeLa cells was investigated by examining the cellular uptake of G-CCNPs 

using CLSM. G-CCNPs displayed intrinsic red fluorescence that derived from the genipin-

crosslinking reaction. Localization of G-CCNPs within these cells was precisely determined 

through the z-stack mode of CLSM. Alexa Fluor 488 phalloidin (green) and Hoechst (blue) 

were used to stain F-actin associated with the cell membrane and nucleus, respectively. The z-

stack images of HeLa cells after incubation with G-CCNPs for 3 h showed a greater red 

fluorescence signal, from G-CCNPs, on cell surfaces and not inside the cells, which suggests 

that G-CCNPs were poorly internalized by these cells (Fig. 3-9). In addition to the physical 

characteristics of NPs, such as size, shape, and surface properties, NPs cellular uptake also 

depends on the cell type [40]. Thus, cancer cell line A549 was used to confirm the cellular 

uptake traffic of G-CCNPs. Similarly, G-CCNPs appeared to attach and localize on cell 

surfaces (Fig. 3-10). Indeed, enhanced cytotoxicity of curcumin-loaded G-CCNPs in A549 

cells was observed, compared with that of free curcumin (Fig. 3-11). The present results 

contradicted some previous reports that CH-based NPs are effectively internalized by cells 

through endocytosis-related pathways, such as macro-pinocytosis [41] and clathrin-mediated 

endocytosis [42]. Endocytosis-mediated internalization of CH-based or coated-NPs is related 

to their relatively small size and their positive surface charges [41,42]. In comparison, poor 

internalization of CH-based NPs has also been observed by other researchers [43–45], possibly 

because of NPs aggregation [43,45]. The possible localization of G-CCNPs on cell surfaces 

from particle aggregation was assessed by evaluating the stability of G-CCNPs in serum-free 

medium, OPTI-MEM, in a CLSM study using DLS. After incubation at 37 oC under 5% CO2 

for 6 h, no appreciable changes in the hydrodynamic size and PDI of G-CCNPs were found, 

suggesting that particle aggregation did not occur (Fig. 3-12).
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Fig. 3-9 Cellular uptake of G-CCNPs (red, genipin) in HeLa cells examined by z-stack 3D 

CLSM. Phalloidin (green) and Hoechst (blue) used to stain F-actin on cell membrane and 

nucleus, respectively. Observation done for 3 h at a 63× magnification and x-axis shows 

bottom of cells. (A) 2D image with x, y planes, (B) 2D image with x, z planes, (C) 3D image, 

and (D) orthogonal view of z-stack image. Intersection points (white arrow) indicate location 

of G-CCNPs within cells and G-CCNPs were located on cell membranes 
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Fig. 3-10 Cellular uptake of G-CCNPs (red, genipin) in A549 cells examined by z-stack 3D 

CLSM. Phalloidin (green) and Hoechst (blue) used to stain F-actin on cell membrane and 

nucleus, respectively. Observation done for 3h at a 63× magnification and x-axis shows bottom 

of cells. (A) 2D image with x, y planes. (B) 2D image with x, z planes. (C). 3D image. (D) 

Orthogonal view of z-stack image. Intersection points (white arrow) indicate the location of G-

CCNPs within A549 cells. G-CCNPs were located on cell membranes 
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Fig. 3-11 Cytotoxicity in vitro of free curcumin, curcumin-loaded G-CCNPs, and unloaded G-

CCNPs in A549 cells by WST-8 assay after a 24-h incubation. 

Data, mean  standard deviation, n = 3 

 

Fig. 3-12 (A) Size distribution of G-CCNPs in OPTI-MEM by DLS. G-CCNPs incubated for 

6h at 37 oC under 5% CO2 atmosphere. (B) TEM image of G-CCNPs in OPTI-MEM and scale 

bar, 200 nm 
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However, the zeta potential decreased from +24.7 to -13.2 mV (Table 3-3). A decrease in zeta 

potential and charge reversal might have explained the lack of intracellular G-CCNPs delivery 

[46]. Besides, the colloidal stability of G-CCNPs is rather poor as the zeta potential value does 

not reach 30 mV [47]. Alternatively, G-CCNPs binds strongly with cell membrane 

phospholipids, causing disarrangement of lipid structures and thus hindering cellular 

internalization [48]. The quantification of cell-associated G-CCNPs was further determined by 

flow cytometric analysis and the result is shown in Fig. 3-13. A marked increase in the 

fluorescence intensity of cells incubated with G-CCNPs as compared with cells only was 

observed, implying that G-CCNPs were likely to be bound to the surface of the cells. 

Table 3-3. Characteristics of G-CCNPs in OPTI-MEM determined by DLS 

Sample Size [nm] PDI Zeta [mV]a 

G-CCNPs 267.8  8.9 0.078  0.003 -13.2  2.2 

 

Samples incubated for 6 h at 37 oC under 5% CO2 atmosphere before measurements  

Data, mean  standard deviation, n = 3 

aZeta potential measurements conducted in PBS at pH 7.4 

Fig. 3-13 Quantitative analysis of cell-associated G-CCNPs by a flow cytometer. HeLa cells 

incubated for 3h by G-CCNPs. Data, mean  standard deviation, n = 3 
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3.4.7 Discussion on G-CCNPs as a potential carrier for curcumin 

A nano drug delivery system capable of improving therapeutic potential of curcumin is 

of interest. G-CCNPs could improve cytotoxicity in vitro of curcumin in HeLa cells as 

determined by WST-8 assay. The enhanced cytotoxicity in vitro of curcumin by G-CCNPs 

might be attributed to the stability enhancement of curcumin in the serum-free medium at 

neutral pH which in turn increases the intracellular uptake of curcumin, as examined by CLSM 

(Fig. 3-6) and flow cytometric analysis (Fig. 3-8). NPs intracellular uptake through endocytosis 

could be useful for stabilizing and improving efficiency of drug delivered to the cells, which 

might also explain the enhanced cytotoxicity in vitro of curcumin by G-CCNPs. Interestingly, 

G-CCNPs seemed to be bound to the cell membrane as suggested by the combined results from 

CLSM (Fig. 3-9) and flow cytometric analysis (Fig. 3-13). In vitro release study revealed that 

curcumin was released in a sustained manner by G-CCNPs at neutral pH (Fig. 3-3). Thus, it 

might be that curcumin was possibly released from G-CCNPs into the medium and/or to the 

cell membranes and then was taken up by the cells to exert cytotoxicity. In summary, the 

improved stability of encapsulated curcumin in neutral pH and the subsequent release of 

curcumin into the medium and/or after attachment of curcumin-loaded G-CCNPs on cell 

membranes could be a potential mechanism for enhanced cytotoxicity in vitro and intracellular 

uptake of curcumin to cells. NPs intracellular uptake into cells is mostly desired for enhanced 

efficacy and the delivery of drugs and bioactive molecules. For instance, aminated starch 

coated iron oxide NPs was capable of enhancing cytotoxicity of curcumin through significant 

NPs internalization along with the increased production of radical oxygen species (ROS) [26]. 

