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Summary

The current study involved the preparation of a range of micro and nano particulates 

from known biocompatible pharmaceutical polymeric excipients: PLGA, chitosan 

and hyaluronic acid, using physical rather than chemical processes and evaluates the 

various aspects o f their drug delivery potential, biointeraction and potential toxicity.

Emulsion techniques, including the double emulsion and single emulsion technique, 

are methods usually used in the manufacture o f drug loaded PLGA (RG504) 

particles, as well as chitosan-PLGA particles. Cationically modified PLGA particles 

can efficiently bind the negatively charged DNA electrostatically, by using chitosan 

as adjuvant (Kumbar et al., 2002). Although release studies of proteins and drugs 

have been reported by numerous groups (Pean et al., 1998; Dunne et al., 2000; 

Gallagher and Corrigan 2000), there were large differences between the results. 

Therefore it is deemed necessary to explain the differences and conclude on the 

effects.

Chitosan microparticles (CL213 and CL213/GLLF) were prepared by spray drying 

with and without crosslinking agent glutaraldehyde. Four different batches of 

chitosan nanoparticles (CS-F NP, CL113 NP, CL213 NP and G213 NP) were 

prepared by precipitation/coacervation. Although chitosan nanoparticles have been 

widely studied in both animal and cell models, their physical properties, such as 

morphologies of dry products and manufacture processes, did not receive much 

attention all these years. A model protein, OVA, was adsorbed onto chitosan 

nanoparticles to study its release from chitosan nanoparticles prepared by 

precipitation/coacervation.

Although polymeric particles have been widely studied for drug delivery systems, 

there is little work which has been reported on hyaluronic acid (HA) particulate 

systems, especially HA nanoparticles. As a biodegradable, biocompatible and



viscoelastic polymer (Zhong et al., 1994; Prestwitch et al., 1998; Balazs 1998; 

Brown and Jones 2004; Hahn et al., 2004), particulate HA has a potential as a 

nano-sized drug delivery carrier particularly when combined with chitosan. HA 

microparticles were manufactured by spray drying. HA/chitosan nanoparticles were 

manufactured by coacervation/precipitation. Two sodium hyaluronates and four 

chitosan salts (CL113, CL213, G113 and G213) were used to prepare HA-chitosan 

nanoparticles. The physical properties of the resultant nanoparticles were measured 

and compared. The two sodium hyaluronates were sodium hyaluronate (Fluka) and 

ultrapure sodium hyaluronate (NovaMatrix). Ultrapure sodium hyaluronate 

(NovaMatrix) presents a low endotoxin level smaller than 2.5 EU/g.

Since the potential o f nanoparticles to induce platelet aggregation and precipitate 

thrombosis has been established (Glynn et al., 1965; Radomski et al., 2005; Bloom 

et al., 1955), it is important to screen the nanoparticles to establish their safety in 

this regard, especially when there are very limited published studies on these 

particles nowadays. Therefore, the effect of drug free PLGA, chitosan-PLGA and 

chitosan nanoparticles on human platelet aggregation and their effects on inhibition 

o f the collagen induced aggregation in vitro were investigated. Indomethacin and 

ketoprofen were encapsulated into PLGA nanoparticles to formulate nanoparticulate 

drug delivery systems and the effects o f the resultant nanoparticles on platelet 

aggregation were studied.

Chitosan nanoparticles were studied to see if they can activate bone marrow derived 

myeloid dendritic cells (DCs). The effectiveness of the different chitosan 

nanoparticles was also investigated. Endotoxin free chitosan nanoparticles were 

manufactured and the effect on inducing DCs maturation and cytokine production 

by DCs and spleen cells were measured and compared with chitosan solution. 

Finally, cytotoxicity o f chitosan nanoparticles on DCs and spleen cells were 

investigated and compared to chitosan solution.
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GI gastrointestinal
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MP microparticles

MSC model selection criterion

MWNT multiplewall nanotubes

NP nanoparticles

NSAIDs nonsteroidal antiinflammatory drugs

OVA ovalbumin

PAMAM polyamidoamine

PAMPs pathogen associated molecular patterns

PI propidium iodide

PLGA poly(lactide-co-glycolide)

PMA phorbol myristate acetate

PRP platelet-rich plasma

PRRs pattern recognition receptors

PVA poly(vinyl alcohol)

Q amount o f drug released

SDS-PAGE sodium dodecyl sulphate page electrophoresis

SEM scanning electron microscopy

SS side scatter

SWNT singlewall nanotubes

Tmax time to maximum drug release rate

TCRs T cell’s receptors for antigen

Tg glass transition temperature

Th-1 orTh-2 T helper cells

TLRs toll-like receptors

TNF-p tumour-necrosis factor-beta

XRD X-ray diffraction



Origin and Scope

Microparticles are widely used in drug delivery systems to enhance oral 

bioavailability of poorly absorbed drugs or to induce mucosal immune response 

(Earley et al., 2001). There is now widespread research and considerable interest in 

the use of nano particulates for drug delivery and targeting. While there are many 

publications on the design of nano particulates for drug delivery and targeting, much 

less is known about their safety and/or toxicity and there is growing concern that 

there may be unforeseen risks associated with their uses.

The objective o f this thesis was to prepare a range of micro and nano particulates 

from known biocompatible pharmaceutical polymeric excipients using physical 

processes and evaluate the various aspects of their drug delivery potential, 

biointeraction and potential toxicity. Polymers: PLGA, chitosan and hyaluronic acid 

are used in the current study because of their biodegradability and biocompatibility. 

The selection o f antigenic compounds included human serum albumin, ovalbumin 

and ovalbumin coupled F/G peptide as they are commonly used as allergen models. 

Ketoprofen and indomethacin are low molecular weight NSAIDs (non-steroidal 

anti-inflammatory drugs) and they were also used as model drugs. Therefore, the 

NSAIDs together with the peptides were used to cover a wide range of molecular 

weights allowing for more thorough screening of properties of those compounds.

The scope o f this thesis was:

•  To examine the impact of the physical process (emulsion/evaporation, salt 

precipitation/coacervation and spray drying) employed for production on the 

physico-chemical properties of the PLGA, chitosan, chitosan-PLGA, 

hyaluronate-chitosan, chitosan-PVA and hyaluronic acid particles;

•  To assess the delivery potential using particulates loaded with both high 

molecular weight actives such as human serum albumin, ovalbumin, ovalbumin



coupled F/G peptide and low molecular weight drugs such as indomethacin and 

ketoprofen.

•  To assess the potential toxicity of nanoparticles on the basis of their interactions 

with human platelets and

•  To assess the potential of nanoparticles as vaccine adjuvants on the basis of 

their biointeractions with dendritic cells and spleen cells.
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C hapter 1. Particulate drug delivery system s

1.1 Introduction

The use o f polymers in drug formulation is a very large and diverse area of 

pharmaceutical research and development. Traditionally, polymers have been used 

as coating agents, capsule materials, binders and thickening agents in various types 

of therapeutic dosage forms. There are several reasons for encapsulating drugs and 

other active compounds. Certain drugs are encapsulated to protect the active 

ingredient against degradation from the environment while others have been 

encapsulated to reduce the unpleasant taste of certain materials (Schwarz et al., 

1995). Encapsulation of drugs also has the potential for reducing both the amount of 

total drug dosed and the associated side effects as well as the elimination o f the 

discomfort associated with multiple dosing/injection (Schwarz et al., 1995). There 

are various biodegradable polymers some of which could potentially be used in 

controlled drug delivery systems, such as poly (L-lactic acid), poly (glycolic acid), 

chitosan etc.

The desirable properties o f a biodegradable polymer are as follows: it must be 

biocompatible, produce non-toxic degradation products and be degraded either 

hydrolytically, enzymatically or microbially with a rate that can be modulated 

according to polymer properties and environmental conditions, have suitable 

mechanical and physicochemical properties, be economically viable, sterilisable, 

suitable for processing and free from elutable impurities that may be toxic (Mills 

and Davis, 1987). Biocompatibility can be achieved by the use of natural polymers 

such as cellulose, chitin, and chitosan or by the employment of polymers made from 

naturally occurring monomers such as lactic and glycolic acids (Freiberg and Zhu, 

2004).

In the current work, the polymers used were hydrophobic polymers like



Chapter I. Particulate drug delivery system s

poly(lactide-co-glycolide) (PLGA) and hydrophilic chitosan and hyaluronic acid 

polymers. The processes employed for production of particles were double (single) 

emulsion technique, precipitation/coacervation and spray drying.

1.2 Poly(lactide-co-glycolide) polymers and particles

A vast proportion of the current interest in biodegradable systems focuses on the use 

o f the polyester series based on lactic and glycolic acid. These polymers have an 

additional advantage over other biodegradable polymers in that they are widely 

investigated in terms of toxicological and clinical data. Biocompatibility and 

regulatory approval have attracted investigators to these systems (Lewis, 1990). In 

1966, Kulkami et al. reported that PLA (polylactic acid) was a suitable material for 

surgical implantation because it was found to biodegrade to normal physiological 

components. The biocompatibility o f polylactide and polylactide-co-glycolide was 

demonstrated using sutures by Cutrigh et al. (1971) and Craig et al. (1975) in rat 

tissue. These materials are well tolerated in living tissue and do not cause irritation 

(Bos et al., 1991), and are progressively degraded then resorbed followed by 

complete tissue recovery (Robert et al., 1993). Visscher and co-workers (1987) 

confirmed the biocompatibility of polylactide and poly (lactide-co-glycolide) 

injectable microspheres by examining tissue from the injected site over time.

Due to the excellent biocompatiblility and bioresorbability of lactide/glycolide 

based polymers, some of these bioresorbable materials have successfully been used 

in products for the medical industry. Examples include Dexon Maxon and Vicryl 

as sutures as well as Biofix® and Phusiline® bone fracture internal fixation devices 

(Dunne, 2000). These materials have also been investigated for many medical 

applications including dental applications (Robert et al., 1993) and internal fracture 

fixation devices (Leenslag et al., 1987).

2



C hapter I. Particulate drug delivery systems

Poly (d,l-lactide-co-glycolide) (PLGA) is the polymerisation product of lactide and 

glycolide. The mechanism of co-polymerisation is shown in Figure 1.1 (Gilding and 

Reed 1979).

Glycolide

0
I I

0

Lactide

n: number o f units of lactic acid 

m: number o f units of glycolic acid 

x: number of lactic acid/glycolic acid group

Figure 1.1 Polymerisation of lactide and glycolide to produce

poly-lactide-co-glycolide polymers.

Lactic acid is more hydrophobic than glycolic acid and PLGAs with a higher lactic 

to glycolic ratio are more hydrophobic (Walter et al., 2001). Hence, PLGA polymers 

with higher lactic to glycolic ratios degrade more slowly, than those with higher 

glycolic acid ratios.

3



C hapter I. Particulate drug delivery systems

Poly (d,l-lactide-co-glycolide) undergoes biodegradation to form lactic and glycolic 

acid monomers, which are eliminated from the body via Krebs cycle. The 1- (+) 

form of lactic acid is naturally produced and metabolised in the body; lactate is an 

intermediate or end product found in carbohydrate metabolism in all life forms. 

Lactate is oxidised to pyruvate, which is either converted to glucose or decomposed 

to carbon dioxide and water (Visscher et al., 1987). Glycolic acid is a physiological 

intermediate product in the degradation of the amino acid glycine and is converted 

to carbon dioxide by oxidative carboxylation (Visscher et al., 1987). The only 

condition required for degradation to occur seems to be the presence of an aqueous 

environment (Visscher et al., 1987).

1.2.1 Antigen delivery and adjuvants

Antigen, a foreign substance, is usually a protein that stimulates the body's immune 

system to produce antibodies. Adjuvants are added to antigens to improve the 

immune response and a combination of adjuvant with antigen formulates vaccine. 

Lactide/glycolide polymers have been extensively used in vaccine delivery studies 

as adjuvant because of their biocompatibility and biodegradability. By encapsulation, 

antigen could be protected and sustained antigen release could be obtained 

following the diffusion or a polymer degradation process. Microparticles made by 

such polymers offer a flexible choice of administration routes. They can be injected 

intravenously (i.v.), subcutaneously (s.c.), intramuscularly (i.m.) or intraperitoneally 

(i.p.) (Linhardt, 1990) for either sustained release depots or target drug carriers. 

Sustained release products have been formulated for injectable, topical, implantation 

and pulmonary application (Dunne, 2000).

In the early work reported by Eldridge and co-workers (1991), the utility of 

poly(lactide-co-glycolide) (PLGA) microparticles as a vaccine delivery system for 

the mucosal antibody responses was investigated. Intraperitoneal (i.p.) injection of

4



C hapter I. Particulate drug delivery system s

1-10 fxm microspheres into mice with loading of approximately 1% by weight a 

formalinised toxoid vaccine of staphylococcal enterotoxin B (SEB), dramatically 

potentiated the circulating IgG anti-toxin antibody response as compared to the free 

toxoid (Eldridge et al., 1991). This was due to the fact that particles of less than 10 

[o,m were phagocytosed by macrophages followed by migration o f these cells to 

draining lymph nodes at the injection site (Eldridge et al., 1991). 

Microencapsulation stabilises the active material and also allows the drug to pass 

through the stomach unaffected by digestive enzymes which would normally 

degrade the drug (Eldridge et al., 1991).

Earley et al. (2001) investigated the suitability of a micro particulate vaccine 

delivery system to elicit mucosal antigen-specific immune responses in the upper 

respiratory tract o f young calves. Microparticles containing ovalbumin (OVA) were 

prepared using PLGA polymer with molecular weight of 40-75 kDa and a 

lactide/glycolide ratio o f 50:50. The microparticles were prepared by the double 

emulsion technique (Section 1.2.2) and the resultant particles presented particle 

diameter sizes smaller than 10 jam. The theoretical OVA loading o f particles was 

20% w/w. Microparticulate samples were administered into calve nasal cavities 

using an intranasal applicator attached to a 5 ml syringe. The presence of 

OVA-specific IgA antibody was detected from nasal washings. Significant levels of 

ovalbumin specific secretory IgA was detected as early as one week 

post-administration. The levels persisted throughout the duration o f the study (4 

month), demonstrating that intranasal administration of ovalbumin in biodegradable 

PLGA particles less than 10 |im in diameter generated an antigen-specific systemic 

and mucosal antibody response in calves. The persistence o f antigen-specific IgA 

antibody in the nasal washings of immunised animals was a very encouraging 

feature o f this vaccine delivery system and may generate long lasting levels of local 

anti-viral protection (Earley et al. 2001).
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With concerns regarding PLGA specific potential for nasal vaccination, the results 

published over the last 10 years have led to the conclusion that the efficacy of 

PLGA microparticles as antigen carriers was correlated with their uptake into the 

specialised mucosal-associated lymphoid tissue (Singh and O ’Hagan, 2002). An 

additional observation made by some authors was that the size of the particles 

influences the immune responses generated by the encapsulated antigens following 

nasal administration (Koping-Hoggard et al., 2005). For example, Somavarapu et al., 

(1998) demonstrated that the immune response to encapsulated ovalbumin 

administered intranasally was significantly greater for FLA nanoparticles than for 

FLA microparticles. This result was thought to be due to the more efficient transport 

of nanoparticles compared with that o f microparticles across the nasal mucosa 

(Koping-Hoggard et al., 2005). In fact, several studies have demonstrated that the 

transport of model polystyrene particles across well-organised epithelia is clearly 

dependent on the size. This factor is thought to be more significant for nanoparticles 

than for microspheres (Florence, 1997).

1.2.2 Manufacture of PLGA particles

For biodegradable polymers like FLGA, the general methods of manufacture of 

drug-loaded microparticles are single or double emulsions (Fitzgerald, 1994). The 

single emulsion process involves oil-in-water emulsification. The polymer is first 

dissolved in an organic phase and the drug is then added to the polymer solution. 

This polymer-solvent-drug solution is then emulsified in a larger volume of water in 

the presence of emulsifier like FVA to yield an o/w emulsion. Finally, solvent is 

removed by rotary evaporation or extraction. Once formed, the particles are 

generally centrifuged down and washed to remove residual solvent. The particles 

are then freeze dried. One o f the disadvantages of the o/w emulsification method is 

poor encapsulation efficiencies of moderately water-soluble and water soluble drugs 

(Jalil et al., 1990; Wu, 1995; Arshady, 1991). The drug may diffuse out or partition
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from the dispersed oil phase into the aqueous continuous phase. This would resuh in 

poor trapping of the hydrophilic drug and high initial rapid release of the drug (Jalil 

et al., 1990). The o/w emulsification process is therefore widely used to encapsulate 

lipid-soluble drugs (Jalil et al., 1990).

The double emulsion process is a water-in-oil-in-water (w/o/w) method and is best 

suited to encapsulate water soluble drugs like peptides and proteins (Jalil et al., 

1990; Wu 1995; Lewis, 1990). First, an aqueous solution of drug is added to an 

organic phase, consisting o f PLGA solution in a solvent such as dichloromethane or 

ethyl acetate, to form the first w/o emulsion. This emulsion is further emulsified into 

an aqueous phase such as polyvinyl alcohol (PVA) solution to produce the final 

w/o/w emulsion. Finally, solvent is removed by rotary evaporation or extraction. 

Once formed, the particles are generally centrifuged down and washed to remove 

residual solvent. The particles are then freeze dried.

Processing parameters can be used to control particle morphology. Particle size is 

determined by the mixing speed, equipment and technique used (Watt et al., 1990). 

Increasing the rate and length of time of the emulsification process decreases the 

mean diameter of the microspheres and also reduces the particle size distribution 

(Benita et al., 1984; Jeffery et al., 1991 and Sansdrap et al., 1993). The particle size 

can be adjusted through the process parameters to produce particles in nano and 

micrometer (100 nm-2 mm) range (Arshay, 1991).

The most common disperse phase solvent employed for double emulsion procedures 

is dichloromethane (Suzuki and Price 1985; Spenlehauer et al., 1986, Benita et al., 

1984). However the draw back in the use of dichloromethane is its toxicity 

(Martindale 1999) as quantities of solvent can remain in the microspheres after 

drying. Attempts have been made to substitute chlorinated solvents such as 

dichloromethane with alternative solvents such as ethyl acetate (McGee et al., 1995)
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and halothane (Armstrong et al., 1994 and 1995). Spray drying can also be used to 

produce PLGA particles. More details about spray drying are discussed in Section 

1.3.2.

1.2.3 Particles stained with coumarin-6

As an antigen carrier, it is important to study the kinetics o f cellular and tissue 

uptake, intracellular distribution and retention, and in vivo biodistribution (Panyam 

et al., 2003). For example, it might be interesting to study the efficiency of 

nanoparticle localisation in a particular cell population, organ or specific tissue 

following their local or systemic administration to optimise drug therapy (Panyam 

et al., 2003).

The most common experimental approach found to study particle uptake in vivo or 

in vitro is the use of fluorescently or radioactively labelled particles because particle 

uptake by cells becomes detectable by fluorescence microscopy and the extent of 

particle uptake may be detected by flow cytometry (Pietzonka et al., 2002).

In the study reported by Pietzonka and the co-workers (2002), PLGA nanoparticles 

with size of 300-600 nm were prepared by the emulsion technique. Methylene 

chloride was used as solvent to which a lipophilic marker, coumarin-6, was added. 

The fluorescent marker loading of coumarin-6 to PLGA nanoparticles was over 

95%. In vitro release study was carried out in Tris-borate (TB) buffer which 

contained potassium chloride, calcium chloride and magnesium chloride. The 

duration o f the study was 180 minutes and demonstrated within this timeframe that 

only marginal marker release rates were detected and this was expected from the 

low water solubility of the lipophilic marker (Pietzonka et al., 2002). According to 

their fluorescent microscopy observations, particles were attached to the apical 

surface of the cells (Pietzonka et al., 2002).
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In this study, coumarin-6 was loaded onto PLGA nanoparticles to evaluate 

visualisation of the particles under fluorescence microscope. It is preferred to use 

coumarin as fluorescent labelling because of easier handling, to avoid the problems 

associated with the use o f radioactive material.