However, drug delivery without NPs internalization has shown promise as an alternative 

approach, which would allow bypassing a complex endocytotic pathway and reduce possible 

toxicity induced by internalized NPs [49,50]. To our knowledge, this is the first report showing 

that protein-polysaccharide-based NPs enhanced the cytotoxicity in vitro of a hydrophobic 
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molecule, curcumin, in cancer cells with negligible NPs internalization. The results obtained 

here clearly indicated that G-CCNPs could be used as a nontoxic and effective delivery vehicle 

for hydrophobic or hydrophilic drugs or bioactive molecules in the fields of food, medicine, 

and pharmacy.
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3.5 Conclusions 

The formation of biocompatible CS-CH NPs was demonstrated, utilizing electrostatic 

interactions and stabilization by genipin-crosslinking, a naturally occurring crosslinking agent. 

Crosslinked NPs (G-CCNPs) exhibited near homogeneous particle size distribution with 

positive surface charges in water. G-CCNPs showed significant stability enhancement under 

various pH conditions, compared with the uncrosslinked counterpart. G-CCNPs were able to 

encapsulate curcumin with high entrapment efficiency (~90%) through hydrophobic 

interactions. The interaction of G-CCNPs with HeLa cells was studied, and z-stack CLSM 

images revealed that G-CCNPs were mainly found on cell surfaces but not internalized into 

cells. These NPs might have strongly interacted with cell membranes, preventing their cellular 

internalization. However, these results suggest that G-CCNPs improved in vitro anticancer 

curcumin activity over free curcumin in HeLa cells. The mechanism by which G-CCNPs 

improved curcumin bioactivity might be related to enhanced curcumin stability and its 

following release from G-CCNPs into cells by passive curcumin diffusion.
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CHAPTER 4 NANOPARTICLES FORMED FROM THE ASSEMBLY OF REDUCED 

ALBUMIN AND GLYCOL CHITOSAN FOR PACLITAXEL DELIVERY 

4.1 Abstract 

Cancer continues to pose health problems for people all over the world. Nanoparticles 

(NPs) have emerged as a promising platform for effective cancer chemotherapy. NPs formed 

by the assembly of proteins and chitosan (CH) through non-covalent interactions attract great 

interest. However, the poor water solubility of CH limits its practical application. Herein, the 

formation of reduced bovine serum albumin (rBSA) and glycol chitosan (GC) nanoparticles 

(rBG NPs) was demonstrated for paclitaxel (PTX) delivery. The effects of a rBSA/GC mass 

ratio and pH on the particle size, polydispersity index (PDI), the number of particles, and the 

surface charge were evaluated. The formation mechanism and stability of these NPs were 

determined by compositional analysis and dynamic light scattering (DLS). The effect of pH on 

the physical characteristics of rBG NPs was notable, particularly at pH 6.5. The effect of mass 

ratio was found to be substantial when rBSA concentration was higher. Hydrophobic and 

electrostatic interactions were driving forces for the formation of rBG NPs and these NPs were 

stable at physiological conditions. PTX was successfully encapsulated into rBG NPs with high 

encapsulation efficiency (~90%). PTX-loaded rBG NPs had a particle size of about 400 nm 

with low PDI (0.2) and positive charge. rBG NPs could be internalized by HeLa cells, possibly 

via endocytosis. Cytotoxicity in vitro study revealed that PTX-loaded rBG NPs had lower anti-

cancer activity as compared with Taxol-like formulation at 24 h, but had quite similar activity 

at 48 h, possibly due to the slow release of PTX into the cells. Our study suggests that rBG 

NPs could be used as a potential nano carrier for hydrophobic drugs.
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4.2. Introduction 

 Cancer remains a leading cause of death across the globe, which accounts for 13% of 

all death incidence [1]. The current treatments for cancer are surgery, radiation therapy, and 

chemotherapy, which involves the systemic administration of anti-cancer drug to the body. 

However, most of anti-cancer drugs used in chemotherapy are poorly soluble in water, which 

leads to poor drug bioavailability [2]. The conventional and commercial approach for 

solubilizing hydrophobic anti-cancer drugs is by using surfactants and organic solvents, as 

exemplified in paclitaxel (PTX) injection formulation (Taxol) that uses considerable amount 

of cremophor EL and dehydrated ethanol. However, the use of Taxol in cancer treatment has 

been associated with hypersensitivity reactions, hyperlipidaemia and peripheral neuropathy 

occurrence [3]. 

 In the recent years, nano-size drug delivery systems (DDS) have gained tremendous 

attention for more effective and safer cancer treatment owing to their ability to solubilize or 

encapsulate hydrophobic drugs, reduce non-specific toxicity, control pharmacokinetics and 

pharmacodynamics of the drugs, and enhance drugs penetration into tumors via enhanced 

permeability and retention (EPR) effect [1,2,4]. Various nano-size DDS have been explored, 

including polymeric-based nanoparticles (NPs), liposome, nanoemulsion, metallic and 

inorganic-based nanocarriers [5–9]. In particular, organic-based nano-size DDS are preferred 

over inorganic counterpart because of less toxic and better biocompatibility and 

biodegradability [10]. Proteins and polysaccharides are attractive components for development 

of NPs for cancer treatment due to their excellent biocompatibility [11,12]. NPs fabricated from 

proteins and polysaccharides have emerged as a promising NPs for improving water solubility, 

stability, controlled release, and bioactivity of the drugs and/or therapeutic molecules [13–18]. 

NPs can be simply formed by the complexation between proteins and polysaccharides in the 
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aqueous solution via non-covalent forces, importantly through the electrostatic interactions 

[19]. 

 Albumin is an important protein largely found in the blood (35-50 g/L in human serum) 

for transportation of many biomolecules, including fatty acids, hormones, and nutrients. 

Albumin is synthesized in the liver and has a globular structure [20]. Albumin has been widely 

exploited for nano-size DDS due to its non-toxic properties, biodegradability, biocompatibility, 

low immunogenicity, highly water soluble, and well-characterized [21,22]. In fact, human 

serum albumin (HSA)-based NPs (Abraxane) has been commercially used for cancer treatment. 

Bovine serum albumin (BSA) (Fig. 4-1A), albumin obtained from bovine serum, has been 

extensively used as a drug nano carrier due to its similarity with HSA, cost-effective, and well-

received in the pharmaceutical industry [21]. BSA has a molecular weight of 69.3 kDa with 

583 amino acid residues and contains 17 disulfide bonds and one free thiol (Cys34). BSA has 

an isoelectric point (pI) of 4.7 and possesses two tryptophan (Trp) residues at position 212 

(Trp212) present in a hydrophobic pocket at sub domain IIA and at position 134 (Trp134) at 

sub domain IB, which is exposed to solvent [20–22]. BSA is negatively charged in the solution, 

which can interact with cationic polymers/polysacccharides. Among existed polycations, 

chitosan (CH) has been recognized as a promising material for development of nano-size DDS 

due to its cationic nature, non-toxic profile, biodegradability, biocompatibility [23]. CH is 

amino polysaccharides obtained from deacetylation of chitin and is composed of 1,4-linked 2-

amino-2-deoxy--D-glucan and 1,4 linked 2-acetamido-2-deoxy--D-glucan [24]. NPs formed 

from the assembly of CH and albumins has been previously demonstrated for encapsulation 

and delivery of anti-cancer drugs such as doxorubixin (DOX) [18], alprazolam [25], paclitaxel 

(PTX) [26], ibuprofen [27], and as a gene carrier [28]. However, one limitation in utilizing CH 

as a drug nano carrier is its poor water solubility and possible aggregation at physiological 

conditions (neutral pH and high salt concentrations) because its pKa is only 6.5 [23,24]. 
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 In this study, we fabricated NPs from the assembly between reduced BSA (rBSA) and 

glycol chitosan (GC) (Fig. 4-1B), a water soluble derivative of CH, for encapsulation and 

delivery of hydrophobic anti-cancer drug, PTX (Fig. 4-1C). The formation of nanocomplexes 

from rBSA and GC (rBG NPs) was studied as a function of a rBSA/GC mass ratio and pH. The 

physical characteristics and stability of these NPs were evaluated by dynamic light scattering 

(DLS) and compositional analysis. Finally, the ability of rBG NPs as PTX nano-size DDS was 

demonstrated. 

4.3 Experimental 

4.3.1 Materials 

Bovine serum albumin (free fatty acid, 98% purity), glycol chitosan (free amine group 

 60%, degree of polymerization of min. 400), methanol, acetonitrile (HPLC grade), ethanol, 

urea, and Tris(2-carboxyethyl)phosphine hydrochloride (TCEP.HCl) were purchased from 

Wako Pure Chemical Industries, Ltd. (Osaka, Japan). Paclitaxel and L-cysteine were purchased 

from Tokyo Chemical Industry Co., Ltd. (Tokyo, Japan). The Quick Start Bradford Protein 

Assay was purchased from Bio-Rad, Inc. (Hercules, CA, USA). Tween 80, rhodamine B 

Fig. 4-1 The crystal structure of (A) BSA (PDB-ID:3v03). The chemical structure of (B) GC 

and (C) PTX.  
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isothiocyanate (RBITC), and dimethyl sulfoxide (DMSO) were purchased from Sigma-Aldrich, 

Inc (St. Louis, MO, USA). 5,5-dithio-bis-(2-nitrobenzoic acid) (DTNB) was purchased from 

Kishida Chemical Co., Ltd. (Osaka, Japan). A cell counting kit, WST-8, and Hoechst 4432 

solution were purchased from Dojindo Laboratories, Inc. (Kumamoto, Japan). Minimum 

essential medium (MEM), fetal bovine serum (FBS), penicillin, streptomycin, and OPTI-MEM 

were purchased from Thermo Fisher Scientific, Inc. (Waltham, MA, USA). Dulbecco’s 

phosphate-buffered saline (D-PBS) was purchased from Nacalai Tesque, Inc. (Kyoto, Japan). 

Cremophor EL was obtained from Fluka Biochemika, Germany. All other chemicals were 

analytical grade. 

4.3.2 Preparation and Formation of rBG NPs 

 Reduction of BSA. The reduction of BSA (rBSA) was carried out using TCEP.HCl 

under denaturing conditions [29]. Briefly, BSA (100 mg) and TCEP.HCl (86 mg) were 

separately dissolved in 5 mL reducing buffer (25 mM Tris-HCl, 8 M urea, and 0.1 mM EDTA). 

Then, the BSA solution were mixed with TCEP.HCl solution and incubated at 25 oC for 4 h. 

The solution was then dialyzed against 500 mL of 1 mM HCl using a 12-14 kDa dialysis 

membrane (Spectra/Por, Repligen Corp., Waltham, MA, USA) for 3 days at 4 oC with 4 

changes to remove excess urea and TCEP.HCl. The protein concentration in rBSA solution 

was measured by the Bradford assay. The number of free thiols per BSA molecule was 

determined by the Ellman’s assay. L-cysteine was used to obtain a standard calibration curve 

for quantifiying the number of free thiols. Under these experimental conditions, the number of 

free thiols per BSA molecule generated after reduction process was about 21. The rBSA 

solution was stored at 4 oC before use. 

 Purification of glycol chitosan. GC was purified by dialysis and filtration methods [30]. 

Briefly, GC (10 mg/mL) was dissolved in Mili-Q water under a gentle magnetic stirring, and 

the pH was adjusted to 5.5. The GC solution was then dialyzed against Milli-Q water using a 
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12-14 kDa membrane for overnight at room temperature and filtered using a 0.4 m membrane 

filter. Finally, the GC solution was lyophilized for 48 h and stored at 4 oC before use. 