1.3 Chitosan (CS) polymers and particles

Chitin, derived from the exoskeletons of crustaceans, is an abundant natural 

polymer. Upon deacetylation, it yields the novel biomaterial chitosan. Chitins which 

have been deacetylated to a degree of between 40% and 98% are regarded as 

chitosan (Ilium, 1998). Depending on the degree of deacetylation chitosans contain 

different numbers of acetyl groups. Chitosan (CS) is a polysaccharide with a 

structure comparable to cellulose (Domard et al., 1998); CS and cellulose are both 

made by a linearly P-(1^4)-linked monosaccharide. The essential difference 

between CS and cellulose is that CS is composed of 2-amino-2-deoxy-P-D-glucan 

combined by glycosidic linkages. The structure of chitosan is shown in Figure 1.2. 

Chitosan is insoluble at neutral and alkaline pH values but forms salts with 

inorganic and organic acids such as glutamic, hydrochloric, lactic and acetic acids 

(Ilium, 1998).
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Figure 1.2 Chemical structures of chitin, chitosan and cellulose.

Paul and Sharma (2000) described medical and pharmaceutical applications of 

chitosan which include drug delivery, wound healing ointments and dressings, 

artificial skin, haemostatic agents, enzyme immobilization, dialysis membranes, 

contact lenses or eye bandages, orthopaedics, surgical sutures and dentistry. 

Chitosan has a lipid-lowering effect, is biocompatible, non-toxic and biodegradable 

(Paul and Sharma 2000; Pangbum et al., 1982; Domish et al., 1996; Yang et al., 

2003). Chitosan molecules are strongly positively charged at pH of 6.5 and also 

form gels with polycations at low pH. They are described as having antacid 

properties and anti-ulcer activity which may reduce drug irritation in the stomach. 

The U.S. F.D.A have approved chitosan as a food additive in animal feed and it is a 

generally recognised as safe (GRAS) substance (www.fda.gov). A study by Miura et 

al., (1995) showed that chitosan as a food additive in normal and neonatal 

streptozotocin-induced diabetic mice significantly reduced blood glucose, 

cholesterol and triglyceride level. Intramuscular injection of chitosan as
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microspheres in rats showed tissue compatibility.

It has been reported that chitosan can aid the dissolution of poorly soluble drugs. 

Griseofulvin and prednisolone when ground with chitosan showed enhanced 

dissolution properties (Sawayanagi et al., 1982; Sawayanagi et al., 1983). They also 

described chitosan as an excipient for direct compression of tablets with 50% 

chitosan resulting in rapid disintegration. Ritthidej et al. (1994) showed that when 

chitosan was included in tablets in a concentration higher than 5% it was superior as 

a disintegrant to com starch and microcrystalline cellulose. Chitosan was found to 

be a better tablet binder than methylcellulose and sodium carboxymethylcellulose 

by Upadrashta et al. (1992).

1.3.1 The use of chitosan in antigen delivery

From a biopharmaceutical point of view, chitosan displays several interesting 

properties that make it suitable as an adjuvant for mucosal vaccine delivery as 

adjuvant. In the work reported by Lehr et al., (1992), chitosan was examined for 

mucoadhesive properties by measuring the force of detachment of swollen polymer 

films from pig intestinal mucosa in a saline medium. Cationic polymer chitosan was 

shown to be fairly mucoadhesive in comparison to polycarbophil as a reference 

substance (Lehr et al., 1992). This may be an explanation of the work reported by 

Miyazaki et al., (1988), in which, after oral administration of granules prepared 

from a 1:2 mixture of drug and chitosan, the absorption of indomethacin in rabbits 

was prolonged.

In another work reported by Ilium et al. (1994), a nasal solution formulation of the 

cationic material chhosan was shown to greatly enhance the absorption of insulin 

across the nasal mucosa of rat and sheep. The molecular weight of chitosan used 

was higher than 130 kDa. The absorption promoting effect was concentration
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dependent with the optimal efficacy obtained for concentrations higher than 0.2% in 

rats and 0.5% in sheep (Ilium et al., 1994). The absorption promoting effect was 

reversible with time (Ilium et al., 1994).

Since high molecular weight chitosan solutions have been proposed as vehicles for 

nasal immunization (Ilium et al., 1994), Vila et al. (2004) focused their work on the 

investigation of the potential utility of low molecular weight chitosan in the form of 

nanoparticles as nasal vaccine delivery vehicles. Chitosan nanoparticles (size range 

350 nm) made o f low molecular weight chitosan materials of 23 and 38 kDa were 

formulated by an ionic cross-linking technique. Tetanus toxoid was used as a model 

antigen. Following intranasal administration, tetanus toxoid loaded nanoparticles 

elicited an increased and long-lasting humoral immune response (IgG 

concentrations) as compared to the liquid vaccine (Vila et al. 2004). The confocal 

laser scanning micrographs indicated that chitosan nanoparticles can cross the nasal 

epihthelia and, transport the associated antigen (Vila et al. 2004).

Tozaki et al. (1997) investigated colon-specific bovine insulin delivery with 

chitosan capsules. They evaluated intestinal absorption of insulin by measuring 

plasma insulin levels and insulin’s hypoglycemic affect. A hypoglycemic effect was 

observed which started 8 hours after the administration of chitosan capsules, which 

corresponded to the time the capsules entered the colon, evaluated by transit time 

experiments with chitosan capsules. Tozaki et al. (1997) described how, by targeting 

the drug to the colon, where there is a relatively low activity of proteolytic enzymes, 

sufficient drug was absorbed to produce a hypoglycemic effect.

In the work reported by Seferian and Martinez (2001), a synthetic peptide, 

recombinant beta-human chorionic gonadotropin ((3hCG) was used as an antigen. 

Two new adjuvant formulations, a zinc-chitosan particle and an emulsion 

formulation containing chitosan were formed to investigate their potentials in
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developing vaccines based on synthetic peptides and subunit antigens. Antibody 

analysis revealed an IgGl response in mice immunised with zinc-chitosan particles 

and a mixed IgG l, IgG2a and IgG2b response with the emulsion (Seferian and 

Martinez, 2001). These chitosan based adjuvant formulations were effective in 

sensitising mice and guinea pigs for antigen specific, delayed type hypersensitivity 

responses, indicating that these adjuvants stimulate both B and T lymphocytes 

(Seferian and Martinez, 2001). The molecular weight o f the chitosan was not 

reported.

Chitosan particles with different particle sizes (diameter range from 0.4 |.im to 3 |im) 

were prepared in the work reported by Nagamoto et al. (2004). Three chitosans were 

used with molecular weight of lOkDa, lOOkDa and SOOkDa, respectively, and the 

technique used was coacervation and precipitation. IgG induced by intranasal 

administration (i.n.) o f nanoparticles was comparable with that by intraperitoneal 

administration (i.p.) and IgA induced by i.n. o f 0.4-fam and l-|am size nanoparticles 

was significantly higher than control (OVA and CT) (Nagamoto et al. 2004). Most 

of the works based on chitosan were studied in vivo, rather than in vitro and it 

therefore becomes interesting to study their release behaviours in vitro.

1.3.2 Manufacture of chitosan particles

One of the methods which have been used to produce chitosan microparticles is 

spray drying. Spray drying is a method of powder production whereby a feed 

material is transformed from a liquid state into a dried particulate form in a one step 

process. Being in use since the early 1940s, it has been used for excipient 

production, microencapsulation, granulation and complex formation, modification 

of biopharmaceutical properties, solid dispersion production, dry powder aerosol 

formulation and processing o f heat sensitive materials (Broadhead et al., 1992). The 

spray drying process involves four stages (Masters, 1985): (a) atomisation of feed
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into a spray (b) spray-gas contact (c) evaporation (drying of spray) and (d) product 

recovery and air cleaning.

Atomisation involves the exertion of a force onto a liquid resulting in droplet 

formation. The Biichi Mini Spray dryer, used in this study, is a laboratory scale 

spray drier and contains a two fluid (pneumatic) atomiser. It operates co-current 

drying, by which the spray feed materials and drying air pass through the dryer in 

the same direction. Co-current is less economical in terms o f heat utilisation but it is 

preferable for heat sensitive materials since the dry product is in contact with only 

the coolest air (Masters, 1985). While air is the most common drying gas, the drying 

air can be replaced by an inert gas, such as nitrogen, when using closed cycle spray 

dryers (Broadhead et al., 1992). Following atomisation o f the feed, evaporation 

from the droplet begins.

A schematic diagram of a co-current spray dryer is shown in Figure 1.3 (Masters 

1985).
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Figure 1.3 Schematic diagram of a co-current spray dryer.
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Processing conditions can alfect the properties o f resultant powders in relation to 

appearance, particle size and size distribution, bulk density, particle density, porosity, 

moisture content, flowability, stability, dispersability, friability and compressibility 

(Masters, 1985).

Because chitosan particles swell quickly in water and there is evidence that 

cross-linking agent can hinder the swelling capacity o f the uncross-linked chitosan 

microparticles (Desai and Park, 2005), the frequently used cross-linking agent 

glutaraldehyde was used in this study to cross-link chitosan during manufacture of 

microparticles.

Other methods can be used to formulate chitosan microparticles. Berthold et al. 

(1996) produced chitosan microparticles based on a precipitation process using 

sodium sulphate as a precipitant. Chitosan is poorly soluble in water. Addition of an 

acid improves the solubility of the protonation of the amino groups. The solubility is 

also dependent on other anions present in the solution. In the presence o f acetate, 

lactate or glutamate chitosan shows good solubility, whereas phosphate, 

polyphosphates and sulphate decrease the solubility. For this reason, sulphate was 

used for microsphere formulation in the work o f Berthold et al. (1996).

In the current work nanoparticles containing chitosan were successfully prepared, as 

single or complex formulations with PLGA, hyaluronic acid and PVA, using various 

methods and techniques. Microparticles of chitosan were prepared by spray drying.

1.4 Hyaluronic acid (HA) polymer

Hyaluronic acid (HA) comprises o f linear, unbranching, polyanionic disaccharide 

units consisting of glucuronic acid (GlcUA) and N-acetyl glucosamine (GlcNAc)
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(Figure 1.4) (Weigel et al., 1997; Weissmann and Meyer 1954). HA is biodegradable, 

biocompatible and viscoelastic (Zhong et al., 1994; Prestwitch et al., 1998; Brown 

and Jones 2004; Hahn et al., 2004) with a wide molecular weight range from 1000 

to 10,000,000 Da. Carboxylic groups in the glucuronic acid unit are the activation 

centre o f the enzyme hyaluronidase (Zhong et al., 1994). In the work reported by 

Zhong et al. (1994), water soluble HA degraded by the enzyme testicular 

hyaluronidase presented a sharp reduction of viscosity within 4.5 hours.

NHCOCH

D-Gkicuioimc acid N-acetjd ghicosamme

Figure 1.4 Disaccharide repeating unit of HA comprising GlcUA and GlcNAc.

HA is found in synovial fluid and extracellular matrix (ECM), with the highest 

concentration in soft connective tissues, such as skin and cartilage. It is present in 

hydrated networks with collagen fibres in the ECM (Fraser et al., 1997) and is a 

major component o f joint tissue and influences the hydration of cartilage (Fukuda et 

al., 1996). HA plays an important role in maintaining and regulating the water 

balance to tissues and facilitating the transport of nutrients and waste and also it 

plays pivotal roles in wound healing, and in promoting cell motility and 

differentiation during development (Goa and Benfield, 1994).

Because o f its various functions and physicochemical properties, HA and modified 

HA have been extensively investigated and used for arthritis treatment (Balazs and 

Denlinger, 1993), ophthalmic surgery (Balazs, 1983), drug delivery (Joshi et al.,
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1992) and tissue engineering (Feinberg and Beebe 1983). In the study by Joshi and 

the co-workers (1992) drugs (hydrocortisone, hydrocortisone hemisuccinate sodium, 

fluorescein sodium, benzyl alcohol, mafenide acetate) were loaded into sodium 

hyaluronate membranes by means of either: 1) physical incorporation, 2) physical 

incorporation in the membrane, then lamination with a second polymer (ethyl or 

benzyl ester membranes) or 3) covalently bonding to the polymer. The release o f the 

model compounds was found to be rapid when the compounds were physically 

incorporated; the release could be slowed by laminating the core membranes. When 

the drug was covalently bound to the polymer, the release was slow and near 

zero-order.

1.4.1 Antigen delivery using hyaluronic acid polymer

Rafi et al., (1997) investigated whether HA solution would induce a proliferate 

response in mouse lymphocytes. In their study, spleen cells exhibited strong 

proliferative responsiveness to stimulation with soluble HA. Purified B cells, but 

not T cells, were found to respond to HA. HA was unable to stimulate T cells, while 

in contrast, HA stimulated B cells in vitro, and led to B-cell differentiation as 

measured by production of IgM antibodies in addition to increased expression of 

CD44 (Rafi et al., 1997). CD44 is a widely distributed cell surface glycoprotein 

whose principal ligand has been identified as hyaluronic acid (Rafi et al., 1997). 

Also, HA-induced proliferation of B cells from lipopolysaccharide 

(LPS)-unresponsive C3H/HeJ mice strain responded strongly to stimulation with 

HA, indicating that the stimulation effects were not induced by LPS (Rafi et al., 

1997). Such stimulations may play a critical role during normal or autoimmune 

responsiveness of B cells. The molecular weight of HA used was not reported. 

These results indicated the potential uses of hyaluronic acid as drug delivery 

adjuvant.
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To date one work has been reported focusing on the deUvering of hyaluronic acid as 

a particulate drug delivery system. In the work by Hahn et al. (2004), hyaluronic 

acid microparticles containing recombinant human growth hormone (SR-hGH) were 

prepared by spray drying and a sustained-release of hormone in beagle dog tests in 

vivo was detected. Bioavailability o f SR-hGH was comparable to that of a 

conventional aqueous daily injection formulation with an equivalent dose. The 

administration of SR-hGH induced elevation of serum IGF-I level for 6 days with a 

maximum value higher than the predose level o f 350 ng/ml between 48 and 72 h. 

After 6 days, IGF-I level returned to the initial baseline level. No adverse effects 

were observed during and after the beagle dog tests (Hahn et al. 2004).

1.5 Release of therapeutic agent from particles 

1.5.1 Mechanisms of drug release from PLGA particles

Release of the entrapped therapeutic agent from the PLGA matrix has been found to 

occur through diffusion-cum-degradation-mediated process (Fitzgerald and 

Corrigan 1993). It has been demonstrated that during the early phases, the release of 

the entrapped therapeutic agent occurs mainly through its diffusion in the polymer 

matrix while during the later phases the release is mediated through both diffusion 

of the therapeutic drug and the degradation o f the polymer matrix itself Thus, the 

degradation of the polymer with concomitant release of the entrapped drug plays an 

important role in the release mechanism from biodegradable polymeric 

microparticles (Ramtoola et al., 1992; Anderson and Shive, 1997).

Diffusion can be defined as a ‘process of mass transfer o f individual molecules of a 

substance brought about by random molecular motion and associated with a 

concentration gradient’. Higuchi (1961) developed an equation for release of solid 

drug from an ointment base and later applied it to the diffusion of solid drug in a
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granular matrix dosage system (Equation 1.1).

Q = {DC^ (2C, -  C, Equation 1.1

where Q is the amount of drug released per unit area of matrix, D is the diffusivity 

of the drug in the matrix, Ct is the total amount of drug per unit volume of matrix. 

Cm is the solubility of drug in the polymer matrix, Cs is the solubility o f the drug in 

the sink phase and t is the time.

This model assumes that 1) there was excess drug presented compared to the 

solubility of the drug in the polymer matrix, 2) a constant diffusion coefficient, 3) 

the drug particle size was small compared to the size of the matrix, 4) there was no 

interaction between the drug and the polymer, and 5) release study was under sink 

conditions.

In the work reported by Jalil and Nixon, the rate of phenobarbitone release from 

irregularly shaped poly-lactic acid microparticles can be adequately described using 

the Higuchi equation (Higuchi, 1961), describing drug release from a single surface 

granular matrix (Jalil and Nixon, 1990).

Assuming that the total quantity of drug initially present in the polymer matrix Co is 

in excess of the solubility o f the drug in the matrix Cm, Equation 1.1 may be 

simplified to give Equation 1.2 (Fitzgerald, 1994).

Equation 1.2
M o o

Mt/MoD is the fraction of total drug content released at time t, H is a constant.

This relationship is similar to the general power law expression proposed by Peppas
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and Sinclair in 1984 and further described by Ritger and Peppas (1987) (Equation 

1.3).

= K t ” Equation 1.3

W here K is the diffusion constant, and n is the diffusion exponent.

I f  it is a diffusion controlled release, the diffusion exponent in Equation 1.3 is n=0.5, 

by assuming that the total quantity o f drug initially present in the polym er matrix is 

in excess o f  the solubility o f the drug in the matrix (Peppas and Sinclair, 1984; 

Fitzgerald, 1994). At n = 0.432 the equation describes the diffusion release from a 

sphere (Peppas and Sinclair, 1984).

The hydrolytic degradation o f aliphatic polyesters o f the PLGA type was 

characterised by a decreasing molecular weight and an increased uptake o f  water as 

degradation proceeds, generation o f  microporosity and weight loss or erosion 

(Hutchinson and Furr, 1990). The degradation is known to primarily depend on the 

kinetics o f  the cleavage o f main chain ester bonds. The polyesters o f  a-hydroxy 

carboxylic acid are hydrolytically degraded into their corresponding monomeric 

hydroxyacids under environmental as well as under physiological conditions 

(Hutchinson and Furr, 1990). The principal parameters controlling degradation are 

polyester composition, polymer structure with regard to the distribution and 

segmental length o f co-monomer units in polymer molecular weight and its 

distribution (Hutchinson and Furr, 1990).

Usually, drug release from PLGA particles is combined with a burst release, 

followed by a sustained drug release. If  the initial fast release is considered to result 

from rapid dissolution o f the drug domains at the solid-liquid surface, then its
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magnitude will be dependent on the proportion o f  drug at the surface (Wagner, 1969) 

Assuming that there is no drug dissolved at time zero, the following equation 

(Equation 1.4) may be used to describe the initial surface drug dissolution process 

from PLGA discs (Gallagher and Corrigan, 2000):

W = WlFb ( 1 - e ' ^ ^ ' )  Equation 1.4

W is the amount in solution at time t, Fb is the fraction o f  the drug load released in 

the burst phase, W l is the total quantity o f  drug in the compact and the release rate 

constant Ke can be described by Equation 1.5 (Gallagher and Corrigan, 2000):

Kb = DAC^ Equation 1.5

D and Cs are the diffusion coefficient and solubility o f the drug, respectively. A is 

the surface from which the drug is available for dissolution and hi is the apparent 

aqueous diffusion boundary layer thickness.

The second phase o f drug release, controlled by a polymer degradation mechanism, 

may be described by an equation in the form o f Equation 1.6 (Prout and Tompkins, 

1944; Ramtoola et al., 1992). In the work reported by Ramtoola and co-workers, 

this equation was applied to the release o f fluphenazine from PLGA microspheres.

In ( ^  )  = kt + kTmax Equation 1.6
1 - 2

where x is the fraction o f drug released over time t, k and Tmax are the rate constant 

and time to maximum drug release rate, respectively. The values o f k and Tmax are 

related to drug loadings and polymer composition (Ramtoola et al., 1992).
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By combining Equation 1.4 and Equation 1.6, the total fraction o f drug released at 

time t ( F t o t )  is given by the sum of drug released by surface diffusion and that 

released by degradation control (Equation 1.7). This equation was applied to the 

release of levamisole from PLGA microspheres and co-evaporated discs (Gallagher 

and Corrigan, 2000).