 Formation of rBG NPs. The formation of rBG NPs was carried out by simply mixing  

rBSA and GC solutions to yield rBG NPs. Briefly, a GC solution (2 mg/ml) was prepared by 

dissolving lyophilized GC in 10 mM acetate buffer pH 5.5 under stirring until completely 

dissolved and stored at 4 oC overnight for complete hydration. A rBSA solution (2 mg/ml) was 

prepared from the stock solution by diluting with 1 mM HCl. rBG NPs were formed by slowly 

adding rBSA solution to an equal volume of GC solution under mild stirring at room 

temperature (25 oC), and the final pH adjusted to the desired values with 0.1 M HCl or NaOH. 

The composition of rBSA and GC in the NPs. The composition of rBSA and GC in the 

NPs was determined by a centrifugation method. In general, 1 mL of rBG NPs solution was 

centrifuged (18000 g, 20 oC, 30 min), and the supernatant was collected. The amount of rBSA 

in rBG NPs was measured by the Bradford assay, whereas the amount of GC in rBG NPs was 

estimated using RBITC-labelled GC. The fluorescent labelling protocol of GC was carried out 

based on the previous method [31] with a slight modification as follows. Briefly, 0.1 g of GC 

was dissolved in 10 mL Milli-Q water, and an equal volume of methanol was added and stirred 

for 2h. 6.5 mL of methanolic solution of RBITC (0.2 mg/mL) was then added to the GC 

solution and stirred for overnight under light protection. Purification was then carried out by 

centrifugal filtration (Amicon Ultra; molecular weight cut-off, 30 kDa; Millipore Corp., 

Billerica, MA, USA) and dialysis against 1 L of Milli-Q water (12-14kDa, Spectra/Por, 

Repligen Corp., Waltham, MA, USA). Finally, the pH of the RBITC-GC solution was adjusted 

to 5.5 and then lyophilized. The degree of labelling was calculated to be 0.08 (% mol/mol). 

The concentration of GC was estimated using a standard curve generated from the absorbance 

of RBITC-GC at 556 nm. 
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Stability of rBG-NPs in various buffers. Briefly, 1 mL of rBG NPs solution was purified 

using a centrifugation method (9000 g, 20 oC, 30 min) under a 10 l glycerol bed. The 

supernatant was removed, and the precipitated rBG NPs were washed 2 times with Milli-Q 

water. The purified rBG NPs were then redispersed in PBS or the desired buffer solutions and 

stored at 37 oC for 1 day. The particle size and polydispersity index (PDI) of rBG NPs in various 

buffers were noted. 

4.3.3 PTX-loaded rBG NPs 

PTX was loaded into rBG NPs using adsorption and mixed method. In the adsorption 

method, a small amount of ethanolic PTX solution (4 mg/mL) was added into 2 mL of rBG 

NPs solution and gently stirred for 10 min. In the mixed method, PTX was first added into 

rBSA solution, and then the mixture was added slowly into the GC solution under gentle 

magnetic stirring. In some cases, PTX-loaded rBG NPs were freeze-dried using 5% trehalose 

as a cryoprotectant. 

4.3.4 Characterization of rBG NPs and PTX-loaded rBG NPs 

The Z-average particle size, PDI, derived count rate, and zeta potential of the NPs were 

measured by dynamic light scattering (DLS; Zetasizer Nano ZS, Malvern Instruments Ltd., 

Worcestershire, United Kingdom). The shape and morphology of the NPs was observed by 

transmission electron microscopy (TEM) (JEM 2010, JEOL) at an accelerating voltage of 120 

kV. The NPs were stained with 2% uranyl acetate before imaged. The structural characteristics 

of rBSA was analyzed by a circular dichroism (CD) spectropolarimeter (J-725G, JASCO, 

Tokyo, Japan) and a fluorescence spectrophotometer (LS55C, Perkin Elmer, Waltham, MA, 

USA). The encapsulation efficiency (EE) was determined by an extraction method. Briefly, an 

aliquot of PTX-loaded rBG NPs were mixed with an ethanol at a 1:4 volume ratio and filtered 

(0.2 m; Milex-LG; Millipore Corp., Billerica, MA, USA) before injection into a reversed-

phase high performance liquid chromatograph equipped with an auto sampler (Jasco LC-4000, 
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Jasco Inc., Easton, MD, USA). A C-18 column (InertSustain; GL Sciences, Inc., Tokyo, Japan) 

was used with a mobile phase of acetonitrile (60% by vol) and Milli-Q water at a flow rate of 

0.8 ml/min. The EE (%) of PTX-loaded rBG NPs were calculated using the following equation: 

EE (%) =  
Total PTX loaded 

Total PTX added
 ×  100% 

4.3.5 Release profile in vitro of PTX from rBG NPs 

The release profile of PTX from rBG NPs was carried out using a dialysis method at 

pH 7.4. Briefly, 1.5 ml of lyophilized PTX-loaded rBG NPs (25 g/ml) in PBS pH 7.4 was put 

in a dialysis membrane (Spectra/Por, 12-14 kDa molecular weight cut-off). The dialysis bags 

were then immersed in 25 ml of the release medium (10 mM PBS pH 7.4 containing 5% ethanol 

and 1% Tween 80) and placed in an incubator shaker at 37 oC and 60 rpm for 10h. 5% ethanol 

and 1% Tween 80 was used to provide sink condition [32][33]. At predetermined time, 500 l 

of release medium containing PTX was collected and replaced with the same amount of pre-

warmed release medium. The amount of PTX was determined using HPLC analysis, as 

described aboved. 

4.3.6 Cellular studies in vitro  

Cellular uptake of rBG NPs. Cellular uptake of rBG NPs in HeLa cells was evaluated 

by CLSM. RBITC-GC was used to detect fluorescent signal of rBG NPs. Briefly, HeLa cells 

were seeded in a multi-well glass bottom dish (Matsunami Glass Industries, Ltd., Osaka, Japan) 

at a density of 10 000 cells per well and incubated 24 h at 37 oC under CO2 atmosphere. Then, 

the medium was removed and 200 l of RBITC-labelled rBG NPs, dispersed in OPTI-MEM, 

added to the dish. After 2 h of incubation, the samples were removed and washed thrice with 

D-PBS. The cells were then fixed with 4% paraformaldehyde (Wako Pure Chemical Industries, 

Ltd.) at 25 oC for 10 min. Later, nuclear staining of HeLa cells was done using Hoechst 4432, 

according to the manufacturer’s instruction. Finally, the cells were viewed under an LSM 700 
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confocal microscope (Carl Zeiss AG, Oberkochen, Germany) equipped with a diode laser. 

Rhodamine filter were used to observe the red fluorescence of RBITC-labelled rBG NPs.  

Cytotoxicity studies in vitro. The cytotoxicity of rBG NPs and PTX-loaded rBG NPs 

against HeLa cells were evaluated by WST assay. The cytotoxicity of Taxol-like formulation 

was also evaluated as a positive control. HeLa cell line was provided by the RIKEN BRC 

through the National Bio-Resource Project of the MEXT, Japan. HeLa cells were grown in 

MEM medium containing 10% FBS and 1% antibiotic-antimycotic (Thermo Fisher Scientific, 

Inc.). HeLa cells were seeded at a density of 5000 cells per well in a 96-well plate (Greiner 

Bio-One GmbH, Frickenhausen, Germany) and incubated 24 h under a 5% CO2 atmosphere. 

Then, the medium was removed and washed with D-PBS. Afterward, the cells were exposed 

to Taxol-like formulation, rBG NPs, and PTX-loaded rBG NPs in a reduced serum medium 

(OPTI-MEM, Thermo Fisher Scientific, Inc.) at varying concentrations. After 24 and 48 h of 

incubation, the samples were removed and 100 l of WST-8 cell counting solution in OPTI-

MEM added to each well. After a 3 h of incubation, the A450 was read using a microplate reader 

(Bio-Tek Instrument, Inc., Winooski, VT, USA) and cell viabilities expressed as the percentage 

of living cells over untreated cells. 

4.3.7 Statistical analysis 

The statistical analysis was performed using ANOVA and Student’s t-test with 

Microsoft Excel (Version 2017 for Macintosh, Microsoft Corp, Redmond, WA, USA). P values 

of < 0.05 were considered statistically significant.
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4.4 Results and Discussion 

4.4.1 Formation and characterization of rBG NPs 

Reduction of BSA. The formation of rBG NPs involved the initial reduction of BSA 

and the complexation between rBSA and GC under certain environmental conditions. The 

reduction of BSA would be expected to increase hydrophobicity as the hidden hydrophobic 

domain would be exposed due to the alteration of the structure of BSA [34]. The number of 

free thiols per BSA molecule would also increase due to the breakdown of disulfide bridges. 

An increase in hydrophobicity and the number of free thiols of BSA would benefit the stability 

of rBG NPs by forming stronger hydrophobic interaction with GC and BSA self-crosslinking 

through thiol-disulfide exchange reactions and/or oxidation of free thiols [35]. In this study, 

TCEP.HCl was selected as a disulfide reductant due to its less sensitivity against oxygen and 

good activity in a broad range of pH, as compared with other commonly used reductants such 

as dithiothreitol (DTT) [36]. The number of free thiols per BSA was about 21, corresponding 

to ~ 60 % of the maximum number of free thiols that can be generated. The structural 

characteristics of rBSA was evaluated by CD analysis and fluorescence spectroscopy. The CD 

spectrum of native BSA shows negative bands at 222 nm and 208 nm (Fig. 4-2 left), which are 

characteristics of -helix structure [37]. On the other hand, CD spectrum of rBSA shows a 

denatured-like form, indicating that the secondary structure of BSA was changed. The 

fluorescence intensity of BSA decreased and a slight red-shift in the emission maxima was 

seen after reduction, suggesting that protein unfolding took place (Fig. 4-2 right) [38]. 
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Transformation from globular state (folding) to linear form (unfolding) [35] would also be 

expected to enhance the electrostatic complexation between BSA and GC.  

Effect of rBSA/GC mass ratio. The formation of rBG NPs was then carried out by 

mixing rBSA and GC in an aqueous solution with very low ionic strength (5 mM acetate buffer). 

Considering that the physical characteristics of NPs were affected by the initial mass ratio of 

proteins/polysacccharides, we investigated the effect of rBSA/GC mass ratio on the physical 

properties of rBG NPs (particle size, PDI, zeta potential, and derived count rates) by DLS 

measurements. The electrostatic interactions would be expected to occur at the pH above the 

isoelectric point (pI) of BSA (~4.9) and below the neutral pH (~7) where GC was protonoted. 

Thus, we set the conditions at a fixed pH value of 5.7, total biopolymer concentration of 2 

mg/mL, predetermined in the preliminary study, and varied rBSA/GC mass ratios (4:1, 2:1, 

1:1, and 1:2), for this experiment. The Z-average diameter (particle size) at varied rBSA/GC 

mass ratios remained the same with an average diameter of ~250 nm, except at a rBSA/GC 

mass ratio of 1:2, where a marked increase in the particle size (~350 nm) was observed (Fig. 

Fig. 4-2 CD (left) and fluorescence emission (right) spectra of native BSA (blue) and rBSA 

(red). The samples were excited at 295 nm for fluorescence emission spectra. 
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4-3A). The PDI values within all mass ratios remained the same with an average of 0.2, 

indicating quite narrow particle size distributions. Irrespective of the rBSA/GC mass ratios, the 

zeta potentials of rBG NPs were positive (+30 mV). The zeta potentials tended to increase with 

increasing GC concentrations although a slight decrease in the zeta potential at the highest GC 

concentration (at a rBSA/GC mass ratio of 1:2) was seen (Fig. 4-3B). The derived count rates 

of rBG NPs showed a decreasing trend with increasing GC concentrations (Fig. 4-3C). The 

derived count rates can be used to estimate the number of particles in the solution [39]. These 

findings indicate that higher rBSA concentrations are required to form rBG NPs with smaller 

particle size and higher number of particles. Considering the colloidal stability of rBG NPs, we 

selected a rBSA/GC mass ratio of 1:1 for the following experiment due to a higher zeta 

potential value (+35 mV) with small and sufficient number of particles. 

Effect of pH. The effect of pH on the particle size, PDI, zeta potential, and the derived 

count rate of rBG NPs were studied by DLS analysis (Fig. 4-4). The Z-average diameter 

showed an increasing trend (from 70  2 nm to 367  36 nm) with increasing pH from 4.9 to 

6.5. Similarly, the number of particles increased with an increase in the pH values. In contrast, 

the zeta potential values showed a decreasing trend with increasing pH, with the lowest zeta 

potential value of + 24 mV at a pH of 6.5. An increase in the particle size and a decrease in the 

zeta potential values might be due to bridging effects and charge neutralization of the complex 

[40] as pH was increased from 4.9 to 6.5. The PDI values also showed a decreasing trend with 

increasing pH from 4.9 to 6.5, with the lowest PDI of ~0.2 at pHs of 5.7 and 6.5. 