F t o t =  F b  (1 - + (1 - F  )  Equation
o  I I ^  mi

^kt-kT„

\ + e

1.7

‘  m ax

Equation 1.7 assumes two additive release processes: an exponential fast release 

phase with parameter Fb which can be defined as the fi'action o f drug available for 

direct surface release. Kb is the release rate constant related to the initial quantity of 

drug in the particles, drug solubility and surface area of drug available for 

dissolution. The second release process is a degradation controlled release phase 

with parameters k which is the rate constant and Tmax, the time to maximum drug 

release rate, k is related to drug content (Fitzgerald and Corrigan, 1993).

1.5.2 Release of drugs from PLGA particles

In the work reported by Hutchinson and Furr (1990), the mechanism of zoladex 

(synthetic analogue of luteinizing hormone-releasing hormone LHRH) release from 

PLGA slabs was studied. It has been shown that release of zoladex occurs by 

diffusion through aqueous pores generated in the dosage form. These aqueous 

channels which facilitate drug release are generated by two distinct and separate 

mechanisms. The first involves leaching of drug from polypeptide domains at or 

near the surface and essentially is diffusion/dissolution controlled event through 

aqueous pores (Hutchinson and Furr, 1990). However, drug within the body of the
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depot, existing in isolated domains not continuous or contiguous with the surface, 

cannot be released until the second mechanism becomes operative. This second 

mechanism involves degradation of the polymer and is associated with the 

generation of microporosity in, and enhanced water uptake by, the degradation 

polymer and, ultimately, erosion of the polymer carrier (Hutchinson and Furr, 1990). 

Typical parameters controlling the initial phase o f release are drug loading and 

morphology, whereas the second phase is intrinsically related to the degradation 

properties of the polymer. The degradation of PLGA is dependent on molecular 

weight, polydispersity, polymer composition and polymer structure (Hutchinson and 

Furr, 1990). When these two phases of release do not overlap, discontinuous release 

is observed. However, by controlling the properties o f the polymer, the initial phase 

of release can be made to overlap with the second phase, and depots can be defined 

which give continuous release over not less than 28 days (Hutchinson and Furr, 

1990).

Yeh et al., (1995) reported that the release of ovalbumin (OVA) from PLGA (50:50 

RG503, molecular weight 9000Da) microparticles showed a significant degradation 

controlled release over 35 days. A progressive formation of pores resulted in a 

continuous release of the active agent from these systems (Yeh et al., 1995). The 

PLGA microparticles were formulated by double emulsion technique and the mean 

particle size were 8.74 )a,m and 1.77 |o,m, with OVA loading of 3.73% and 7.55%, 

respectively. Around 50-60% of the encapsulated OVA was released from PLGA 

particles over 35 days in PBS (phosphate buffered saline) buffer (pH 7.4) at 37 °C, 

with a small burst protein release at the first day.

Using a phase separation technique, McGee et al., (1995) reported their OVA release 

profile from PLGA (50:50 RG503, molecular weight 9,000 Da) microparticles. 

These particles initially presented a burst OVA release of 8-15% and then followed 

by a release at a constant rate. Zero order release was achievable for 20 days in
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PLGA systems at different particle sizes and loading levels. The loadings were 1.2 

%, 2.7 % and 5.1 % with particle sizes of 6.2 |o,m, 9.8 p.m, and 8.7 |xm, respectively. 

In this work, OVA solution was dispersed in silicone oil and homogenised. During 

homogenisation, the silicone oil mixture was immersed in liquid nitrogen to keep to 

temperature at between 5 and 15 °C during the entire mixing process. Then, a 

solution of RG 503 in dichloromethane was added into the mixture via a syringe 

under homogenization. Finally, particles were transferred and stirred to and 

evaporate the solvent and collected by centrifugation. Most of the OVA were 

released out within 20 days in PBS buffer (pH 7.4) at 37 °C. Compared to the 

release work reported by Yeh et al., (1995), the protein release behaviours could be 

different under different particulate manufacture techniques, although using similar 

PLGA polymers.

Bovine serum albumin (BSA) was encapsulated in PLGA nanospheres by the 

double emulsion technique to evaluate how the solvent elimination procedure, the 

copolymer type (different molecular weight and number o f carboxyl groups) and the 

surfactant Poloxamer 188 affected the properties of the nanoparticles (Blanco et al., 

1997). The release studies were carried out over 30 days in PBS buffer (pH=7.4) at 

37 °C. The three PLGA polymers used were RG 502 (50:50, molecular weigh 12 

OOODa), RG 503 (50:50, molecular weight 34 OOODa) and RG 503H (50:50, 

molecular weight 34 OOODa) with higher number of carboxyl groups than RG 503. 

The mean sizes of the nanoparticles ranged from 300 to 600 nm and by increasing 

PLGA molecular weight and by the incorporation of surfactant Poloxamer 188, 

particle sizes increased. The protein loading efficiency varied from 40 to 90% 

(loading from 0.4% to 0.9% of particles) (Blanco et al., 1997). PLGA nanoparticles 

made of lowest molecular weight presented relatively the highest BSA release rate 

constants and PLGA nanoparticles prepared by RG 503 presented higher release rate 

constants compared to nanoparticles prepared by RG 503H, indicating that both of 

polymer molecular weight and carboxyl groups number have effects on BSA release
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from PLGA particles. Poloxamer 188 is a protein stabiliser with a theoretic loading 

of 1% w/v. The loading of poloxamer 188 increased the BSA release rate from 

PLGA nanoparticles. Both extraction and evaporation are ways to eliminate the 

solvent ethylacetate during particle preparations. In the study of Blanco et al. (1997), 

the releases were not significantly affected by using these different methods of 

solvent elimination.

Human serum albumin (H S A) was encapsulated as a model protein in 

microparticles of biodegradable and biocompatible polymers, such as 

poly(lactide-co-ethylene glycol) (PELA) and poly(lactide-co-glycolide) (PLGA) by 

a double emulsion technique (Gang et al., 2002). The particle sizes of PLGA 

microparticles were 24.8 |j.m and 6.7 |o,m, with protein loading of 1.93% and 1.65% 

of microparticles, respectively. The molecular weight of PLGA (50:50) was 40 

000-75 000 Da. The particle sizes of PELA microparticles were 20.5 p.m and 5.5 [im, 

with protein loading of 1.58% and 1.32% of microparticles, respectively. In vitro 

release studies were performed over 27 days. Compared with PELA, the polymer 

PLGA had slower H S A release at two particle sizes tested. Around 50-60% of the 

encapsulated H S A was released from PLGA particles within 27 days in PBS buffer 

(pH 7.4) at 37 °C, with a burst release of 30% of protein on the first day.

Other researchers used poly (ethylene glycol) (PEG) and sodium chloride (NaCl) as 

excipients in the PLGA (50:50, molecular weight 13, OOODa) microsphere 

preparation to stabilise protein OVA (Dorati et al., 2005). All microparticles were 

prepared using a double emulsion solvent evaporation method with particle size 

ranged from 15-50 |im. In vitro release studies were performed over 160 h. The 

protein releases from microparticles with PEG 4000 (with and without NaCl) 

presented high burst releases (around 70%) within the first day, and sustained and 

complete releases over 160 h. The PEG loadings were 30.726%) and 14.372%, 

respectively. The presence of PEG in the microparticles modified both their
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Structure and the hydrophilicity of polymeric matrix and changed the protein release 

profile (Dorati et al., 2005). The release medium was PBS (pH 7.4) at 37 °C.

Most of the reported protein releases were under short-term examination around 30 

days. It is necessary to study the release behaviours over a longer duration o f time to 

have a complete investigation on the polymer involved drug release studies. Panyam 

et al., (2003) reported a longer duration of protein BSA release profiles from PLGA 

(50:50 molecular weight 120 000 Da). The release studies were conducted over 100 

day period in PBS buffer (pH=7.4) at 37 °C. All the particles were made by a double 

emulsion technique, with particle size of 0.1 |xm, 1 |im and 10 p.m. The BSA 

loadings were 22.8%, 22.6% and 21.9% of particles, respectively. The use of higher 

molecular weights of PLGA led to a slow protein release profile over 100 days 

(<35%), with a smaller burst release (<5%) o f protein at the first day, compared to 

the work reported by Blanco et al. (1997). Respectively, particles with sizes o f 0.1 

)j.m, 1 jam and 10 |j.m released 20%, 35% and 5% of total percentage of protein BSA 

from PLGA nano and micro particles within 100 days. Kavanagh et al., (2003) also 

reported a sustained OVA release profile from PLGA (50:50, molecular weight 

40-75 kDa) microparticles over 70 days. Protein release presented a burst of 30% of 

protein released within the first day and a sustained and complete release over 70 

days in PBS buffer (pH7.4) at 37 °C. The particle sizes were < 2.5 |xm with a 

theoretical loading of 20% of microparticles.

Because o f the large varieties of release profiles of the proteins from PLGA nano 

and microparticles reported so far, it is necessary to systematically evaluate these 

factors and conclude on their effects on antigen releases.

In the current study, active pharmaceutical ingredients release from PLGA micro- 

and nano- particles were evaluated under long time durations. The active 

pharmaceutical ingredients used included micromolecules: human serum albumin
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(H S A), ovalbumin (OVA), OVA coupled F/G peptide (F peptide, from HIV-1 

envelope protein gpl20; G peptide, residues 41-56 from the protein G B1 domain) 

and low molecular weight molecules such as indomethacin and ketoprofen.

1.5.3 Release of drugs from chitosan particles

In the work reported by Hejazi and Amiji (2002), chitosan microspheres with an 

average diameter of 20-30 |o.m were formed by ionic cross-linking and precipitation 

with sodium sulphate. In method I, tetracycline was mixed with chitosan solution 

before the crosslinking and precipitation. In method II, the drug was incubated with 

pre-formed microspheres for 48 hour. When the drug was added to the polymer 

solution before cross-linking and precipitation, only 8% (w/w) was optimally 

incorporated in the final microspheres, while when the drug was incubated with the 

pre-formed microspheres, a maximum of 69% (w/w) could be loaded (Hejazi and 

Amiji, 2002). The release studies were carried out in a shaking water-batch at 37 °C. 

The release medium was hydrochloric acid solutions with pH 1.2, 2.0, 3.5 and 5.0. 

At pH 1.2 and 2.0, almost all the entrapped drug was released in one hour. The 

release profile o f the drug at pH 3.5 and 5.0 was almost the same. This may be due 

to the fact that the degree of ionisation of the glucosamine groups o f chitosan was 

almost the same at these pH values (medium ionic strength, 0.16) (Hejazi and Amiji, 

2002). The molecular weight of chitosan was 750,000 Da.

In the work reported by Bozkir et al. (2004), chitosan nanoparticles were used for 

plasmid pDNA delivery. The chitosan-pDNA nanoparticles were formulated using 

complex coacervation with a size range o f 450-820 rmi. In the preparation, pDNA 

solution in sodium sulphate solution was added to chitosan solution under stirring. 

The high encapsulation efficiency (>90%) protected the encapsulated pDNA from 

nuclease degradation as shown by electrophoretic mobility analysis (Bozkir et al., 

2004). The release of pDNA from the formulation prepared by complex
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coacervation was completed in 24 hour. Three types of chitosan were used to 

prepare the nanoparticles with high molecular weight of 620,000 Da, medium 

molecular weight o f 415,000 Da and low molecular weight o f 137,000 Da. The 

release profiles were not statistically significant compared with formulations with 

different molecular weights (p>0.05) (Bozkir et al., 2004).

In the current study, OVA, as a model protein was adsorbed to pre-formed chitosan 

nanoparticles to study its release from chitosan nanoparticles prepared by the 

precipitation/coacervation technique.
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2.1 Development of nanotechnology in drug delivery

Industry and university researchers have published many hundreds o f reports on 

nanotechnology in the past few years. The definition o f nanotechnology was defined 

in the report written by the UK government from the Royal Society and the Royal 

Academy of Engineering in 2004 as: “Nanotechnologies are the design, 

characterization, production and application of structures, devices and systems by 

controlling shape and size at nanometer scale. It has wide applications in energy, 

medicine and computing.”

Among the applications, drug delivery has been recognised as an important area 

which can be applied in nanotechnology. Drug delivery nanotechnologies are 

concentrating on reducing particle size or formulating therapeutic agents in 

biocompatible nancomposites including nanoparticles, nanocapsules, micellar 

systems and conjugates. The main applications of nanotechnology in drug delivery 

include (Furness, 2003):

•  Reduction of particle size and increase of surface area, therefore enhancing 

solubility for injection or increasing oral bioavailability

•  Targeting to tissues and cells

•  Crossing biological membranes

•  Artificial nanoporous membranes for controlled-release devices

•  Surface engineering of implants to increase biocompatibility

•  Gene and vaccine delivery

•  Smart devices, which incorporate a nanosensor feeding back to a responsive 

delivery system

The advantages of the small sized nanoparticles are the following (Furness, 2003): 

they can penetrate into tissues through fine capillaries; they are taken up by cells,
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allowing efficient delivery; attaching them to specific ligands allows delivery to 

specific target sites in the body. Also, control over the release of active substance 

from nanoparticles can be gained by modulating the polymer characteristics.

Under the developments in imaging techniques and the understanding of the 

biological systems at the nanometer scale, drug delivery nanotechnology has 

become one of the most interesting areas o f sciences. Many of the early applications 

are studied by academic groups, and include the studies on dendrimers, carbon, 

synthetic polymer etc.

2.1.1 Dendrimers

Dendrimers range in size from 2-20 nm in size. They normally have three 

architectural components: core, branches and end groups. Polyamidoamine-based 

(PAMAM) dendrimers were the first type of dendrimers to be synthesised. They are 

very useful in drug delivery because o f their large numbers of terminal groups for 

attachment o f fiinctional groups. Drug molecules can be associated with dendrimers 

in three places: within the core, in the cavities between the branches, or attached to 

the surface. These efficient drug delivery vehicles offer advantages like high loading 

capacity, high resistance to shear forces and low toxicity and immunogenicity 

(Furness, 2003).

2.1.2 Carbon

Carbon is one of the most useful chemical elements and forms the backbone of 

organic molecules. Ceo, mostly used in drug delivery research, consists of 60 carbon 

atoms arranged in a spherical structure of adjacent hexagonal and pentagonal rings, 

similar to that of a soccer ball (Furness, 2003). Therapeutic molecules could be 

added to the core o f Ceo, and by adding functional groups, targeted delivery could
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be achieved. Other applications of carbon are carbon nanotubes or nanocones.

2.1.3 Synthetic and natural polymers

Both synthetic and natural polymers have been used to formulate nanoparticles for 

drug delivery. Synthetic polymers are generally better at sustaining release of 

encapsulated active substance over longer periods than nature polymers (Furness, 

2003). Mostly used synthetic polymers in particulate drug delivery study include 

poly(D,L-lactide-co-glycolide) (PLGA), polylactides (PLA) and poly(ethylene 

glycol) (PEG) etc.. In this thesis, application details o f PLGA in drug delivery 

studies are discussed in Chapter 1.2. Chitosan and hyaluronic acid are 

naturally-occurring biopolymers used in drug delivery study. Their application 

details are discussed in Chapter 1.3 and 1.4.

2.2 Human health concerns under the development 

of nanotechnology

Asbestos is a small and incombustible fibre. It is used in hundreds o f products 

including vehicle brakes, roof shingles, building panels, water and sewer pipes, roof 

coatings, floor tiles, electrical insulating materials, specialized thermal insulation, 

elevator brakes, and protective aprons and gloves. Yet by 1918, US insurance 

companies were refusing to insure asbestos (Shelley, 2006). Tens of thousands of 

shipyard workers are estimated to have died as a result o f exposure to asbestos and 

up to half a million US citizens exposed to asbestos before 1980 may have died 

from resultant illness with 10,000 still dying each year, according to the 

Baltimore-based White Lung Association (Shelley, 2006). The danger posed by 

asbestos comes from the tiny size of its fibres. The fibres enter the body and cannot 

be expelled, leading to a range of cancers affecting many different parts o f the body
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(Shelley, 2006). Inhalation into the lung can lead to asbestosis, a scarring of lung 

tissue that progressively inhibits breathing (Shelley, 2006).

The toxicity of asbestos generates an amount o f concern on the safety issue relating 

to nanoparticles. The particles may inhibit the operation of the lung after inhalation 

and the small nanoparticles may fmd their way through conventional protection 

such as face masks due to their size. Research was carried out on the adverse effects 

of engineered nanoparticles on human health. Hodgson and Jones (1985) studied the 

mortality in male carbon black (CB) workers in five factories in Great Britain. Their 

main results, based on 1147 male manual workers employed for 12 months or more, 

showed a statistically significant excess o f lung cancer compared to different clear 

factories (Hodgson and Jones, 1985). However, since there was no evidence of 

cumulative exposure, risk factors, time to be employed etc., the effects of 

nanoparticles on human health cannot be concluded (Hodgson and Jones, 1985).

In the work reviewed by Morawsk et al. (2004), environmental exposure to outdoor 

air containing nanoparticles was associated with a very wide range o f adverse health 

effects, such as cardio-respiratory mortality, increased hospital admission from 

respiratory and cardiac causes, exacerbations of asthma, changes in lung function 

and heart rate variability (Morawsk et al., 2004). The toxicological properties of 

environmental particles and engineered nanoparticles are discussed in Chapter 2.4.

2.3 Routes of exposure

Workers can be exposed to nanoparticles by three routes: inhalation, ingestion and 

dermal penetration. A few studies have been carried out on the uptake and 

disposition of nanoparticles to the gastrointestinal (GI) tract and most o f the results 

show that they pass through the GI tract and are eliminated quickly (Oberdorster et 

al., 005). It is still unclear whether nanoparticles will penetrate the skin and cause
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any toxicological problems (Tinkle, 2004). With respect to the respirable particle 

exposure, the biological effects of particle types, such as asbestos and particulate air 

pollution have been studied in animals and humans. Most of these particles enter the 

body via the lungs.

Once inhaled, nanoparticles will deposit in all regions o f the respiratory tract with 

high efficiency dependent upon their particle size. In the study reported by 

International Commission on Radiological Protection (1994), 90% of the 1 nm 

particles are deposited in the nasopharyngeal region, with 10% in the 

tracheobronchial region and none in the alveolar region (ICRP publication, 1994). 

For 20 nm particles, 50% deposit in the alveolar region and 25% in the 

nasopharyngeal and tracheobronchial regions (ICRP publication, 1994). Once 

deposited, nanoparticles, in contrast to larger particles, appear to translocate to 

different organs in the body after penetrating the cell epithelium and entering the 

blood or lymph systems (ICRP publication, 1994).

The principal hypothetical routes of toxico-kinetics are shown in Figure 2.1 (Tran et 

al., 2007).

Nanoparticles

Brain —̂ Nose

Blood
Placenta

foetus
Bone

marrow SpleenSpleen Endothelium Liver Heart

Atherogenic
plaques

Figure 2.1 Hypothetical toxico-kinetic routes for nanoparticles (Tran et al., 2007).
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The small size o f nanoparticles makes it possible that some nanoparticles have the 

ability to cross the epithelial barrier at the lung surface and enter the interstitium 

(Tran et al., 2007). Also studies suggest that nanoparticles could gain access to the 

brain via the olfactory epithelium (Oberdorster et al., 2004) and through the 

blood/brain barrier (Kreuter, 2004).

2.4 Toxicological properties of nanoparticles

2.4.1 Toxicological properties of environmental particulate 

matters

Most of the studies of the toxicological mechanisms are concentrated around the 

ability of particles to cause inflammation, effects on the cardiovascular system and 

translocation from the site of deposition (Donaldson et al., 2005). In the work 

reviewed by Donaldson et al. (2005), nanoparticles cause inflammation and could 

adversely affect the cardiovascular system. The systemic inflammation is shown by 

elevated C-protein, blood leukocytes, platelets, fibrinogen and increased plasma 

viscosity (Donaldson et al., 2005). Atherosclerosis is the main cause of

cardiovascular morbidity and mortality (Viles-Gonzalez et al., 2004). It is an

inflammatory process, and the repeated exposure to particulate matter exacerbates 

the vascular inflammation of atherosclerosis and promotes plaque development or 

rupture (Suwa et al., 2002 and Sun et al., 2005).