The composition of rBG NPs. To get an insight into the nature of interaction between 

rBSA and GC and to confirm the findings from DLS analysis, we evaluated the composition 

of rBSA and GC in rBG NPs using a centrifugation method, assuming that the centrifugal 

forces are not affecting the original structure of rBG NPs. The amount of rBSA in rBG NPs 

was determined using the Bradford assay, while the amount of GC was estimated using 
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RBITC-labelled GC. It should be mentioned that RBITC conjugation into GC was optimized 

such that the formation of RBITC-GC NPs was prevented, as previously reported [41]. The 

amount of rBSA and GC in rBG NPs was studied as a function of rBSA/GC mass ratio and pH, 

with similar experimental conditions as previously discussed. The compositional analysis 

showed that the amount of rBSA and GC was not greatly affected by a rBSA/GC mass ratio, 

although the amount of GC involved in rBG NPs tended to be higher at higher rBSA 

concentrations, particularly at a rBSA/GC mass ratio of 4:1 (Fig. 4-5). In contrast, the pH 

appeared to affect the amount of rBSA and GC in rBG NPs. Increasing the pH from 4.9 to 6.5 

Fig. 4.3 The effect of rBSA/GC mass ratio on (A) particle size and PDI, (B) zeta potential, and 

(C) derived count rate. Total rBSA + GC concentration was 2 mg/mL and pH 5.7. 
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increased the percentage of rBSA (from 67  3 % to 97  1 %) and GC (from 3.6  1 % to 15.1 

 3 %) present in rBG NPs, indicating that the complexation of rBSA and GC was promoted 

at slightly higher pH near the pKa of GC (~8). This result might be attributed to the 

neutralization of the complex at this pH, which increases the amount of rBSA and GC present 

in rBG NPs. It is also suggested that other non-covalent forces such as hydrophobic interactions 

play an important role in the complexation of BSA and native chitosan (CH) [42], which may 

be applicable in the case of GC and rBSA.  

Fig. 4-4 The effect of pH on (A) particle size and PDI, (B) zeta potential, and (C) derived 

count rate. Total rBSA + GC concentration was 2 mg/mL and rBSA/GC mass ratio of 1:1. 
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Stability and morphology of rBG NPs. To evaluate the stability of rBG NPs against 

various buffers and to understand the interaction affecting the formation of rBG NPs, rBG NPs 

formed at a rBSA/GC mass ratio of 1:1 and pH 6.5 were purified by a centrifugation method 

and redispersed in PBS pH 7.4, PBS with 25 mM glutathione (GSH), PBS with 100 mM Tween 

20, and PBS with 100 mM urea. The particle size and PDI were measured by DLS after a 1-

day incubation at 37 oC. A marked increase in the particle size was noticed after rBG NPs were 

incubated in PBS containing 100 mM Tween 20, suggesting that hydrophobic interactions play 

Fig. 4-5 Composition of rBSA and GC in rBG NPs as a function of (A) rBSA/GC mass ratio 

and (B) pH. The amount of rBSA/GC in the NPs was estimated by concentration difference of 

rBSA/GC in total added and in supernatant before and after centrifugation (18000 g). The 

concentration of rBSA and GC in supernatant was determined by Bradford assay and 

fluorescent labelled-GC. 
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a dominant role in the formation and stability of NPs (Fig. 4-6). In contrast, urea, which is 

responsible for breaking strong hydrogen bonds [43] was not effective in destabilizing rBG 

NPs, indicating that hydrogen bonding is not a critical force in rBG NPs. A slight increase in 

PDI was observed when rBG NPs were incubated in PBS with GSH, although GSH seemed to 

not affect the particle size. Also, the number of free thiols in rBG NPs dramatically decreased 

after incubated in PBS (data not shown). This suggests that the self-crosslinking of rBG NPs 

through the free thiols of rBSA might occur.  

The morphology of rBG NPs was examined using TEM. Fig. 4-7 shows a 

representative TEM image of rBG NPs formed at a rBSA/GC mass ratio of 1:1 and pH 6.5. 

rBG NPs had nearly spherical in shape and smaller particle size, as compared with DLS 

measurements. Some agglomeration of particles were observed. The smaller size and 

agglomeration of particles were possibly due to the drying effect during sample preparation. 

The structure and formation mechanism of rBG NPs. DLS, compositional analysis, 

and stability test against various destabilizing agents suggest that rBG NPs possess a core-shell 

Fig. 4-6 Effect of destabilizing compounds on the particle size and PDI of rBG NPs. rBG 

NPs were incubated at 37 oC for 1 day. PDI value of rBG NPs in PBS/100 mM Tween 20 

was excluded (PDI > 0.5). * indicates significant at p < 0.05. 
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structure and their formation is mainly promoted by both hydrophobic and electrostatic 

interactions. rBSA is prone to self-aggregation in the aqueous solution due to its exposed 

hydrophobic domains, especially at a pH near its pI (~5). rBSA self-aggregation conceivably 

form the core of rBG NPs, whereas GC acts as a stabilizer to prevent strong rBSA self-

aggregation via the electrostatic interactions at a pH where rBSA and GC are oppositely 

charged (~5 < pH < ~8). According to DLS and compositional analysis, the complexation 

between rBSA and GC is strengthen at a relatively higher pH (6.5). Beyond this pH value, 

either precipitation or complex dissociation was observed (data not shown), suggesting that the 

electrostatic interactions are also critical in stabilizing the complexation between rBSA and 

GC. In addition, the free thiols in BSA generated after reduction process might also contribute 

in enhancing the stability of rBG NPs via thiol crosslinking reaction.