Particles may also enter the blood and directly impact on the clotting system or on

the atherothrombotic process in the plaques (Nemmar et al., 2004). Particles can 

also translocate from the lungs to the blood as studied in animal models (Nemmar et 

al., 2001) and affect platelets and thrombus formation (Nemmar et al., 2003).
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2.4.2 Toxicological properties of engineered nanoparticles

Similar toxicology concerns o f engineered nanoparticles to environmental 

particulate matters were studied, such as the cause o f inflammation in the lungs, 

effects on the cardiovascular system and vascular clotting system.

Ti02 and carbon black (CB) are nanoparticles produced in industry for decades. Rat 

lung overload studies indicated that CB nanoparticles with large surface area cause 

inflammation and failed clearance in rat lungs, culminating in fibrosis and cancer 

(Oberdorster, 1995 and Morrow et al., 1996). Instillation studies also show that the 

nanoparticles o f CB and Ti02 produce more inflammation than an equal mass of 

large particles (Hohr et al., 2002) of the same material. The surface area is found to 

be the driver of the inflammation (Duffm et al., 2002).

Radomski and the co-workers (2005) studied the effects of multi-wall and 

single-wall nanotubes, Ceo and mixed carbon black nanoparticles on human platelet 

aggregation in vitro and rat vascular thrombosis in vivo. Nanotubes and carbon 

black particles, but not Ceo, stimulated the platelet aggregation and affected the rate 

of vascular thrombosis in rat (Radomski et al., 2005). There were differences 

between the different carbon nanoparticles as how to activate platelets and enhance 

vascular thrombosis. Other particulate materials shown to cause platelet aggregation 

were latex nanoparticles with sizes of 200-400 nm (Glynnet al., 1965) and titanium 

dioxide submicroscopic particles with sizes o f 5 |^m (Bloom et al., 1955).

When the blood vessels are injured, there is a response of accumulation of formed 

elements at the point of injury and stabilisation o f the mass of material by the 

formation of a coagulum of protein (Zucker, 1947; Jorgensen and Borchgrevink, 

1963). In mammals, the formed element that is involved in this basic biological 

reaction is the blood platelet (Zucker, 1947; Jorgensen and Borchgrevink, 1963).
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Platelet metabolism includes a capability for protein synthesis (Warshaw et al., 1966) 

and synthesis of fatty acids (Majerus et al., 1969). The aggregation of platelets may 

have benefits on haemostasis, when the blood vessels are injured, but on the other 

hand, platelet aggregation may be harmful since the formation o f platelet 

aggregation obstructs flow in blood vessel (thrombosis) leading to infarction of 

tissues supplied by the obstructed vessel.

In the current study, PLGA nanoparticles, including drug free and drug loaded 

(ketoprofen and indomethacin) chitosan nanoparticles and PLGA-chitosan 

nanoparticles were used to study their effects on human platelet aggregation. These 

tests are carried out to answer the toxicological concerns of engineered 

nanoparticles.

Several publications, some at government level across the world (e.g. the UK, 

Denmark, France, Canada, and Netherlands) have highlighted the issues associated 

with nanoparticles and highlight both opportunities and human health concerns 

associated with nanotechnology (Tran et al., 2007). The human health concerns 

were so far not been well investigated and safety issues have to be studied and 

developed.
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3.1 Vaccines and vaccine adjuvants

Vaccination has saved a vast number of human lives from pathogenic infections. 

Active immunization by vaccine administration provides immunological memory 

and allows efficient immune responses on subsequent interaction with specific 

antigen (Janeway, 1999). Vaccines can be living organisms, killed organisms or 

components of pathogens.

The choice o f vaccine depends on the nature of the infection. Effective and 

appropriate protection against different pathogens requires distinct types of immune 

response. The efficacy o f a vaccine can be increased by the induction o f a specific 

immune response at the site of infection. Despite the fact that the majority of 

infections gain access via mucosal routes, the most commonly used way for 

vaccination is injection (Janeway, 1999). Oral polio vaccine is the classical 

oral-mucosal vaccine that reduced polio virus spread and saved lives (Holmgren and 

Czerkinsky, 2005). The advantages o f orally or nasally delivered vaccines are that 

they can induce immune responses at the mucosal surfaces where the majority of 

infections gain access (Lavelle and O’Hagan, 2006), and avoiding the use of 

syringes and needles reduces the risk o f infection and needle-stick injury.

However, many of the vaccines available, including protein antigens and DNA 

vaccines, are very unstable and need to be protected from degradation in the 

biologic environment (Schmidt and Hankeln, 1996). In addition, their efficacy is 

limited by their poor capacity to cross biologic barriers and reach the target sites 

(Schmidt and Hankeln, 1996). As a consequence, the design of effective vaccine 

adjuvants that could help overcome these problems, has become a significant 

challenge.
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A vaccine adjuvant is a component of vaccine serving as an immunostimulatory 

agent that enhances immunogenicity of antigens (Janeway, 1999). Proteins by 

themselves are often poorly immunogenic and thus, require the help of adjuvants 

(Janeway, 1999). Adjuvants can be used to selectively promote distinct types of 

immune response (Janeway, 1999). The T cell is a type of white blood cell that 

attacks virus-infected cells, foreign cells, and cancer cells. Adjuvants like 

aluminium and calcium compounds have been shown to modulate Th-1 or Th-2 (T 

helper cells) immune response (Gupta and Siber, 1995). Application of appropriate 

adjuvants is important for vaccination to elicit antigen specific immune response. 

Th-1 and Th-2 cells are produced when matured dendritic cells present antigen to 

the T cell’s receptor (TCR). The cytokines secreted by Th-1 cells are interleukin-2 

(IL-2), interferon-gamma (IFN-y) and tumour-necrosis factor-beta (TNF-p). The 

cytokines secreted by Th-2 are interleukin-4 (IL-4), interleukin-5 (IL-5), 

interleukin-6 (IL-6), and interleukin-10 (IL-10) (Janeway, 1999). The relationships 

between T cell, Th-1, Th-2 cells and their cytokines are shown in Figure 3.1. Th-17 

is another T helper cell with IL-17 as a cytokine. The functions of the cytokines are 

discussed in Section 3.4.

Figure 3.1 T helper (Th) cell subsets, Th-1, Th-2 and their secretin cytokines 
(Janeway, 1999)
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Aluminium compounds such as aluminium hydroxide and aluminium phosphate are 

the only adjuvants used frequently in human vaccines (Johnson et al., 1999; Mason 

et al., 2004) such as tetanus, hepatitis B and hepatitis A. They enhance antibody 

response and act as a Th-2 cell stimulator (Lavelle, 2005; Audibert and Lise, 1993). 

The problem that aluminium adjuvants face is their limited abilities to induce a 

range of immune responses. Early studies demonstrated that an aluminium adjuvant 

failed to stimulate cell mediated immune responses, such as delayed type 

hypersensitivity (Bomford, 1980). While it can stimulate Th-2 type responses and 

the production of cytokines, such as IL-4 and IL-5, as well as B cell production of 

IgGl and IgE (Lavelle, 2005; Audibert and Lise, 1993), the aluminium adjuvant 

fails to stimulate Th-1 responses, such as IFN-y production and B cell IgG2a 

production (Grun and Maurer, 1989; Brewer and Alexander, 1997). This becomes a 

problem because the effectiveness o f the vaccine against the three diseases; HIV, 

tuberculosis and malaria, are entirely or partially dependent on the generation of 

Th-1 type immunity. The developments o f novel adjuvants are required in continued 

vaccine studies.

3.2 Im m unity

The immune system has two functions, innate immunity and adaptive immunity. 

The innate immune system provides a first line of defence while adaptive immunity 

can confer memory (Janeway, 1999).

When foreign cells or virus invade, they are sensed by the innate immune cells in 

the body. Pathogens such as bacteria and viruses can be eliminated by various 

mechanisms promoted by the innate immune system including activation of 

complement, secretion of lysozyme, phagocyte oxidize, myeloperoxidase and
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inflammatory mediators (Paul, 1992). The cells involved in innate immunity include 

macrophages, granulocytes, dendritic cells (DCs), neutrophils, basophils, mast cells, 

natural killer cells and epithelial cells lining mucosal surfaces (Paul, 1992). 

Neutrophils are the first cells to appear at the site of pathogen invasion and 

macrophages and lymphocytes (T cell, B cell) follow. Two major roles of innate 

system are the ability of innate immune cells to act as sentinels in the detection of 

infection and the other is induction of adaptive immunity appropriate for eradication 

of the infection. Among innate immune cells, DCs are the most potent antigen 

presenting cells (APC) and provide a bridge between innate and adaptive immunity 

(Paul, 1992). The properties of adaptive immunity are specificity and memory, 

allowing enhanced response on repeated encounter with antigens (Paul, 1992).

3.3 Dendritic cell maturation

DCs are derived from bone marrow precursors and they are distinguishable from 

macrophages on the basis of their movement, structure and endocytic capacity (Paul, 

1992). They can be divided into subtypes: pre-dendritic cells, conventional dendritic 

cells and inflammatory dendritic cells which vary in their locations, function, 

activating stimuli and phenotypic markers. Conventional DCs (cDCs) can be further 

grouped as migratory and lymphoid-tissue-resident cDCs (Paul, 1992).

Maturation of DCs can be defined as a shift of DC function from antigen capture 

mode to T cell activation mode serving as an efficient antigen presenting cells (APC) 

(Janeway, 1999). DC maturation can be mediated in two ways: one is a direct 

recognition of pathogens through DCs and the other is by recognition of 

inflammatory cytokines such as IL-IB and TNF- B and chemokine (Janeway, 1999). 

A central feature o f DC maturation is the upregulation o f chemokine receptors such
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as MHC class II, CD40, CD80 and CD86 (Janeway, 1999). Chemokines are a 

family of small cytokines or proteins secreted by cells.

3.4 Cytokines

Cytokines are proteins secreted by immune cells such as DCs and T cells. They are 

responsible for induction of further immune response including immune cell 

development, differentiation and cji;olytic activity (Janeway, 1999). Interleukins 

(ILs) are a major family of cytokines. As shown in Figure 3.1, many types o f ILs 

have been identified and their roles can be classified as pro-inflammatory, Thl and 

Th2 cytokines (Paul, 1992; Janeway, 1999).

1L-1(3, one family member of IL-1, regulates gene expression of other cytokines and 

promotes the induction of gene expression which is associated with inflammation 

and in turn temperature regulation, the first line of host defense (Dinarello 1997).

IL-6 serves as a pro-inflammatory cytokines or as an anti-inflammatory cytokine by 

modulating gene expression (Benveniste and Benos 1995). IL-6 production is 

facilitated by IL-ip and plays a key function in B cell activation (Paul 1992). Both 

of B cells and T cells belong to lymphocytes, one o f the five kinds of white blood 

cells, circulating in the blood. Similar to IL-lp, IL-6 plays a crucial role in the 

elevation of body temperature (Benveniste and Benos 1995).

IL-10 is one of the major anti-inflammatory cytokines and fimctions to suppress 

multiple activities of the immune response. It has been shown that mice lacking 

immunosuppressive cytokines are prone to developing autoimmune diseases 

(Janeway 1999). IL-10 secreted by DCs facilitates T regulatory cell development 

(Paul 1992).
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IL-12 is a lieterodimer, consisting of p40 and p70 subunits which are bridged by 

disulfide bonds (Paul 1992). IL-12 family functions in IFN-y induction and T cell 

proliferation (Paul 1992).

IFN-y is Th-1 cytokine and plays a central role in macrophage activation (Paul 

1992).

IL-4 is Th-2 cytokine and plays a central role in Th-2 development. It is 

synergistically enhanced by the presence of IL-6, and play roles in B cell 

proliferation (Paul 1992).

IL-5 is produced by Th-2 cells and its function is regulated by IL-10. IL-5 enhances 

eosinophil production and is associated with allergic reactions (Paul 1992).

IL-17 is a pro-inflammatory cytokine produced by Th-17 T cells (Table 3.1) and 

plays a crucial role in the pathogenesis of autoimmune disease and tissue damages 

(Stockinger 2007; Steinman 2007). IL-17 also has a role in protection o f mucosal 

barrier function by stimulating tight junction formation and mucin secretion 

(Stockinger 2007).

3.5 Toll-like receptors (TLRs)

Pattern Recognition Receptors (PRRs) are expressed on immune cells such as DCs. 

Toll-like receptors (TLRs) are one of the major families of PRRs consisting o f ten 

mammalian members to date (Paul, 1992). Pathogen Associated Molecular Patterns 

(PAMPs) including structures like lipid, carbohydrate and nucleic-acid which are 

expressed by bacteria and viruses (Paul, 1992). Each TLR is specialised to sense
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particular PAMPs. For example, TLR4 is responsible for recognition of 

lipopolysaccharide (LPS) which is also known as endotoxin (Takeda et al., 2003; 

Poltorak et al., 1998). Engagement o f TLRs with their specific ligands facilitates 

induction of distinct DC responses and adaptive immunity (Pulendran, 2004; 

Pulendran and Ahmed, 2006).

3.6 T cell activation

Three signals are required to fully activate and differentiate T cells. One is antigen 

presentation to T cell receptors (TCRs). The second signal is an antigen independent 

co-stimulatory signal (Lafferty et a l , 1983; Mueller et al., 1989) leading to IL-2 

production which promotes T cell proliferation. Activated T cells exhibit increased 

IL-2 receptor expression. In addition to these two signals, a third signal is required 

to promote T cells and T cell differentiation. Signal three can be cytokines produced 

by activated DCs (Sun et al., 2003).

T cells originate in the bone marrow and develop in the thymus where positive or 

negative selection takes place. Only 2% of naive T cells survive from the selection 

and develop into T helper (Th) cells. Th-cells can differentiate into Th-1, Th-2, 

Th-17 (Janeway, 1999) (Figure 3.1). DCs are considered to play a fundamental role 

in Th subset polarization via the secretion of polarizing cytokines (Janeway, 1999). 

A variety o f ligands for Pattern Recognition Receptors can stimulate different Th 

cell subsets via their effects on DCs. For example, DNA, LPS and Poly I:C 

(polyinosinic:polycytidylic acid) that binds to corresponding TLRs induces Th-1 

response while ligands for C-type lectins elicit Th-2 responses such as IL-10 

(Pulendran, 2004).
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These Th subsets differ in the cytokines they produce and those cytokines play 

central roles in modulation of immune response. Th-1 cells promote cell mediated 

immune response by producing IL-2, IFN-y and TNF-P and drive IgG2a and IgG3 

production B cells which functions in opsonising intracellular parasites (Paul, 1992). 

In contrast, Th2 cells mainly promote humoral immune response by producing 

cytokines including IL-4, IL-5, IL-6 and IL-10 (Paul, 1992).

3.7 Immunity of chitosan as adjuvant

As mentioned in Section 1.3.1, chitosan has been used in mucosal delivery system 

since it has mucoadhesive properties. Immunologists have focused on chitosan as 

adjuvant or immune modulator.

Porporatto et al. (2004) studied the effect of the co-administration of antigen type II 

collagen (CII) and chitosan (50 kDa, 85% deacetylated) in rat. As a result, 

CII:chitosan-fed animals exhibited a reduced secretion o f IL-2 with an increase of 

IL-10 in Peyer’s patches (PP) and spleen respectively. Peyer’s patches are 

aggregations of lymphoid tissue that are usually found in the lowest portion of the 

small intestine (ileum). In addition, in PP, CII:chitosan-fed rats showed increased 

levels of mRNA for transforming growth factor-B, IL-4 and IL-10. The studies 

suggested that the co-administration with chitosan promotes an anti-inflammatory 

environment after feeding (Porporatto et al., 2004).

In the current study, the effects of chitosan nanoparticles (CS-F NP, CLI13 NP, 

CL213 NP and G213 NP) on dendritic cells and spleen cells were examined to see 

their efficiency as vaccine adjuvants. This work was generously assisted by Dr. Ed 

Lavelle and his student Yuki Ozasa in the School of Biochemistry and Immunology 

at Trinity College Dublin.
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4.1 Materials

4.1.1 Polymers, proteins and general materials

Material Supplier/Manufacturer

Ammonium persulphate (APS) Sigma, USA

Boric acid Sigma, USA

Brilliant blue R Sigma, USA

Chitosan (low molecular weight) 
Batch No. 407568/1 50100

Fluka, Germany

Chitosan chloride salt (CL213, high 
molecular weight 150,000-400,000 Da)

NovaMatrix, Norway

Chitosan chloride salt (CL 113, low 
molecular weight 50,000-150,000 Da)

NovaMatrix, Norway

Chitosan glutamate salt (G213, high 
molecular weight 200,000-600,000 Da)

NovaMatrix, Norway

Chitosan glutamate salt (G113, low 
molecular weight 50,000-200,000 Da)

NovaMatrix, Norway

Coumarin-6 Polysciences, Inc., USA

D-glucosamine Sigma, USA

Dulbecco’s Phosphate Buffered Saline 
(DPSS)

Biosera, UK

Glutaraldehyde solution ~ 50% in water Fluka, Germany

Human serum albumin (H S A) Sigma, USA

Hydrindantin Sigma, USA

Hydrochloric acid 37% (HCl) Riedel-de-Haen, Germany

Indomethacin Sigma, USA

Ketoprofen Sigma, USA

Lecithin Sigma, USA

Lithium acetate dihydrate Sigma, USA

Lugol solution (Ii/KI) Fluka, Germany

Micro BCA™ Protein Assay Kit PIERCE USA

Ninhydrin Sigma, USA

N,N,N,N-T etramethylethyl-enediamine 
(TEMED)

Sigma, USA
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OVA coupled F/G peptide

Ovalbumin (OVA)

PLGA Resomer 504 (50:50)
Batch No. 640662 
Polystyrene GPC standards

Potassium nitrate

Polysorbate 80

Polyvinyl alcohol (PVA)

Potassium bromide

Protein marker, broad range (2-212 kDa) 

ProtoGel

Pullulan GPC polysaccharides standards 

Sodium dodecyl sulphate (SDS)

Sodium hyaluronate 

Sodium hyaluronate 

Sodium hydroxide (NaOH)

Sodium sulphate

Tris(hydroxymethyl) aminomethane

Department of Veterinary Science, the 
Queen’s University o f Belfast 
Sigma, USA

Boehringer Ingelheim, Germany

Polymer Laboratories, Ireland 

Fluka, Germany 

Fluka, Germany 

Sigma, USA 

Sigma, USA

New England Biolabs Inc., UK 

National diagnostics, USA 

Polymer Laboratories, Ireland 

Sigma, USA 

Fluka, Germany 

NovaMatrix, Norway 

Riedel-de-Haen, Germany 

Fluka, Germany 

Sigma, USA

4.1.2 Solvents

Solvent Supplier/Manufacturer
2-butanol Solvent stores, TCD

Acetic acid glacial Riedel-de-Haen, Germany

Dichloromethane (DCM) Solvent stores, TCD

Dimethylsulphoxide (DMSO) Aldrich, UK

Ethanol Solvent stores, TCD

Ethyl acetate Solvent stores, TCD

Methanol Riedel-de-Haen, Germany

Tetrahydrofuran (THF) Solvent stores, TCD
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4.1.3 Equipment

Equipment Supplier/Manufacturer
ATTO electrophoresis unit Medical Supply Co. Ltd., Japan

BECKMAN Model J2-21 centrifuge Beckman

Bruker advance 400 NMR Bruker, USA

Biichi Mini Spray Dryer B-191 Biichi Laboratoriums-Technik AG, 
Switzerland

Biichi Rotavapor R-114, Vacuum controller Biichi Laboratoriums-Technik AG,
V-800 Switzerland
Differential Scarming Calorimeter 821® Mettler-Toledo, Switzerland

Freeze drier BenchTop K series VirTis, USA

Magnetic stirrer hotplate STUART Scientific, UK

Malvern Mastersizer 2000 Malvern, UK

Malvern Zetasizer nano ZS Malvern, UK

Mettler Toledo STARe software version 6.1 Mettler-Toledo, Switzerland

Plaquagel-OH mixed 8 (im GPC column Polymer Laboratories Ltd., UK

Scanning Electron Microscope S4300 Hitachi, Japan

Shimadzu class VP software (version 1.02) Polymer Laboratories Ltd., UK

Siemens D500 Diffractometer Siemens, Germany

Spectrofluorophotometer RF-1501 Shimadzu, USA

Digital Sonifier 250 Branson, USA

Ultrasonic Processor VC 130 PB SONICS, USA

Ultracentrifuge 113 Sigma, USA

UV Microplate autoreader EL311 BIO-TEK Instruments

UV-1700 spectrophotometer Shimadzu, USA

Rotary evaporator R200 Biichi, Switzerland

Styragel HPLC column Waters, USA

Waters Millennium chromatography software 
version 2.0

Waters, USA

Waters refractive index detector 410 and 
pump 510

Waters, USA

XRD silicon mounts Bruker AXS, UK
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Experimental methods 

4.2 Characterisation of polymers

4.2.1 Measurement of molecular weight

Gel Permeation Chromatography (GPC) was used to determine the molecular 

weight o f polymers.