Fig. 4-7 Representative TEM image of rBG NPs (A), and that rBG NPs with higher 

magnification (B). The NPs were prepared at total biopolymer concentration of 2 mg/mL, 

rBSA/GC mass ratio of 1:1, and pH 6.5. Scale bars are 200 nm (A) and 100 nm (B). 
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4.4.2 PTX-loaded rBG NPs and release profile of PTX from rBG NPs 

To evaluate the ability of rBG NPs to encapsulate and deliver a hydrophobic anti-cancer 

drug, we selected PTX as a representative model drug. rBG NPs formed at a rBSA/GC mass 

ratio of 1:1 and pH 6.5 was utilized for encapsulation of PTX. PTX was encapsulated into rBG 

NPs using mixed and adsorption method at a final concentration of 100 g/ml. The properties 

of PTX-loaded rBG NPs were evaluated by DLS (Table 4-1). The particle size of PTX-loaded 

rBG NPs using adsorption method was 349  26 nm, which is quite similar to that of blank 

rBG NPs. In contrast, after loading PTX using mixed method, an increase in the particle size 

(421  29 nm) was observed, which might be due to the PTX-induced rBSA self-aggregation 

[44]. No difference was observed in PDI and the derived count rate between the two methods. 

The encapsulation efficiencies (EE) of PTX in rBG NPs using mixed and adsorption method 

were 96  5 and 84  13 %, respectively (Table 4-1). The high encapsulation efficiency was 

due to effective PTX binding to rBG NPs through hydrophobic interactions, with rBSA’s 

hydrophobic domains. 

Table 4-1. Characteristics of PTX-loaded rBG NPs 

Samples Size [nm] PDI 
Derived count 

rate [103 kcps] 
EE [%] 

Mixed Method 421  29 0.212 0.015 1069  212 96  5 

Adsorption Method 349  26 0.194 0.010 1170  128 84  13 

Data, mean standard deviation, n=3 

The release of PTX from rBG NPs was evaluated using a dialysis method at pH 7.4 (10 

mM PBS) which simulates a physiological condition. 1% Tween 80 and 5% ethanol were used 

in the release medium to ensure that PTX is soluble and can freely diffuse to the outside of the 

dialysis bag. Without addition of ethanol, PTX could be precipitated inside the dialysis bag 
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because the solubility of PTX in PBS was below 0.5 g/ml, and the results obtained could be 

misleading [32]. The release profile of PTX from rBG NPs showed a burst release within 15 

min and followed by a sustained release for up to 2 h (Fig. 4-8). The release of PTX from rBG 

NPs was completed within 4 h. This quick release PTX profile might be attributed to the 

presence of ethanol in the release medium, which can diffuse from the release medium to the 

inside of the dialysis bag. Thus, PTX could be released much faster due to weakened 

hydrophobic interaction between PTX and rBG NPs. 

4.4.3 Cellular studies in vitro  

Cellular uptake of rBG NPs. The cellular uptake of rBG NPs was evaluated in HeLa 

cells using CLSM. GC was labelled by RBITC to yield red fluorescence signal that can be used 

to follow the intracellular fate of rBG NPs. HeLa cells were incubated with rBG NPs for 2 h at 

37 oC. Hoechst 4432 (blue) were used to stain nucleus. The z-stack mode of CLSM was 

employed to precisely determined the spatial location of rBG NPs within HeLa cells. Fig. 4-9 

Fig. 4-8 Release profile of PTX from rBG NPs at pH 7.4. Data are reported as mean  standard 

deviation, n =3 
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showed that a considerable red fluorescence signal could be found inside the cells, which 

suggests that rBG NPs were internalized. NPs can undergo internalization via endocytosis-

related pathways such as macro-pinocytosis, caveola- and clathrin-mediated endocytosis [45]. 

To find out whether endocytosis is the pathway for rBG NPs, the cellular uptake was performed 

for 2 h at 4 oC, where the internalization via endocytosis decreases due to changes in the cell 

membrane fluidity [46]. Fig. 4-10 showed that most of the red fluorescence signals were not 

found inside the cells, implying that the intracellular transport of rBG NPs is through 

Fig. 4-9 Cellular uptake of rBG NPs (red) in HeLa cells at 37 oC for 2 h examined by z-stack 

3D CLSM. Hoechst (blue) used to stain nucleus (A) and orthogonal view of z-stack image 

(B). Intersection points (white arrow) indicate that location of rBG NPs was inside cells. 
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endocytic-related pathway. Although further cellular experiments need to be carried out to 

confirm the intracellular fate of rBG NPs in more details, previous reports revealed that 

endocytosis-related pathways are a predominant intracellular transport for GC-based NPs 

[47][48]. 

Cytotoxicity  in vitro of PTX-loaded rBG NPs. The cytotoxicity in vitro of PTX-loaded 

rBG NPs was evaluated on HeLa cells. Taxol-like formulation and blank rBG NPs served as a 

positive and negative control, respectively. HeLa cells were treated with samples containing 

Fig. 4-10 Cellular uptake of rBG NPs (red) in HeLa cells at 4 oC for 2 h examined by z-stack 

3D CLSM. Hoechst (blue) used to stain nucleus (A) and orthogonal view of z-stack image (B). 

Z-stack image indicates that rBG NPs were poorly internalized by the cells.  
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various PTX concentrations for 24 and 48 h and cell viability determined by WST-8 assay. The 

cytotoxicity in vitro results for 24 h of incubation are shown in Fig. 4-11A. Cell viability was 

Fig. 4-11 Cytotoxicity in vitro of Taxol-like formulation, PTX-loaded rBG NPs, and unloaded 

rBG NPs in HeLa cells by WST-8 assay after 24 h (A) and 48 h (B) incubation. 

Data, mean  standard deviation, n = 3 
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not considerably affected by exposure with blank rBG NPs, indicating that rBG NPs was 

biocompatible and nontoxic. Cell viability decreased with increasing PTX concentrations after 

exposure of Taxol-like formulation and PTX-loaded rBG. However, the cytotoxicity of PTX-

loaded rBG NPs was lower compared with that of Taxol-like formulation. After prolonging 

incubation time to 48 h, the cytotoxicity of PTX-loaded rBG NPs was comparable to that of 

Taxol-like formulation (Fig. 4-11B). These results suggest that PTX was slowly released from 

rBG NPs. The discrepancy observed between in vitro release of PTX and the cellular 

experiment requires more reliable, proper, accurate experimental method to precisely 

determine in vitro release of hydrophobic molecules from NPs, in particular.  

.
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4.5 Conclusions 

The formation of core-shell NPs based on the complexation between rBSA and GC 

(rBG NPs) was demonstrated. The electrostatic and hydrophobic interactions played dominant 

roles in the formation and stability of rBG NPs, as determined by DLS and compositional 

analysis. The particle size of rBG NPs was tunable by simply adjusting a rBSA/GC mass ratio 

and pH. rBG NPs was spherical in shape and had excellent stability at the neutral pH (10 mM 

PBS pH 7.4). rBG NPs had the ability to encapsulate hydrophobic anti-cancer drug, PTX with 

high encapsulation efficiency through hydrophobic interactions. CLSM analysis revealed that 

rBG NPs could be effectively internalized into cells, possibly via endocytosis-pathway. WST-

8 assay showed that PTX-loaded rBG NPs had a comparable cytotoxicity in vitro on HeLa cells 

compared with Taxol-like formulation after a 48 h of incubation, which might be due to the 

slow release of PTX from these NPs. Ultimately, rBG NPs showed little toxicity, suggesting 

that these NPs hold great promise for use as a hydrophobic drug nano-carrier in the 

pharmaceutical and medical applications.
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CHAPTER 5 SUMMARY AND FUTURE WORK 

5.1 Summary 

 In the past two decades, nanotechnology has generated great attention of researchers in 

various fields. In the fields of food, pharmacy and medicine, nanoparticles (NPs) are considered 

a promising material for a creation of new therapy for many diseases, especially cancer and 

degenerative diseases. The application of NPs in the biological systems requires a careful 

selection of constituting materials for fabrication of NPs in terms of cost, availability, and 

safety. Due to their biodegradability, biocompatibility, and low immunogenicity, proteins and 

polysaccharides are attractive materials for development of NPs for effective cancer treatment. 

In this thesis, we investigated the formation of NPs between proteins and chitosan (CH) and 

evaluated their feasibility for encapsulation and delivery of hydrophobic therapeutic molecules. 

 In Chapter 2, we described the formation of electrostatic-based nanocomplexes (NCs) 

between caseinate (CS) and chitosan (CH) (CCNCs) and evaluated the ability of these NCs for 

encapsulation of curcumin. The particle size, polydispersity index (PDI), turbidity, number of 

particles, and zeta potential of these NCs were found to be dependent on the total biopolymer 

concentration and the concentration of CS/CH in these NCs. Higher CS concentrations resulted 

in higher turbidity and lower number of particles and zeta potential, at least in the range studied. 

The obtained particle size was less than 400 nm with narrow size distribution and positive 

charge. In addition, the interaction between CH and CS was confirmed by FT-IR spectroscopy. 

The ability of these NCs to encapsulate curcumin was demonstrated and verified using UV-

Vis and fluorescence spectrophotometer. However, the encapsulation efficiency (EE) of 

curcumin was moderate, at 56%. This might be due to the presence of free CS/CH and soluble 

complexes that competes with the NPs. In view of practical application, the water re-

dispersibility of these curcumin-loaded CCNCs was tested using a lyophilized form with 5% 

trehalose as a cryoprotectant. We showed that CCNCs can enhance thermal and storage 
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stability as well as re-dispersibility of curcumin in water. Of interest, CH solubility in water 

was promoted after freeze-drying, which suggests favorable interactions between CH and 

trehalose. 

 In Chapter 3, we focused on enhancing the stability of CS/CH NPs (CCNPs) described 

in the previous chapter by a non-toxic cross-linker, genipin and evaluated the feasibility of 

genipin-crosslinked CCNPs (G-CCNPs) for curcumin delivery into the cells. DLS and TEM 

analysis revealed that G-CCNPs were more stable under acidic and neutral pH at physiological 

conditions as compared with NPs without cross-linking. The biocompatibility of G-CCNPs 

was evaluated on normal fibroblast cells (L929), and WST assay revealed that these NPs were 

non-toxic. Curcumin was delivered by G-CCNPs to both cancer (HeLa and A549) and normal 

cells (L929). Cytotoxicity in vitro of curcumin on cancer cells was improved by G-CCNPs. 

We found that this enhanced bioactivity of curcumin was not necessarily correlated with 

enhanced cellular internalization of NPs into the cells, as most G-CCNPs were located on the 

cell membrane. Rather, the stability of curcumin in the physiological condition was more 

important. 

 To eliminate the use of a cross-linker agent and overcome the limitation of CH, in 

Chapter 4, we fabricated NPs formed from the complexation between reduced bovine serum 

albumin (rBSA) and glycol chitosan (GC) (rBG NPs) and evaluated their feasibility as a nano-

carrier for paclitaxel (PTX). We found that the degree of complexation between rBSA and GC 

was highly dependent on rBSA/GC mass ratio and pH. The optimum complexation was found 

to be at higher rBSA/GC mass ratio or at higher pH (6.5). Our results indicated that rBG NPs 

formation was governed by the initial rBSA aggregation in the solution, followed by the 

electrostatic complexation with GC to form NPs with core-shell structure. Moreover, rBG NPs 

had excellent stability without the help of external cross-linker agent. Hydrophobic and 

disulfide crosslinking are presumably responsible for stabilizing these NPs. We showed that 
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PTX can be efficiently encapsulated into these NPs. Unlike G-CCNPs, these NPs can be 

effectively internalized into the cells, which suggests that cross-linking reaction based on 

primary amines can affect colloidal stability and cellular internalization of NPs. Cytotoxicity 

in vitro revealed that PTX-loaded in rBG NPs had comparable anti-cancer activity compared 

with Taxol-like formulation at a longer time of incubation (48 h), suggesting that PTX was 

released slowly due to strong binding with these NPs, presumably via hydrophobic interactions. 

5.2 Future work 

 Potential ideas that have not been carried out include in vivo studies for better 

evaluation of G-CCNPs and rBG NPs as nano-carrier for curcumin and PTX, respectively. It 

is suggested that hemolysis assay and immunogenicity testing should also be done for 

determining biocompatibility of these NPs. In terms of characterization of these NPs, advanced 

analytical techniques such as small-angle X-ray scattering (SAXS)/small-angle neutron 

scattering (SANS) may be of interest to get better understanding about the structure of these 

NPs. In terms of the formation of NPs, the use of defined structures of CH or GC, i.e., molecular 

weight, polydispersity, chain arrangements, and degree of deacetylation is encouraged to 

rationally design NPs with desired properties. For CCNPs, the use of other stabilizers or CH 

derivatives should be explored to make NPs with better colloidal stability and effective cellular 

internalization. For rBG NPs, the formation of rBG NPs with redox-responsive ability should 

be explored. This might be possible through optimizing reducing conditions and chemical 

modification of BSA/GC.
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