(a) PLGA systems

The gel permeation chromatography system consisted o f a Waters Styragel HPLC 

column, a Waters 510 HPLC pump and a Waters Refractive index detector 410. 0.5 

mg o f each sample was weighed out into 10 ml o f tetrahydrafuran (THF) and 

allowed to stand overnight. The mobile phase was THF and the flow rate was set at 

1 ml/min. The internal and external temperatures o f the detector were set to 30°C 

and 25°C, respectively. Millennium Chromatography software version 2.0 was 

employed to integrate the peaks and calculate the result. Samples were evaluated 

against a series o f  polystyrene standards with molecular weights o f 13,100, 20,650, 

39,000, 50,400, and 66,000. 200 |il volumes o f samples or standards were injected 

in triplicate.

(b) Chitosan and hyaluronic acid systems

Gel Permeation Chromatography (GPC) was performed using a Plaquagel -O H  

mixed 8 |j.m 300 x 7.5  mm column (Polymer Laboratories Ltd., UK). For analysis 

o f chitosan systems the method supplied by Polymer Laboratories (Technical 

Bulletin TB581) was followed substituting potassium nitrate for sodium nitrate. The 

mobile phase consisted o f potassium nitrate 0.5 M and sodium phosphate 

monosodium 0.01 M brought to pH 2 with concentrated HCl. The detector and the 

HPLC system was Shimadzu with a LC-IOAT VP pump, autosampler SIL-IOAD

48



Chapter 4. Experimental m aterials and m ethods

VP and SCL-IOAVP system controller. Samples were prepared as 0.1% w/v 

solutions in concentrated HCl and brought to volume with mobile phase. 

Polysaccharides standards were used as standards with molecular weights of 5,900, 

112,000, 212,000, 404,000, and 788,000 and prepared as 0.05 to 0.1% solutions in 

mobile phase. 2 0 0  |al volumes of samples or standards were injected in triplicate. 

Analysis was performed using Shimadzu Class VP software (version 6.10) with 

GPC for Class VP (version 1.02). The temperature of the detector was 40°C.

4.2.2 Measurement of chitosan deacetylation

(a) 'H-Nuclear Magnetic Resonance Spectroscopy (^H-NMR)

Samples for 'H-NMR were prepared using the method o f Hirai et al (1991). 20 mg 

samples were dissolved in 2  ml of 2 % w/w deuterated acetic acid in deuterated 

water solution. The solutions were heated to 70°C to aid dissolution. Samples were 

analysed using a Bruker advance 400 NMR. The degree of deacetylation was 

determined by Equation 4.1 (Hirai et al., 1991) using the integral intensity, ICH3 , of 

the CH3 residue and the sum of integral intensities IH2 -H6  of the H2 , H3 , H4 , H5 , He 

and Hb protons.

Degree of deacetylation (%) = {1 - ( -  ICH^ / —ICH^ -  Hf^)} x 100 Equation 4.1
3 6

(b) Ninhydrin assay

Ninhydrin assay is a ninhydrin colorimetric test that was used to determine the 

degree of deacetylation of chitosans (Curotto and Aros 1993; Corrigan 2002; Leane 

et al., 2004). The method involved preparation o f calibration curves using solutions 

of chitosan and of D-glucosamine, respectively. A value of 100% of free amino 

groups was assigned to the slope o f the D-glucosamine calibration curve and 

correspondingly the values for the slopes obtained with solutions of chitosan gave
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the percentages of free amino groups. Samples were analysed in triplicate. The 

preparation of calibration curve is presented below:

Preparation o f calibration curve:

Lithium acetate buffer (10 ml) was prepared by dissolving 4.08 g of lithium acetate 

dihydrate in approximately 6 ml o f deionised water. The pH of the resulting solution 

was adjusted to 5.2 using acetic acid and the volume adjusted to 10 ml with 

deionised water. The ninhydrin reagent was freshly prepared on the day of the assay 

by adding 4 M lithium acetate buffer (10 ml) to 0.8 g ninhydrin and 0.12 g 

hydrindantin in 30 ml DMSO. For the assay, 0.5 ml of ninhydrin reagent was added 

to 0.5 ml sample and mixed under vortex. Then the sample and reagent were heated 

in boiling water for 30 min. After cooling, 15 ml of a 50:50 ethanohwater mixture 

was added. The absorbance of each solution was measured on UV 

spectrophotometer (UV-1700 spectrophotometer, Shimadzu) at 570 nm.

4.3 Preparation of micro and nanoparticles

4.3.1 Preparation of protein loaded PLGA micro and nano 

particles

Protein (H S A, OVA, OVA coupled F/G peptide) loaded PLGA microparticles 

were prepared by a double emulsion technique. OVA coupled F/G peptide is a 

conjugate antigen which is created by covalently attaching F peptide (from HIV-1 

envelope protein gpl20) and G peptide (residues 41-56 from the protein G B1 

domain) (50:50) to a carrier protein OVA, thereby conferring the immunological 

attributes of carrier on the attached peptides. F/G peptide is attached to OVA to see 

its effect on OVA release study.
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2 mg of protein was dissolved in 50 |j,l o f deionised water, and then emulsified in a 

2 ml solution of PLGA (50:50, RG 504, Ingelheim Boehringer) in ethyl acetate (EA) 

or dichloromethane (DCM) (100 mg/ml) by sonication (SONICS VC130PB) on ice. 

Then, 4 ml of an aqueous PVA solution (1% w/v) was added to this first emulsion 

and the resulting (w/o)/w emulsion was sonicated on ice again. The double 

emulsion was diluted with 90 ml PVA solution (0.3% w/v) and the solvent was 

rapidly eliminated by rotary evaporation (Biichi Rotavapor R200). Finally, the 

particles were isolated by centrifugation at 10,000 g (Beckman, Model J2-21 

centrifuge) for half an hour and washed three times with water under the same 

centrifugation speed and processing time. Dry particles were collected by freeze 

drying. A range of experiments was carried out with different sonication times, 

powers and two different organic solvents during the preparations to compare their 

effects on the product properties. The details o f rotary evaporation and freeze drying 

are presented below:

Rotary evaporation:

A rotary evaporator consists of a vacuum system, a rotating evaporation flask and a 

condenser with a condensate collecting flask. The system works because lowering 

the pressure lowers the boiling point of solvent, which allows the solvent to be 

removed without excessive heating. Particles after washing were resuspended in 

evaporation flask with deionised water. After putting the flask onto the evaporator, 

the solvent was evaporated at 40°C using the vacuum pump (75 mm Hg).

Freeze drying process:

Freeze drying is a technique by which a liquid is frozen and then dehydrated by 

sublimation. This process presents a complete retention of sample form and 

produces no chemical damage. Sample solutions or suspensions in freeze drying 

flasks (VirTis, USA) were frozen in liquid nitrogen. The frozen sample was then 

attached to the vacuum chamber (VirTis, USA) where the freeze drying process
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takes place and after 48 hours, the dry powders were collected. The vacuum set was 

smaller than 100 mTone.

Protein (H S A, OVA) loaded PLGA nanoparticles were prepared by increasing 

sonication time to 10 minutes and power to 4 watt keeping the other parameters the 

same.

4.3.2 Preparation of H S A loaded PLGA nanoparticles 

stained with coumarin-6

Protein (H S A) loaded PLGA nanoparticles were prepared by a double emulsion 

technique. 200 mg o f the PLGA (RG 504) was dissolved in 2 ml o f ethyl acetate. 50 

1̂1 o f the coumarin-6 from stock (1 mg/ml in ethyl acetate) was added into PLGA 

solution. 2 mg H S A was dissolved in 50 |al of distilled water, and then emulsified 

in the PLGA (RG 504) solution by sonication (SONICS VC130PB) on ice. Then, 4 

ml of an aqueous PVA solution (1% w/v) was added to this first emulsion and the 

resulting w/o/w emulsion was sonicated again on ice. The double emulsion was 

diluted with 90 ml of PVA solution (0.3% w/v) and the solvent was rapidly 

eliminated by evaporation (Section 4.3.1). Finally, the particles were isolated by 

centrifugation at 10,000 g (Beckman, Model J2-21 centrifuge) for half an hour and 

washed three times with water under the same centriftigation speed and processing 

time. The supernatant was collected and the content o f coumarin-6 was measured by 

fiuorimetry. Dry particles were collected by freeze drying (Section 4.3.1).
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4.3.3 Preparation of OVA loaded chitosan-PLGA micro and 

nanoparticles

Protein (OVA) loaded PLGA nanoparticles were prepared by a double emulsion 

technique. 40 mg OVA was dissolved in 150 |̂ 1 o f deionised water, and then 

emulsified in a 2 ml solution of PLGA (RG 504) in ethyl acetate (100 mg/ml) by 

sonication (SONICS VC130PB) on ice. Then, 4 ml of an aqueous CS-PVA solution 

(1% w/v PVA, 0.2% w/v chitosan (Fluka) and 1% acetic acid) was added to this 

first emulsion and the resulting w/o/w emulsion was sonicated on ice again. The 

double emulsion was diluted with 90 ml PVA solution (0.3% w/v) and the solvent 

was rapidly eliminated by evaporation (Section 4.3.1). Finally, the particles were 

isolated by centrifugation at 10,000 g (Beckman, Model J2-21 centrifiige) for half 

an hour and washed three times with water under the same centrifugation speed and 

processing time. The supernatant was collected and the content o f chitosan was 

measured by UV spectroscopy. The measurement method is described in Section 

4.4.9. The resultant nanoparticles were lyophilised. Chitosan concentration in 

CS-PLGA solution was increased while keeping the concentration of PVA the same 

to investigate the effects of chitosan on product properties. Dry particles were 

collected by freeze drying (Section 4.3.1).

4.3.4 Preparation of NSAID loaded PLGA nanoparticles

NSAID (indomethacin and ketoprofen) loaded PLGA nanoparticles were prepared 

by a single emulsion technique. 40 mg NSAID was dissolved in 2 ml solution of 

PLGA (RG 504) in ethyl acetate (100 mg/ml). Then 4 ml of an aqueous PVA 

solution (1% w/v) was added and the resulting o/w emulsion was sonicated on ice. 

The emulsion was diluted with 90 ml PVA solution (0.3% w/v) and the solvent was 

rapidly eliminated by evaporation (Section 4.3.1). Finally, the particles were
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isolated by centrifugation at 10,000 g (Beckman, Model J2-21 centrifuge) for half 

an hour and washed three times with water under the same centrifugation speed and 

processing time. Dry particles were collected by freeze drying (Section 4.3.1).

4.3.5 Preparation of chitosan microparticles by spray drying

Chitosan microparticles with or without a crosslinking agent glutaraldehyde 

(0.125% v/v) were prepared by spray drying using a Buchi Mini Spray Dryer B-191. 

The chitosan used was chitosan salt CL213 with high molecular weight 

(150,000-400,000 Da). The concentration o f the chitosan solution was 0.2%> w/v. 

The inlet and outlet temperatures were 140°C and 89-9rC, respectively, with air 

flow 600 nl/hr, pump rate 15% and aspirator rate 100%.

4.3.6 Preparation of cliitosan nanoparticles

Chitosan (chitosan-Fluka, CL113, CL213 and G213) nanoparticles were prepared 

by precipitation/coacervation. Chitosan (CLl 13, CL213 and G213) (0.2 % w/v) was 

dissolved in deionised water containing 1% v/v polysorbate 80; Chitosan 

(chitosan-Fluka) was dissolved in 1% v/v acetic acid containing 1% v/v polysorbate 

80. A solution of sodium sulphate (20 % w/v) was added dropwise (6 ml/min), 

under stirring (80 rpm) and sonication (SONICS VC130PB, power 80) conditions. 

The formation of nanoparticles was indicated by turbidity, examined by 

transmission measurements using spectrophotometer (UV-1700 spectrophotometer, 

SHIMADZU, USA) at 500 nm. After the addition of sodium sulphate, stirring and 

sonication were continued for another 1 h. The nanoparticles were purified by 

centrifugation at 13,000 rpm (Ultracentrifuge 113, Sigma) for 15 min and washed 

with water under the same centrifiigation speed and processing time. The 

nanoparticles were collected after freeze drying (Section 4.3.1).
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4.3.7 Preparation of hyaluronic acid microparticles by spray 

drying

Lecithin (0.2% w/v) was predispersed in deionised water under sonication, and the 

dispersion was filtered through a 0.2 |im filter. Lecithin was used as a surfactant in 

this preparation. The resultant dispersion was slowly mixed with sodium 

hyaluronate (0.1% w/v). The resultant mixture was spray dried using a Biichi Mini 

Spray Dryer B-191 to prepare HA microparticles. The inlet and outlet temperatures 

were 140°C and 89-91°C, respectively, with air flow 600 nl/hr, pump rate 15% and 

aspirator rate 100%.

4.3.8 Preparation of hyaluronic acid/chitosan nanoparticles

Hyaluronic acid/chitosan nanoparticles were prepared by precipitation/coacervation. 

Sodium hyaluronate (Fluka, NovaMatrix) and chitosan (CLl 13, CL 213, G 113, and 

G213) were dissolved in deionised water to prepare 0.2% w/v solutions. Under 

stirring (80 rpm), the chitosan solution was added to the HA solution slowly to 

make a mixture with a ratio of 1:1 by weight. After 10 minutes o f stirring, the 

mixture was filtered through a 5 fim filter and the resultant filtrate was collected. 

Sodium sulphate (20% w/v) was added dropwise (6ml/min), under stirring (80 rpm) 

and sonication (SONICS VC130PB, power 80) conditions. The formation of 

nanoparticles was indicated by turbidity, examined by transmission measurements 

using spectrophotometer (UV-1700 spectrophotometer, Shimadzu, USA) at 500 nm. 

After the addition of sodium sulphate, stirring and sonication were continued for 

another 1 hour. The nanoparticles were purified by centrifugation at 13,000 rpm 

(Ultracentrifuge 113, Sigma) for 15 min and washed with water under the same
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centrifugation speed and processing time. The nanoparticles were collected after 

freeze drying (Section 4.3.1).

4.4 Characterisation of micro and nanoparticies

4.4.1 Particle size analysis

4.4.1.1 Laser diffraction analysis

The particle size was determined using Malvern Mastersizer 2000, with a Hydro |ap 

sample dispersion unit attached. 5-10 mg of microparticles were dispersed in 1ml of 

deionised water and sonicated for 5 minutes before the sample addition. The sample 

was added into the Mastersizer measuring cell and the measurement process was 

controlled by the Malvern Mastersizer 2000 Software. The particle sizes were 

plotted as particle size distributions (by volume) and the span values were 

calculated. The span is a measure of the width of the volume distribution relative to 

the median diameter and is calculated as (D90%-D10%)/D50%. D90%, D50% and 

D10% is the particle diameter determined at the 90%, 50% and 10% volume 

distribution o f cumulative particle, respectively. The samples were measured in 

triplicate.

4.4.1.2 Light scattering analysis

Particle sizes were also determined by Malvern Zetasizer Nano ZS. The 

nanoparticle were dispersed in deionised water (1 mg/ml) and sonicated for 5 

minutes prior to the measurement. Then the sample was transferred to a disposable 

polystyrene cuvette and the cuvette was inserted into the Zetasizer cell. The 

measurement process was controlled by the Malvern Zetasizer Nano ZS software. 

The particle size is presented as a Z-average diameter which is the mean diameter 

based upon the intensity of scattered light and polydispersity, which is the width of 

the size distribution.
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4.4.2 Morphology

Particle morphology was determined by scanning electron microscopy (SEM). 

Samples were attached to a metal stub and gold coated by plasma coating and 

viewed under a Hitachi S43000 scanning electron microscope.

4.4.3 Thermal properties

Each amorphous substance or composite may be characterised by a glass transition 

temperature (Tg), which is a critical physical property that can affect the physical 

stability. When the polymer is cooled below this temperature, it becomes hard and 

brittle, like glass; when it is used above Tg, it becomes soft and flexible. An 

important application of DSC is the determination of possible interactions between 

a drug substance and the polymers used in formulation. By monitoring the changes 

of heat capacity under increasing temperatures, it is possible to detect if  the drugs 

were physically dispersed in polymers or kept crystalline in the sample.

Thermal properties of polymers and particles were measured by differential 

scanning calorimetry (DSC). The measurements were conducted using a Mettler 

Toledo DSC 821® with a refrigerated cooling system (LabPlant RP-lOO). Nitrogen 

was used as the purge gas. Top pierced aluminium pans were used throughout the 

study with sample weights varied between 5-10 mg. The DSC system was 

controlled by Mettler Toledo STAR® software (version 6.10). Samples were 

characterised by DSC in the range o f 25°C to 200°C at a heating rate o f 10°C per 

minute. The glass transition temperature was defined as the midpoint o f the 

transition and the melting points were reported as the onsets of the endothermic 

processes.
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4.4.4 Integrity study of encapsulated protein

The integrity o f encapsulated protein that was extracted from particles was studied 

by sodium dodecyl sulphate PAGE electrophoresis (SDS-PAGE). 100 mg of 

particles were suspended in 1 ml NaOH (O.IM) containing SDS solution (5 % w/v) 

and placed in a water bath at 60°C for 1 hour. After centrifiigation, the supernatant 

was taken out for analysis.

SDS-PAGE was carried out using an ATTO electrophoresis unit with 10 % stacking 

gels and 12 % resolving gels for the detection of the H S A. protein. The following 

table details the contents of the various gel solutions. The volumes quoted are those 

required for the pouring of one gel (Table 4.1).

Table 4.1 Contents of gel solutions for SDS-PAGE

Solution components 10 % stacking gel (ml) 12 % resolving gels (ml)

ProtoGel 3.3 4.0

Deionised water 4.1 3.4

1.5M Tris-HCl (pH 8.8) — 2.5

0.5 M Tris-HCl (pH 6.8) 2.5 —

10 % SDS (w/v) 0.1 0.1

10 % APS (w/v) 0.05 0.05

TEMED 0.01 0.005

Polyacrylamide gels were run for approximately 2 hours at 25 mA and protein 

bands were detected using Brilliant blue.
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4.4.5 Fourier Transform Infrared Spectroscopy

Infrared spectra were recorded on a Nicolet Magna IR 560 E.S.P. spectrophotometer 

equipped with MCT/A detector, working imder Omnic software version 4.1. A 

spectral range of 650-4000 cm’^ resolution 2 cm"' and accumulation of 64 scans 

were used in order to obtain good quality spectra. A KBr disk method was used with 

1% sample loading.

4.4.6 Crystallinity study

Powder X-ray diffraction measurements (XRD) were carried out in low background 

silicon mounts, which consisted of cavities 0.5 mm deep and 9 mm in diameter 

(Bruker AXS, UK). A Siemens D500 Diffractometer was used. This consists of a 

DACO MP wide-range goniometer with a 1.0° dispersion slit, a 1.0° anti-scatter slit 

and a 0.15° receiving slit. The Cu anode X-ray tube was operated at 40 kV and 30 

mA in combination with a Ni filter to give monochromatic Cu Ka X-rays. 

Measurements were generally taken from 5° to 35° on the 2 theta scale at a step size 

o f 0.05° per second for quahtative analysis.

4.4.7 Protein loading assay

15 mg particles (PLGA, chitosan-PLGA) was dispersed in 3 ml o f 0.1 M NaOH 

containing 5% (w/v) SDS. The suspension was incubated in a water bath at 60°C for 

1 hour. Following centrifugation, 1 ml of the supernatant was removed and stained 

with Micro BCA™ Protein Assay Kit. Protein concentration was determined by 

using a UV spectrophotometer at 562 nm. The samples were measured in triplicate.
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4.4.8 NSAID loading assay

The supernatant collected during the preparation o f NSAID (indomethacin or 

ketoprofen) encapsulated PLGA nanoparticles were used to assay the loading of 

NSAID (indomethacin or ketoprofen) on PLGA particles. Indomethacin 

concentration was determined by using a UV spectrophotometer (UV-1700 

spectrophotometer, Shimadzu, USA) at 318 imi (Puebla et al., 2005) and ketoprofen 

at 260 nm (Gabor et al., 1999).

4.4.9 Chitosan loading assay

The supernatant liquid was collected during the preparation process of 

chitosan-PLGA particles and used to assay the chitosan loading on resultant 

particles.

The quantity o f chitosan was determined by ninhydrin assay which was described 

by Leane et al., (2004). Lithium acetate buffer (10 ml) was prepared by dissolving 

4.08 g of lithium acetate dihydrate in approximately 6 ml of deionised water. The 

pH of the resulting solution was adjusted to 5.2 using acetic acid and the volume 

adjusted to 10 ml with deionised water. The ninhydrin reagent was freshly prepared 

on the day of the assay by adding 4 M lithium acetate buffer (10 ml) to 0.8 g 

ninhydrin and 0.12 g hydrindantin in 30 ml DMSO. For the assay, 0.5 ml o f reagent 

was added to 0.5 ml of the sample. The sample and reagent were briefly shaken by 

hand and heated in boiling water for 30 min. After cooling, 15 ml of a 50:50 

ethanol:water mixture was added to each sample and the mixture was vortexed for 

15 s. The absorbance of each solution was measured with a UV (UV-1700 

spectrophotometer, Shimadzu, USA) at 570 nm and the concentration of chitosan in
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the sample was calculated from a standard calibration curve. The samples were 

measured in triplicate.

4.4.10 Coumarin loading assay

The supernatant liquid was collected during the preparation process of PLGA 

particles stained with courmain-6 and used to assay the coumarin loading on 

resultant particles.

6-coumarin was extracted by methylene chloride from the supernatant and the 

solvent was evaporated carefully. The materials were reconstituted in ethanol and 

measured by a spectrofluorophotometer (spectrofluorophotometer RP-1501, 

excitation wavelength: 458 nm and emission wavelength: 520 nm).

4.4.11 Loading of OVA on chitosan nanoparticles

60 mg chitosan particle was added to an aqueous suspension containing 30 mg of 

OVA in a total volume of 3 ml. The mixture was vortexed rapidly for 3-5 s and left 

for 24 hours for the formation of complexes. The resultant complexes were 

centrifuged at 13,000 rpm for 15 minute. The resultant pellet was freeze dried and 

the supernatant was collected and measured by UV spectroscopy (UV-1700 

spectrophotometer, Shimadzu, USA) using Micro BCA™ Protein Assay Kit (Baki 

et a l ,  2002).
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4.4.12 Measurement of PVA

Content of PVA associated with chitosan-PLGA particles was determined by a 

colorimetric method (Sahoo et al., 2002). To each sample, 3 ml o f a 0.65 M solution 

o f boric acid, 0.5 ml of I2/KI (0.05/0.15 M) solution, and 1.5 ml of deionised water 

were added. Absorbance values of the samples were measured by using UV-1700 

spectrophotometer (Shimadzu, USA) at 690 nm after 15 min incubation. A standard 

plot o f PVA was prepared under identical conditions.

4.4.13 Measurement of zeta potential

Approximately 1 mg of sample was dispersed in 1 ml deionised water. The sample 

was measured by Malvern Zetasizer Nano ZS. Zeta potential readings were carried 

out five times for one sample and the average value o f three samples was presented.

4.5 Release studies

4.5.1 Protein release studies from PLGA particles

20  mg of protein (H S A, OVA, OVA coupled F/G peptide) loaded PLGA particles 

was suspended in 20 ml PBS buffer (pH=7.4) in a conical flask. Flasks were shaken 

at 37°C in a water bath at 65 rpm. At different time intervals, a sample volume of

1.5 ml was transferred and centriftiged at 13,000 rpm for 15 min (Sah et al., 1994; 

Coombes et al., 1998)

A quantity of 1 ml of the supernatant was taken for measurement by UV 

spectroscopy (UV-1700 spectrophotometer, Shimadzu, USA) at 562 nm with Micro 

BCA^^ Protein Assay Kit. 1 ml of fresh PBS buffer was added to the remaining 0.5

62



Chapter 4. Experimental m aterials and methods

ml sample. 1.5 ml of the suspension was agitated vigorously by vortexing and 

replaced in the flasks. The samples were measured in triplicate.

4.5.2 NSAID release studies from PLGA particles

5 mg of indomethacin or ketoprofen loaded PLGA particles were suspended in 20 

ml PBS buffer (pH=7.4) in conical flasks. Flasks were shaken at 37°C in a water 

bath at 65 rpm. At different time intervals, a sample volume o f 1.5 ml was 

transferred and centrifuged at 13,000 rpm for 15 min. In order to guarantee sink 

conditions, the amount of drug-loaded particles was chosen such that indomethacin 

or ketoprofen content of particles was lower than 10% of the solubility of 

indomethacin (3.46 mg/ml, Horiike and Matsuzawa, 1995) or ketoprofen (9.68 

mg/ml, Mollo 1999) in PBS buffer (pH=7.4).

A quantity of 1 ml of the supernatant was taken and measured by UV spectroscopy 

(indomethacin at 318 nm; ketoprofen at 260 nm; UV-1700 spectrophotometer, 

Shimadzu, USA). 1 ml o f fresh PBS buffer was added to the remaining 0.5 ml 

sample. 1.5 ml of the suspension was agitated vigorously by vortexing and replaced 

in the flasks. The samples were measured in triplicate.

4.5.3 Coumarin release from PLGA particles

5 mg of PLGA particles stained with coumarin was suspended in 20 ml PBS buffer 

(pH=7.4) in conical flasks. Flasks were shaken at 37 °C in a water bath at 65 rpm. 

At different time intervals, a volume of 1.5 ml was transferred and centrifuged at 13, 

000 rpm for 15 min. In order to guarantee sink condition, the amount o f particles 

was chosen such that coumarin content of particles was lower than 10% of the 

solubility of coumarin (0.73 mg/ml, Naoko et al., 2006) in PBS buffer (pH=7.4). A
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quantity o f 1 ml of the supernatant was taken and 6-coumarin was extracted by 

methylene chloride and the solvent was then carefully evaporated under fume hood. 

The materials were reconstituted in ethanol and measured by a 

spectrofluorophotometer (spectrofluorophotometer RP-1501, excitation wavelength: 

458 nm and emission wavelength: 520 nm). 1 ml of fresh PBS buffer was added to 

the remaining 0.5 ml sample. 1.5 ml o f the suspension was agitated vigorously by 

vortexing and replaced in the flasks. The samples were measured in triplicate.

4.5.4 OVA release studies from chitosan particles

5 mg of OVA loaded chitosan particles were suspended in 40 ml PBS buffer 

(pH=7.4) in conical flasks. Flasks were shaken at 37°C in a water bath at 65 rpm. At 

different time intervals, a quantity o f 100 |nl of the supernatant was taken for 

measurement by UV spectroscopy (UV Microplate autoreader ELS 11) at 562 nm 

with Micro BCA™ Protein Assay Kit. The samples were measured in triplicate.

4.5.5 Mathematical modelling of drug release profiles

Micromath® Scientist® for Windows™, version 2.01, was used for the non-linear 

curve fitting of the drug release data. The coefficient o f determination (CD) and 

model selection criterion (MSC) were used as measures of goodness o f fit when 

evaluating the suitability of a model. The CD is defined by the following equation:

C D =  -----------------

1=1

Where n is the number of data points, Wi are the weights applied to each point, and
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Y j,  Y , Y are the observed data points, the model-predicted data points and the 

weighted mean o f the observ’ed data respectively. The CD is a measure o f the 

fraction o f  the total variance accounted for by the model (Scientist User Handbook, 

1995).

The MSC is a normalised modification o f the Akaike Information Criterion (AIC) 

(W agner, 1993) and gives the same rankings between models but is independent o f 

the scaling o f  the data points. The MSC is defined by the following equation:

'Zir, (Y,  - Y f  2 /.
MSC = In ^ ------------------------- ^

i= \

Where Pp is the number o f parameters estimated. When comparing two models with 

different numbers o f  parameters, the MSC places a burden on the model with the 

larger number o f parameters to have a better coefficient o f determination. When 

judging the fit o f a particular model to experimentally determined data, the most 

appropriate model is that with the largest MSC. Equal weighting was used in the 

fitting o f drug release profiles as it gave the best M SC and CD values.

4.6 Measurements of platelet aggregations

Platelet-rich plasma (PRP) was obtained from blood o f healthy volunteers (six 

females and one male) who were not taking anti-inflammatory agents prior to the 

donating. 40 ml o f blood was obtained by venous puncture and mixed with 

trisodium citrate (9;1, v/v). Platelets were enumerated using an automated platelet 

counting device. Platelet rich plasma (supernatant o f whole blood after 

centrifugation at 250 g for 20 minutes at 18 °C) was prepared. PRP was
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resuspended at a physiological concentration (2.5 x io 'Vl )  of platelets. Platelet 

aggregation was initiated by the addition of collagen (0.3-5 g/ml). Aggregation was 

studied in the presence or absence of nanoparticles (1-500 |ag/ml) using a Chronolog 

whole blood optical lumi aggregometer linked to Aggro-Link data reduction system 

at 37 °C (Radomski et al., 2005). Nanoparticles were suspended in Dulbecco’s 

Phosphate Buffer Saline (DPSS) and sonicated for 5 minutes before examination. 

The particles were examined with the assistance o f Professor Marek Radomski and 

dr. Anna Radomska, School o f Pharmacy and Pharmaceutical Sciences, Trinity 

College Dublin.

4.7 Measurements of biointeractions with dendritic 

cells

Nanoparticles (1 mg/ml) were suspended in Dulbecco’s Phosphate Buffer Saline 

(DPSS) and sonicated for 5 minutes before examination. The particles were 

examined by Yuki Ozasa and Dr. Edward Lavelle, School of Biochemistry and 

Immunology, Trinity College.

Female BALB/c mice, C3H/HeN mice and C3H/HeJ mice, which were 6-8 weeks 

o f age, were used. BALB/c mice, bagg albino strain of laboratory mice, are useful 

for research in both cancer and immunology. C3H/HeN and C3H/HeJ mice do not 

carry mouse mammary tumour virus. C3H/HeJ mice are endotoxin resistant. The 

C3H parent strain was developed by LC Strong in 1920 from a bagg albino female 

mouse. BALB/c mice were purchased from Bioresearch unit, TCD and C3H/HeN 

and C3H/HeJ were purchased from Harlan Olac (Bicester, U.K.) and maintained 

under regulations of the European Union and the Irish Department o f Health. Bone 

marrow-derived immature dendrite cell (BMDC) was isolated from the femurs and 

tibia o f mice with sterile dissection tools (Ozasa, 2007).
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Sandwich ELISA (Enzyme-Linked Immuno Sorbent Assay) was used as a method 

to quantify cytokine production by cells. The level of production of IL-4, IL-5, IL-6, 

1L-I2p40 and IFN-y was measured by using matching antibody pairs for each 

cytokine purchased from BD PharMingen (Abingdon, U.K.), whereas the level of 

IL-IB, lL-10, IL-12p70 and IL-17 was measured using Duoset ELISA kit purchased 

from R&D Systems. Data obtained were presented as the mean cytokine 

concentration from triplicate wells of an ELISA plate (Ozasa, 2007).

Flow cytometry were used to investigate the expression of various surface makers 

on cells such as MHC class II and the co-stimulatory molecules CD80, CD86 and 

CD40. DCs (1x10^ cells/ml) from Balb/c, C3H/HeJ and C3H/HeN mice previously 

treated with chitosan samples were stained with CD86-PE, CD80-FITC and 

C D llc-A PC or CD40-FITC, MHC II-PE and C D llc-A PC for 30 minutes at 4°C. 

Cells were washed twice with fluorescence activated cell sorter (FACs) buffer (2% 

w/v Foetal Calf Serum (FCS, Sigma-Aldrich) and 0.1% w/w sodium azide 

(Sigma-Aldrich)) and immunofluorescence analysis was performed on a FACScan 

(DakoCytomation CyAn) and data was analysed using Summit software (Ozasa, 

2007).

The levels o f endotoxin (LPS) in the samples were measured using a PyroGene® 

recombinant factor C assay kit (Cambrex). After incubating samples with 

recombinant factor C enzyme solution for one hour at 37°C, fluorescence was 

measured in a microplate reader using excitation/emission of 380/440nm (Ozasa, 

2007).

Cytotoxic analysis was carried out by Propidium Iodide staining. Propidium Iodide 

(PI, Sigma-Aldrich) staining can be used to detect necrosis of cells as it is excluded 

by viable cells but can penetrate cell membranes of dying or dead cells. Chitosan
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samples were incubated with cells over night at 37°C, and then were centrifuged at 

1200rpm for five minutes. After the wash with FACs buffer, 150 |o.l of PI was added 

to the cells and cells were immediately read on a flow cytometry (Ozasa, 2007). 

Flow cytometry is the characterisation and measurement of cells as they travel in a 

stream. In order to take measurement, a laser beam is focused on the stream as cells 

travel. A detector is placed in line with laser path. The scattered light is collected 

and named Forward Scatter (FS). FS is proportional to cell size. The bigger the cell, 

the more light is scattered and the higher the signal detected. A second detector is 

placed perpendicular to the laser path to collect the scattered light and in this 

manner the light collected is named Side Scatter (SS). SS is proportional to cell 

complexity. The more organelles inside the cytoplasm the higher the signal. FS is 

plotted on the x-axis with SS plotted on the y-axis and each dot presents one cellular 

event. In this way the changes inside cells are presented between different cell 

treatments.
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Chapter 5. PLGA micro and nano particles

5.1 Introduction

Emulsion techniques, including the double emulsion and single emulsion technique, 

are methods usually used in the manufacture o f drug loaded PLGA particles. Since 

process variables can affect the properties o f the particles produced, different 

solvents, sonication times and powers were investigated to evaluate their effects on 

the physical properties o f PLGA micro and nano particles. Investigated properties 

included size, morphology and drug loading.

Different compounds such as proteins (H S A, OVA, OVA-coupled peptide), 

NSAIDs (indomethacin, ketoprofen) were encapsulated in PLGA micro and nano 

particles. Since these substances have different physicochemical properties, their 

release profiles were compared and evaluated.

Release profiles from PLGA microparticles prepared using different solvents were 

compared to determine if the solvent used during manufacture had any impact on 

the drug release. Release profiles, with different drug loadings from PLGA 

nanoparticles, were estimated and compared, to evaluate the drug loading and 

particle size effects.

Coumarin-6 was loaded onto PLGA nanoparticles as a fluorescence marker. Its 

effect on the physical properties of PLGA nanoparticles were studied and 

coumarin-6 release experiments from PLGA nanoparticles were carried out to 

investigate the usability of these fluorescent particles in animal or cell uptake 

studies in the future.

Although release studies of macromolecular compounds have been reported by 

numerous groups (Blanco and Alonso, 1997, Pean et a l ,  1998; Hemadez et al..
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1998; Sandor et al., 2001), there were large differences between the results. It 

deemed necessary to evaluate the affecting factors and conclude on their effects on 

antigen releases.

5.2 Measurement of polymer molecular weight

The molecular weight o f polymer PLGA RG504 was characterised by gel 

permeation chromatography (GPC). Table 5.1 shows the Mw, M„, polydispersity (p) 

and the manufacturer data (Boehringer Ingelheim Pharma). Mw is the weight 

average molecular weight of a polymer; M„ is the number average molecular weight; 

the ratio of the weight average to the number average is called the polydispersity 

index.

The polymer was reported by the manufacturer to have intrinsic viscosity values of 

0.16-0.24 dL/g, (0.1% w/v in chloroform 25 °C).

Table 5.1 Molecular weight characteristics of the PLGA polymer studied.

PLGA Polymer 
(Batch34012) Mw (kDa) Mn (kDa) Polydispersity

Manufacturer 
data Mw (kDa)

RG 504 55.4 53.8 1.03 48

±6.32 ±6.14 ±0.01

(Samples represent the mean of three determinations ±standard deviation)

The Mw value obtained in the present work (Table 5.1) agreed with the values 

reported by the manufacturer and Mollo and Corrigan (2002) for the same batch of 

the product. In the study reported by Mollo and Corrigan, the molecular weight of 

RG 504 was measured by GPC under the same conditions and the Mw was 54.123 

kDa.
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5.3 PLGA microparticles

5.3.1 Preparation of PLGA microparticles

A group o f protein loaded PLGA microparticles (No. 1-5) was prepared to examine 

the sonication effects on the particle size, size span and protein loadings. The results 

are shown in Table 5.2. The protein encapsulated was human serum albumin (H S 

A). Dichloromethane (DCM) was chosen as the solvent in the initial studies as it is 

one of the solvents commonly used to prepare PLGA particles.

Table 5.2 Effect o f sonication time and power on the preparation of PLGA micro 
particles with dichloromethane (DCM) as solvent.

Sol

vent
No. 1st' 2nd"

D 50% 

(urn)

D 90% 

(urn)
Span Yield%

Protein

EE%

Protein Loading 

(% w/w)

2 w. 2 w. 3.79 30.10 7.63 20.4 49.6 0.496

30s 30s ±1.81 ±6.60 ±3.52 ±2.9 ±5.8 ±0.059

2.98 9.40 2.97 21.4 54.3 0.543
2 w. 2 w.

2
Imin 30s

±1.04 ±1.65 ±1.15 ±5.4 ±9.7 ±0.098

2.80 8.25 2.69 50.8 61 4 0.614
2 w, 2 w,

DCM 3
Imin 2min

±1.13 ±2.54 ±0.45 ±3.6 ±11.2 ±0.012

1.90 6.16 2.46 53.1 67.8 0.678
4 w. 2 w.

4
Imin 2min

±1.06 ±5.32 ±1.29 ±4.6 ±1.9 ±0.019

1.72 5.19 3.00 67.6 71.1 0.711
4 w, 4 w,

5
Imin Imin

±0.25 ±0.65 ±0.09 ±7.4 ±9.1 ±0.091

(Samples represent the mean o f three determinations ±standard deviation) 
1st: sonication time and power for 1st emulsion 
2nd; sonication time and power for 2nd emulsion 
w: Watt
EE%: encapsulation efficiency%
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From Table 5.2, we can see that the particle size decreased with an increase in both 

sonication time and power. D 90% values ranged from 30.10 ± 6.60 |xm to 5.19 ± 

0.65 |am when the power increased from 2 watts to 4 watts and the sonication time 

from 30s to 1 minute. The median size, D 50% decreased from 3.79 ± 1.81 |am to 

1.72 ± 0.25 [im under the same increase in the sonication time and power. The 

decreases in D 90% size were significant (p<0.05) between batches N o.l to No.5.

Size span describes the particle distribution. The smaller the span the more even the 

size o f the microparticles, and the closer D 90% is to D 50%. In Table 5.2, the span 

decreased from 7.63 ± 3.52 to 3.00 ± 0.09 when the power increased from 2 w to 4 

w and sonication time from 30s to 1 minute in emulsion No.l and No.5, which 

means the particles were more even in size for the sample No.5 than N o.l. The 

difference is significant (p<0.05). Furthermore, the H S A loading of PLGA 

particles and the encapsulation efficiency (EE %) were increased from sample No. 1 

to No.5. The relatively low EE % and yield % values for the batch No.l may be due 

to the poor emulsification process produced by short sonication time and low 

power.

The particles D 50% and D 90% sizes are compared in Figure 5.1. The D 90% tends 

to decrease from No.l to No.5. The D 90% value for the batch No.5 is similar to the 

D 50% value for batch No. 1.
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□ D50% 

■ D90%

Figure 5.1 Particle sizes of PLGA microparticles (No. 1-No,5) prepared with DCM 

as solvent.

The morphologies o f the different PLGA microparticles (No. 1-No.5) are shown in 

SEM (scarming electron microscopy) pictures (Figures 5.2, 5.3, 5.4, 5.5 and 5.6), 

together with the size distributions.

L

3 '

(b)

Figure 5.2 (a) SEM picture, (b) size distribution of PLGA microparticles, batch 

No.l.
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(a) (b)

Figure 5.3 (a) SEM picture, (b) size distribution of PLGA microparticles batch 

No.2.

1

tJt II

(a) (b)

Figure 5.4 (a) SEM picture, (b) size distribution o f PLGA microparticles, batch 

No.3.
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(a) (b)

Figure 5.5 (a) SEM picture, (b) size distribution of PLGA microparticles, batch 

No.4.

(a) (b)

Figure 5.6 (a) SEM picture, (b) size distribution o f PLGA microparticles, batch 

No.5.

The SEM result indicated that as the sonication time and power increased, the 

spherical particles became more uniform in size. All the microparticles were shown 

to have relatively smooth surfaces.
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Although DCM is one of the solvents commonly used to prepare PLGA particles, 

there are concerns over its environmental and human safety. DCM has been 

reported to be not biocompatible and a suspected carcinogen and mutagen (Sah et 

al., 1997). Ethyl acetate is another solvent which may be used to prepare PLGA 

particles, and ethyl acetate is considered to be less toxic than DCM (Sah et al., 

1997). A series of PLGA microparticles (No.6-No. 10) was prepared with ethyl 

acetate as a solvent to compare the solvent effects on the physical properties of 

PLGA microparticles prepared under the same sonication conditions as those used 

with DCM. The resultant particle sizes, spans, H S A loadings and EE % are shown 

in Table 5.3.

Table 5.3 Effect of sonication time and power on the preparation of PLGA micro 
particles with ethyl acetate as solvent.

Sol-
No.

vent
1st' 2nd '

D50%

(urn)

D90%

(Mrn)
Span Yield%

Protein

EE%

Protein Loading 

(% w/w)

2 w. 2 w,
3.71 14.10 3.56 49.3 67.6 0.676

30 s 30 s
±1.03 ±2.90 ±1.50 ±0.9 ±3.6 ±0.036

3.43 12.50 3.34 51.8 45.2 0.452
2 w. 2 w.

7
Imin 30 s

±0.89 ±3.70 ±1.70 ±1.0 ±11.1 ±0.111

Ethyl
g

2 w, 2 w.
1.77 6.52 3.12 62.6 80.5 0.805

acetate 1 min 2 min
±0.15 ±2.41 ±1.26 ±8.2 ±5.3 ±0.053

9
4 w. 2 w,

1.82 5.87 2.67 65.6 67.2 0.672

1 min 2 min
±0,07 ±1.79 ±1.14 ±1.0 ±5.4 ±0.054

10
4 w. 4 w,

1.74 3.38 1.45 80.7 84.2 0.842

1 min 1 min
±0.21 ±1.60 ±0.73 ±0.6 ±1.8 ±0.018

(Samples represent the mean of three determinations ±standard deviation)

1st: sonication time and power for 1st emulsion 
2nd: sonication time and power for 2nd emulsion 
w: watt
EE%: encapsulation efficiency%
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From Table 5.3 we can see that the particle size decreased when both the sonication 

time and power increased. D 90% values ranged from 14.10 ± 2.90 |j,m to 3.38 ± 

1.60 |im when the power increased from 2 watts to 4 watts and sonication time from 

30s to 1 minute in both emulsions. The median size, D 50% also decreased from 

3.71 ± 1.03 |am to 1.74 ± 0.21 fim for the batch No. 6 and 10, respectively. The span 

decreased from 3.56 ± 1.50 to 1.45 ± 0.73, which means the particles were more 

even in size for No. 10 than No.6. The difference is significant (p<0.05). The yield% 

and H S A loading and EE % were increased with the increased sonication time and 

power.

The particle sizes D 50% and D 90% are shown in Figure 5.7. The D 90% tends to 

decrease when comparing the series of batches from No.6 to No. 10. The decrease in 

D 90% was significant (p< 0.05). The particle size distribution for the batch No. 10 

is narrower than that of batch No.6.

18 r 

16 

14

1
10 

8o
1  6
O h

4

2 
0

N o . 6 N o . 7 N o . 8 N o . 9 N o . 10

Figure 5.7 Particle sizes of PLGA microparticles (No.6-No.10) prepared with ethyl 
acetate as solvent.

□  D 5 0 %
D 9 0 %
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The morphology o f different PLGA microparticles (No.6-No. 10) are shown in SEM 

(scanning electron microscopy) pictures (Figure 5.8, 5.9, 5.10, 5.11 and 5.12), 

together with the size distributions.

I I  1 I l» I

(a) (b)

Figure 5.8 (a) SEM picture, (b) size distribution of PLGA microparticles, batch 

No.6.
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Figure 5.9 (a) SEM picture, (b) size distribution of PLGA microparticles, batch 

No.7.
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Figure 5.10 (a) SEM picture, (b) size distribution o f PLGA microparticle, batch 

No.8.
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Figure 5.11 (a) SEM picture, (b) size distribution o f PLGA microparticles, batch 

No.9.
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(a) (b)

Figure 5.12 (a) SEM picture, (b) size distribution of PLGA microparticles, batch 

No.lO.

The SEM result indicated that as sonication time and power increased, the particles 

became more uniform in size. All the microparticles were shown to have relatively 

smooth surfaces.

On comparison of Table 5.3 and Table 5.2, as the sonication time and amplitude 

increased from 30s and 2 watts to 1 min and 4 watts, PLGA particles became more 

uniform in size for both solvents employed (DCM and ethyl acetate). The highest 

protein loading and encapsulation efficiency (%) were obtained for particles 

produced with ethyl acetate, and particles made by ethyl acetate showed relatively 

smaller and evener particle sizes, compared to particles made by DCM (Figure 

5.2-5.6, Figure 5.8-5.12). This may due to the different miscibility and density 

properties of ethyl acetate and DCM. Miscibility is the solubility o f one liquid in 

another. Ethyl acetate has a higher miscibility in water (8.7% w/w, Lide, 1995) than 

DCM (2.5 % w/w, Lide 1995). When the first water in oil emulsion was formed, the 

protein molecules in water were able to associate with polymer dissolved in the 

organic solvent more readily. In the work reported by Liu and Deng (2002),
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poly-DL-lactic acid-polyethylene glycol (PELA) was used as a DNA delivery 

system. PELA microspheres were prepared by emulsion evaporation technique. 

Pure methylene chloride and methylene chloride/ethyl acetate mixture (volume ratio 

1:1) were used to investigate the factors influencing the particle size and DNA 

loading efficiency. When ethyl acetate was mixed with methylene chloride, a higher 

loading efficiency (60.8% w/w) and smaller particle size (diameter 1.38 |o.m) were 

obtained, compared to the pure methylene chloride as solvent (loading efficiency 

49.3% w/w; diameter 1.90 ^m) (Liu and Deng, 2002). The miscibility of methylene 

chloride with water is 2.5%> w/w (Lide, 1995). The improved water solubility o f the 

solvent ameliorated the compatibility between the water phase (including DNA 

molecules and water molecules) and oil phase (including polymer molecules and 

solvent molecules) (Liu and Deng, 2002). When two immiscible liquids mixed 

together and are not emulsified yet, the liquid with higher density stands at the 

bottom and the liquid with lower density at the top. In the current study, the 

emulsifying process was assisted by the sonication with sonication probe on the 

surface of the upper liquid. When solvent ethyl acetate was used, since it has a 

lower density (0.897 g/cm^) than water (1 g/cm^), it settled at the top o f water phase 

with the sonication probe touching at its surface. When sonication power is on, the 

power blew the solvent into the aqueous phase, forming oil droplets in water. If 

DCM was used as solvent, since it has a higher density (1.326 g/cm^) compared to 

water, DCM stood at the bottom, with aqueous phase at the top. When the probe 

was placed on the surface of upper aqueous liquid, it became difficult to formulate 

DCM droplets into water, compared to ethyl acetate system. DCM is one of the 

solvents mostly used in emulsion techniques, however due to its toxicity concern 

(Martindale, 1996) and better particle characteristics obtained by using ethyl acetate, 

ethyl acetate was chosen as the solvent for preparation of micro and nanoparticles in 

further studies.
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5.3.2 Differential scanning calorimetry (DSC) of PLGA 

microparticles

DSC is an analytical tool employed to measure a glass transition temperature (Tg), 

which is a thermal characteristic of amorphous substances. An important application 

o f DSC is the determination of possible interactions between a drug substance and 

polymers used in the formulation. One approach is to produce binary mixtures of 

each ingredient and to monitor changes in melting endotherms, which would 

indicate either a physical or chemical interaction between the two components 

(Souillac and Rytting, 1999).

In order to compare the Tg of H S A loaded PLGA microparticles with the drug free 

microparticles, two drug free batches of PLGA microparticles were prepared using 

DCM and ethyl acetate as solvents, respectively. The drug free batch made by DCM 

was named No. 11 and had similar physical properties to the No.5 batch; the drug 

free sample made by ethyl acetate was named No. 12 and had similar physical 

properties to the No. 10 batch. The details are shown in Appendix I.

The thermal characteristics of (a) H S A loaded PLGA microparticles with DCM as 

solvent (No. 5), (b) H S A loaded PLGA microparticles with ethyl acetate as solvent 

(No. 10), (c) physical mixture of H S A and PLGA (1:100), (d) drug free PLGA 

microparticles with DCM as solvent (No. 11), (e) drug free PLGA microparticles 

with ethyl acetate as solvent (No. 12), (f) pure PLGA polymer are shown in Figure 

5.13.
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Figure 5.13 DSC results of (a) H S A loaded PLGA microparticles with DCM as 
solvent (No. 5 with loading 0.711%), (b) H S A loaded PLGA microparticles with 
ethyl acetate as solvent (No. 10 with loading 0.842%), (c) physical mixture of H S 
A and PLGA (1:100), (d) drug free PLGA microparticles with DCM as solvent (No.
11), (e) drug free PLGA microparticles with ethyl acetate as solvent (No. 12), (f) 
pure PLGA polymer.

The Tg values are listed in Table 5.4. From Table 5.4 we can see that the H S A 

loaded PLGA microparticles had similar Tg values regardless of the solvent used. 

The same trend was observable for the drug free PLGA microparticles. Using ethyl 

acetate, the Tg of H S A loaded PLGA particles was 52.45 °C, which was smaller 

than the Tg of drug free particles with a value o f 54.39 °C. There was no protein 

peak observable with H S A loaded PLGA particles, indicating that the protein was 

molecularly dispersed in PLGA particles (Souillac and Rytting, 1999) or was not 

detectable due to the low level of the protein content. Similarly with DCM, the Tg of 

H S A loaded PLGA particles was 52.33 °C, which was smaller than the Tg of drug
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free particles with a value of 54.62 °C, and there was no protein peak observable in 

the DSC scan of the H S A loaded PLGA particles. The DSC scan of the physical 

mixture of PLGA and H S A only showed one single peak which may be caused by 

the low concentration of H S A presented in the mixture (1 ;100). Many authors have 

reported that drugs dispersed at the molecular level in such polymeric carriers result 

in amorphous dispersed drug, combining the benefits o f enhanced dissolution 

capabilities, improved stability and a disordered phase o f the drug (Tajber et al., 

2005 and Ford, 1986).

Table 5.4 Glass transition temperatures (Tg) o f PLGA microparticles.

No. Name Tg “C

(a) H S A loaded PLGA microparticle with DCM as solvent 

(No. 5)

52.33

(b) H S A loaded PLGA microparticle with ethyl acetate as 

solvent (No. 10)

52.45

(c) Physical mixture of H S A and PLGA 55.13

(d) Drug free PLGA microparticles with DCM as solvent (No. 

11)

54.62

(e) Drug free PLGA microparticles with ethyl acetate as 

solvent (No. 12)

54.39

(f) Pure PLGA polymer 56.71

The thermal characteristic of pure H S A is shown in Figure 5.14. The first broad 

peak indicated the dehydration of H S A and the second peak indicated the 

decomposition.
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Figure 5.14 DSC result of H S A.

5.3.3 Integrity of protein encapsulated

The integrity o f protein extracted from PLGA microparticles manufactured by ethyl 

acetate and DCM was studied by Sodium Dodecyl Sulphate PAGE electrophoresis 

(SDS-PAGE) (Figure 5.15). Samples were run in lane 3 (PLGA microparticles 

made with ethyl acetate, No. 10) and lane 4 (PLGA microparticles made with DCM, 

No.5) with a standard H S A sample in lane 2 and a molecular weight marker in lane 

1 .
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Lane 1: Molecular weight markers (M.W. range; 6.5 kDa-175 kDa)
Lane 2; H S A protein standard (66 kDa)
Lane 3: H S A extracted from microparticles with ethyl acetate as solvent (No. 10)
Lane 4: H S A extracted from microparticles with DCM as solvent (No.5)

Figure 5.15 SDS-PAGE of extracted protein from PLGA microparticles prepared 
with different solvents.

The molecular weights of H S A extracted from batches No.5 and No. 10 were 

similar to each other as shown on the SDS-page (Figure 5.15) and both of them 

were similar to the H S A standard which suggests the procedure does not affect the 

integrity o f protein, and the integrity was maintained throughout the production 

processes.
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5.3.4 Release study of H S A

The release profiles of H S A from PLGA microparticles prepared with ethyl acetate 

and dichloromethane are compared in Figure 5.16. The released protein was 

collected from PBS buffer (pH 7.4) at 37°C and measured by the Pierce Micro 

BCA^"^ Protein Assay Reagent Kit as described in Section 4.5.1.

Regardless of the solvent used, in vitro release studies showed a burst release, 

followed by a slower, sustained release o f protein. Around 3.5-5.0 |.ig/mg o f protein 

(50-60 %) was released from PLGA particles by 30 days and this amount remained 

constant until 45 days. The microparticles used here were particles from the batches 

No.5 and No. 10. The amount and percentage release data at different time points are 

listed in Appendix II.

The profiles are in agreement with the profiles reported by Gang et al., (2002). In 

their study, H S A, as a model protein, was encapsulated in PLGA (50:50 molecular 

weight 40 000-75 000) microparticles by a double emulsion technique with a mean 

particle size of 6.7 )j,m, and protein loading o f 1.65 %. In vitro studies were carried 

out for 30 days. Around 50-60 % of the encapsulated H S A was released from 

PLGA particles within 30 days in PBS buffer (pH 7.4) at 37 °C.
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Figure 5.16 Study of H S A release from PLGA microparticles prepared using DCM 
and ethyl acetate. The medium was PBS (pH 7.4) buffer and the studies were 
carried out at 37 °C.

The H S A release profiles from PLGA microparticles manufactured by ethyl 

acetate and DCM were fitted to Equation 1.7 and the fittings are shown in Figure 

5.17. The fractional value was calculated by the amount of protein released at that 

day divided by the average release of the highest release and the releases following. 

Parameters (estimate ± S.D.) obtained for the degradation controlled release rate and 

the burst release rate of the model were determined and are shown in Table 5.5. The 

equation assumes two additive release processes: an exponential fast release phase 

with a parameter Fb which can be defined as the fraction of drug available for direct 

surface release and Kb which is the release rate o f this part o f drug and a 

degradation controlled release phase with parameters k which is the rate constant 

and Tmax, the time to the maximum drug release rate. The coefficient of 

determination (CD) and model selection criterion (MSC) were used as measures of 

goodness of fit when evaluating the suitability o f a model. When judging the fit of a
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particular model to experimentally determined data, the most appropriate model is 

that with the largest MSC.

Table 5.5 Parameters fitted to the model for H S A release study from PLGA 
microparticles.

Solvent F b
K b

(day*)
k

(day^)
Tmax
(days)

CD MSC

Ethyl 

acetate 

(No. 10)

0.623

±0.022

1.53

±0.25

0.561

±0.172

19.5

±0.6
0.977 3.340

DCM

(No.5)

0.543

±0.024

1.58

±0.32

0.526

±0.138

19.4

±0.6
0.976 3.327
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Figure 5.17 Model fit to protein loaded PLGA microparticles (a) No. 10 made by 
ethyl acetate, (b) No.5 made by DCM.

PLGA degradation plays an important role in drug release studies from PLGA 

particles. Dunne and co-workers (2000) studied the degradation behaviour of PLGA 

and reported that the polymer degradation demonstrated a biphasic profile 

consisting of an initial fast rate of molecular weight reduction, followed by a slower 

rate. More than 90% of the molecular weight reduction occurred in the initial fast 

rate. When incubated in PBS buffer (pH=7.4) at 37°C, the first molecular weight 

reduction phase of PLGA ended by 30 days of incubation, which is longer than the 

time o f H S A release used to reach the maximum drug release rate (~19 days), 

which indicated that in the presence of protein, the polymer degradation was 

accelerated. In the work reported by Dunne and co-workers (2000), fluphenazine 

hydrochloride was loaded to PLGA microparticles (mean size 4.20 |am) with a drug 

loading of 8.17% and the time to reach the maximum release rate ( T m a x )  was 15.8 

days.
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The amount o f the protein released and their model fits are compared in Figure 5.18. 

The graph indicates that the release profiles o f H S A from PLGA microparticles 

prepared with the use o f different solvents both fit the model (Equation 1.7) and 

regardless o f the solvent used, there is a burst release on the first day, followed by a 

slower, sustained, degradation controlled release o f protein. The only difference is 

the larger loading and burst release observed for the ethyl acetate system.
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Figure 5.18 Model fit to the H S A released from PLGA microparticles prepared 
with different solvents (ethyl acetate and DCM).

5.3.5 Release studies of proteins other than H S A

To investigate the potential effects o f the protein molecular weight on the protein 

releases from PLGA particles, two proteins, other than H S A (Mw, 66,500 Da), 

were encapsulated into PLGA microparticles. They were ovalbumin (OVA) (Mw, 

44,300 Da) and OVA coupled F/G peptide (Mw, 46,300 Da). OVA coupled F/G 

peptide (OVA-F/G) was generously supplied by Professor Brian M Adair, 

Department o f Veterinary Science, the Queen’s University of Belfast. Ethyl acetate 

was used as the solvent. OVA coupled F/G peptide loaded PLGA microparticles

91



Chapter 5. PLGA micro and nano particles

were named No. 13 and OVA loaded PLGA m icroparticles-No.l4. The 

characteristics o f these three batches o f microparticles are presented in Table 5.6.

Table 5.6 Physical properties o f proteins loaded PLGA microparticles.

No. Protein
Molecular weight 

(kDa) (manufacturer)

Actual loading (%

w/w)

Particle median 

size (|J.m)

10 H S A 66.5 0.842 ±0.018 1.74 ±0.21

13 OVA-F/G 46.3 0.520±0.070 2.26±0.43

14 OVA 44.3 0.800±0.110 3.44±0.66

(Samples represent the mean o f three determinations ±standard deviation)

Protein release profiles in PBS buffer (pH 7.4) at 37 °C are shown in Figure 5.19. 

From Figure 5.19 we can see that regardless o f  the different proteins used, the 

release profiles showed a burst release, followed by a slower, sustained release.

140 n

T I  ̂  ̂ ^
.TillAll { {

■  I I

10 20 30
Time (days)

40

♦ OVA 
■ OVA-F/G 
A HSA

50

Figure 5.19 Percentage o f protein released from PLGA microparticles in PBS buffer 

(pH 7.4) at 37 °C.
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To evaluate the effect o f proteins on their release behaviours, the release profiles 

were fit to Equation 1.7, the parameters were estimated and are shown in Table 5.7.

Table 5.7 Parameters o f the release profiles of different proteins obtained from the 
fitting procedures.

No. Protein F b K b

(d ay ’)
k

(d ay ’)
T max

(days)
CD MSC

10 H S  A 0.623 1.53 0.561 19.5 0.977 3.340

±0.022 ±0.25 ±0.172 ±0.6

13 OVA-F/G 0.108 3.18 0.215 23.9 0.994 4.470

±0.029 ±1.77 ±0.023 ±0.6

14 OVA 0.290 1.24 0.495 25.4 0.997 5.204

±0.013 ±0.16 ±0.128 ±0.3

Equation 1.7 describes the drug release profiles by combining the first order initial 

burst release and the polymer degradation controlled release. In Table 5.7, OVA 

loaded microparticles had the highest CD and MSC values of 0.997 and 5.204 

compared to other particles (No.10 and N o.13). From Table 5.7, we can see that 

with the decrease in the protein molecular weight from 66.5 kDa to 44.3 kDa, T m a x  

values were increased from 19.5±0.6 to 25.4±0.3.

PLGA degradation is a process marked by diffusion of water into the polymer 

matrix, swelling, and subsequent degradation brought about by hydrolysis of 

covalent bonds (Hutchinson and Furr, 1985). The first rapid release happens when 

the water initially penetrates into the polymer matrix which initiates release of the 

protein molecules present close or on the surface o f the matrix, and additional 

protein molecules migrate through the interconnecting charmels in the polymer 

matrix (Pean et al., 1998; Hemadez et al., 1998; Duggirala et al., 1996).
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Microspheres encapsulating larger proteins had a preponderance o f larger pores 

close to the surface which might allow the initial release of large protein clusters on 

the surface. This release would lead to a quicker penetration of the microsphere by 

water, causing the formation of the interconnecting channels or the release of 

protein in pre-existing channels within the microsphere (Hemadez et al., 1998; 

Duggirala et al., 1996). Both of these effects could lead to the continuous release 

through pores seen for microspheres encapsulating larger proteins. Microspheres 

encapsulating smaller proteins, however, seemed to have a higher percentage of 

small pores distributed throughout the microsphere (Sandor et al., 2001). This type 

of structure might entrap proteins, which would most likely yield a lag effect 

(Sandor et al., 2001). Sandor and the co-workers studied the effect of protein 

molecular weight on release from PLGA microparticles. In their work, proteins with 

different molecular weights (lysozyme 13.4 kDa, carbonic anhydrase 29 kDa, 

bovine serum albumin 66 kDa, alcohol dehydrogenase 150 kDa, thyroglobulin 669 

kDa) were encapsulated in PLGA (50:50 MW 12,068) microspheres with particle 

sizes o f 1-3 [am. At low loadings o f 0.5-1.6 % w/w, release appeared to be 

dependent on the protein molecular weight while independent at high loadings of 

4.8-6.9 % w/w. At low loadings, release of the larger proteins was dependent on 

diffusion through pores for the duration o f the study (8 weeks), while for the smaller 

proteins it seems to depend on diffusion through pores initially and on degradation 

at later times (Sandor et al., 2001). When the molecular weight of protein decreased 

from 669 kDa to 13.4 kDa, the time required to reach ‘the maximum release rate’ 

was increased from 12 days to 28 days.

Size differences may be another reason that caused the increase of T m a x  from H S A 

microparticles to OVA microparticles. H S A microparticles were smaller particle 

sizes (1.74 ± 0.96 |^m) than OVA proteins (3.44 ± 0.66 |xm). Particle size effects on 

release are discussed in Section 5.5.3. OVA-F/G loaded microparticles had the 

lowest Fb value of 0.108 ± 0.029, with the greatest Fb value being for H S A. It is in
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agreement with a trend o f protein loadings on PLGA microparticles (Table 5.6). 

OVA-F/G had a low actual loading o f 0.52 %, compared to the model protein of 

OVA and H S A with values of 0.80 % and 0.84 %, respectively. Loading effects on 

protein releases are discussed in Section 5.5.2.

5.4 Preparation of PLGA nanoparticles 

5.4.1 Properties of PLGA nanoparticles

By increasing the sonication time and power, the particle size of PLGA was 

decreased from micro range to the nano range. In this study, model protein H S A 

was used as the antigen and ethyl acetate was used as the solvent to prepare PLGA 

nanoparticles. This batch of particles was named No. 15.

The properties of PLGA microparticles (No. 10) and nanoparticles (No. 15) are 

compared and shown in Table 5.8.

Table 5.8 Properties o f PLGA micro and nanoparticles loaded with H S A.

No
D50%
(^m)

D90%
(^m)

Span Yield%
Protein
EE%

Protein
loading

(% w/w)

1.74 3.38 1.45 80.7 84.2 0.842
10

±0.21 ±1.60 ±0.73 ±0.6 ±1.80 ±0.018

0.56 0.97 0.95 86.1 52.1 0.521
15

±0.17 ±0.14 ±0.16 ±3.2 ±1.7 ±0.017

(Samples represent the mean of three determinations ±standard deviation)
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From Table 5.8 we can see that when the sonication time was increased from 1 

minute to 10 minute on both emulsifying processes, keeping the sonication power 

all the same (4 watt), the median particle size of microparticles was decreased from 

1.74 + 0.21 |j.m to 0.56 + 0.27 |o,m and the D90% was decreased from 3.38 + 1.60 

l^m to 0.97 + 0.34 |j,m. The difference in the median particle size was significant 

(p<0.05).

From Table 5.8 we can see that when the particle size was decreased by increasing 

the sonication time, the protein loading and EE% were decreased (p<0.05). It may 

be due to the fact that larger oil droplets prevent leakage of the inner aqueous phase 

through the oil phase into the outer aqueous phase. The size of oil droplets plays an 

important role in determining the resultant particle sizes (Yang et al., 2001; Cui et 

al., 2005).

The morphology of PLGA nanoparticles (No. 15) together with the size distribution 

is shown in Figure 5.20.
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Figure 5.20 (a) SEM picture, (b) size distribution o f PLGA nanoparticles loaded 
w ith H S  A (N o.l5).

96



Chapter 5. PLGA micro and nano particles

Figure 5.20 indicates that the nanoparticles presented smooth particle morphology 

and even range of particle sizes.

5.4.2 Integrity of protein encapsulated

The molecular weights of H S A extracted from PLGA nanoparticles (No. 15) were 

compared with those of the protein before encapsulation by SDS-PAGE. H S A 

extracted from the nanoparticles was similar to H S A standard shown on the 

SDS-PAGE (Figure 5.21) which suggested that the integrity of the protein 

conformation o f H S A was maintained in PLGA nanoparticles.
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Lane 1: Molecular weight markers (M.W. range: 6.5 kDa-175 kDa)
Lane 2: H S A protein standard (66 kDa)
Lane 3: H S A extracted from nanoparticles (No. 15)
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Figure 5.21 SDS-PAGE of H S A extracted from nanoparticles (No.15).

The integrity o f model proteins such as H S A, BSA and OVA are generally 

maintained under processing conditions encountered during microencapsulating. In 

the work reported by Igartua et al. (1998), a model protein bovine serum albumin 

(BSA, Mw 66,200 Da) was encapsulated within PLGA RG 506 (50:50) 

microspheres using a double emulsion method. The particles presented a mean size 

o f 1.32 |im, with the protein loading of 8.61% w/w. The SDS-PAGE results showed 

that there was no apparent effect of the encapsulation conditions on the structural 

integrity of the protein. The encapsulation conditions include the contact with 

solvent DCM, probe sonication and vigorous shaking (Igartua et al., 1998). In 

another work recently reported by Cohen et al. (2007), PLGA (50:50, Mw 123,400 

Da) was used to encapsulate pDNA (alkaline phosphatase, AP, a reporter gene) in 

nanoparticles with a size range of 600 nm. As shown from agarose gel 

electrophoresis, the entrapped plasmid maintained its structural and functional 

integrity (Cohen et al., 2007).

5.4.3 Drug free PLGA nanoparticles

To exclude the H S A effect on the preparation process, drug free PLGA 

nanoparticles were prepared using similar conditions as those used to manufacture 

of PLGA nanoparticles loaded with H S A (Section 5.4). Ethyl acetate was used as 

solvent. The resultant nanoparticles presented a median particle size of 0.64 ±0.15 

|im (n=3) and D 90% of 1.09 ± 0.54 |^m (n=3), which were similar to the sizes o f H 

S A loaded nanoparticles (No. 15). The SEM picture and size distribution o f the drug 

free PLGA nanoparticles (No. 16) are shown in Figure 5.22. Both o f the drug free 

and H S A loaded batches of nanoparticles showed smooth surfaces and spherical 

particle shapes.
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Figure 5.22 (a) SEM picture, (b) size distribution of drug free PLGA nanoparticles, 
batch No. 16.

5.4.4 H S A loaded PLGA nanoparticles stained with 

coumarin

Coumarin-6 was loaded to PLGA nanoparticles as a lipophilic fluorescence marker 

to observe the particles under a fluorescence microscope. It is preferred to use 

coumarin as a fluorescent label because of easier handling, avoiding the problems 

associated with the use of radioactive material and high marker recovery. It is a 

common experimental approach to study uptake and particle targeting in vivo or in 

vitro.

In this study, coumarin-6 was dissolved in PLGA solution. After the emulsification 

and collection, the resultant particles encapsulating protein H S A (named No. 17) 

were freeze dried and their morphologies were observed under a fluorescence 

microscope. The solvent used to formulate the particles was ethyl acetate. From the 

microscopic picture (Figure 5.23), we can see that all the nanoparticles showed a

99



Chapter 5. PLGA micro and nano particles

bright green colour, which indicates the feasibility of using them in in vivo studies. 

The properties o f the coumarin-6 loaded nanoparticles are presented in Table 5.9.

Figure 5.23 Fluorescence microscope picture o f H S A loaded PLGA nanoparticles 
with coumarin-6 (No. 17).

Table 5.9 Comparison of properties o f PLGA nanoparticles loaded with coumarin-6 
(No. 17) and particles without coumarin (No. 15). Both o f the batches were 
encapsulated with protein H S A.

Protein Loading
No D50% D90% Span Yield %

(l^g/mg)

15 0.56 ±0.17 0.97 ±0.14 0.95 ±0.16 86.1 ±3.2 5.21 ±0.17

17 0.74 ±0.17 1.26 ±0.38 1.19 ±0.18 89.1 ±3.8 5.15 ±2.25

(Samples represent the mean of three determinations ±standard deviation)

The loading of coumarin-6 in particles (No. 17) was 0.25 |o,g/mg (0.025% w/w), with 

an encapsulation efficiency of 100 %. These results agree with the work previously 

reported by Pietzonka et al., (2002). In their work coumarin-6 was loaded onto 

PLGA (RG 752) nanoparticles with coumarin loading of 1 |o.g/mg and the resultant
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EE% value was over 95%. Coumarin loaded nanoparticles (No. 17) had similar 

particle sizes to particles without coumarin (No. 15).

The release o f H S A and coumarin from the same batch of nanoparticles (No. 17) 

were carried out for 45 days separately. The release medium used was PBS buffer 

(pH=7.4) at 37°C. The release profile of coumarin-6 is shown in Figure 5.24 and the 

amount and percentage release data collected over time is listed in Appendix II. The 

release data from these coumarin loaded PLGA nanoparticles is also shown in 

Figure 5.243.
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Figure 5.24 Percentage o f coumarin-6 and H S A  released from PLGA 
nanoparticles.

From Figure 5.24 we can see that coumarin-6 showed a very low burst release at the 

first day, with a value o f no more than 1%, and then the coumarin release was 

sustained until the end o f the study, which was 45 days. In the work previously 

reported by Qaddoumi et al. (2003), coumarin-6 was loaded into PLGA (50:50 

RG752) nanoparticles with a loading o f 0.50 |^g/mg and particle size of 100 nm to 

study the coumarin release from PLGA particles in vitro. BSA was encapsulated as 

a model protein with loading of 5%. As a result, no more than 0.32% of coumarin-6
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was released within the first 24 hours in bicarbonate Ringer’s solution (BRS) at 37 

°C. H S A showed a burst release around 20% of the total encapsulated protein, and 

followed by a sustained release until the end of the study.

Both o f the release profiles of coumarin-6 and H S A were fitted to Equation 1.7 to 

evaluate the release parameters and the results are listed in Table 5.10. The model 

fits are presented in Figure 5.25.

Table 5.10 Parameters obtained by fitting the experimental points o f the release 
profiles to Equation 1.7 (Batch number 17).

Release F b Kb
(day ')

k
(day ')

Tmax
(days)

MSC CD

Coumarin-6 0.006 0.786 0.167 27.5 4.062 0.990

±0.001 ±0.050 ±0.070 ±5.5

0.206 1.565 0.148 26.8 4.245 0.991

±0.020 ±0.503 ±0.009 ±0.6
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Figure 5.25 Model fit to the percentage o f H S A and coumarin-6 released from 
PLGA nanoparticles.
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From Table 5.10 we can see that the time to reach the maximum release rate of 

coumarin-6 ( T m a x )  was 27.5 days. Compared to the degradation results reported by 

Dunne (2000), the presence of H S A and coumarin-6 accelerated the degradation of 

PLGA nanoparticles. The degradation results of PLGA nanoparticles with sizes of 

0.5 i^m presented T m a x  time o f 59.7 days and k o f 0.045 (Dunne, 2000). Compared 

to the release o f protein H S A, coumarin-6 showed a lower burst release (Fb 0.006 

±0.001) than H S A (Fb 0.218 ±0.034). This may due to the fact that low loading of 

coumarin-6 (0.25 |j.g/mg) leads to a low burst release, compared to H S A with 

loading o f 5.15 |xg/mg. The loading effects on the drug release are discussed in 

Section 5.5.2.

Coumarin-6 could be a useful probe for fluorescence microscopic studies. About 

0.025% w/w dye loading in the particles results in bright fluorescent nanoparticles 

(Figure 5.23). Coumarin-6 can also be quantified by HPLC. Researchers have 

reported a sensitive HPLC method to quantify 6-coumarin in both cell lysates and in 

tissue samples (Panyam et al., 2002; Davda and Labhasetwar, 2002). As a marker, 

coumarin-6 loaded nanoparticles can be used in in vivo pharmacokinetics and tissue 

distribution studies.

Under the same sonication time and power, the concentration of PLGA RG 504 in 

ethyl acetate was increased from 100 mg/ml to 200 mg/ml to investigate the effect 

o f coumarin on the particle size. No additional excipients like coumarin-6 were 

incorporated. As a result, the median particle size was increased from 0.75 jam to 3 

|o.m with an increasing protein loading from 7 }xg/mg to 8 |o.g/mg. This batch was 

named No. 18 and the properties of the particles are listed in Appendix I. The results 

agreed with the previous work reported by Cui et al., 2005. It was considered that 

the higher concentration o f PLGA, at a fixed sonication force, results in a higher 

viscosity o f the oil phase, which makes the formation of small oil droplets difficult 

and, as a result, larger particles. The increased encapsulation efficiency of protein
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can also be attributed to the increase in both oil phase viscosity and the larger size 

of the oil droplets, which prevent leakage of the inner aqueous phase through the oil 

phase into the outer aqueous phase (Yang et al., 2001; Cui et al., 2005).

5.4.5 Particle preparations witli Digital Sonifier

Digital Sonifier 250 (Branson) is a more powerful sonicator compared to SONICS 

VC130PB and may provide ten times higher power output than SONICS VC130PB. 

A Branson 250 sonifier was used in this study to investigate the effect of sonication 

power on the particle size. The particle sizes did not decrease when the output 

power was increased from 4 watts to 40 watts, and furthermore, aggregation of the 

product was observed after emulsification. This batch was named No. 19 and the 

properties o f the particles are listed in Appendix I. The emulsification process under 

high power of sonication would result in a large and rapid rise in the emulsion 

temperature. When 40 watts of sonication power was applied to the system for more 

than 30 seconds, the emulsion boiled, which may have caused polymer aggregation.

5.5 PLGA nanoparticles loaded with OVA

In this study, ovalbumin (OVA) was used as the model protein and encapsulated 

into PLGA nanoparticles to observe the loading effects on the properties o f particles 

and protein release from nanoparticles. Ethyl acetate was used as solvent.
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5.5.1 Loading effects on the properties of nanoparticles

Three batches o f nanoparticles with different OVA loadings, named No.20, 21 and 

22, were prepared by the double emulsion technique and their characteristics are 

shown and compared in Table 5.11.

Table 5.11 Properties o f PLGA nanoparticles with different loading of OVA.

No.
Theoretical
loading%

Actual
protein

loading%

Protein
EE%

D50%
(Hm)

D90%
(lam)

Span

0.71 70.8 0.42 1.03 1.47
20 1

±0.03 ±2.8 ±0.17 ±0.51 ±0.46

2.95 29.7 0.44 1.10 2.14
21 10

±0.50 ±5.0 ±0.12 ±0.77 ±0.97

5.45 27.3 0.67 1.19 1.35
22 20

±0.40 ±2.0 ±0.24 ±0.58 ±0.32

(Samples represent the mean of three determinations ± standard deviation)

The protein loadings in these three nanoparticle batches were 0.71 %, 2.95 % and 

5.45 %, respectively. The encapsulation efficiency% (EE %) was determined and 

was expressed by relating the actual OVA entrapment to the theoretical OVA 

entrapment. The EE% tended to decrease from batch No.20 to 22 and the difference 

was significant when comparing No.20 with No.22 (p<0.05), which indicated a 

decrease in loading capacity o f proteins when the initial theoretical loading o f the 

protein was increased. This is in agreement with the work previously reported by 

Yang et al., (2001). In their work, BSA was encapsulated in PLGA (65:35 40

000-75 000) microparticles with different loadings. An increase in BSA loading 

reduced the encapsulation efficiency (EE%) of BSA. When the theoretical protein 

loading was 0.57 %, the EE% was 79.1 %; when the theoretical loading was 

increased to 4.80 %, the EE% was decreased to 55.0 %. A higher loading provides a 

higher BSA concentration in the emulsion droplets. This increase in the
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CDncentration gradient o f  BSA between the emulsion droplets and the continuous 

v/ater phase increases the amount o f  BSA dissolving into the continuous water 

phase (Yang et a l, 2001).

The morphologies o f these three batches o f nanoparticles are shown in Figure 5.26, 

5.27 and 5.28.

(a) (b)

Figure 5.26 (a) SEM picture, (b) size distribution of PLGA nanoparticles loaded 
with OVA (No.20).

(a) (b)

Figure 5.27 (a) SEM picture, (b) size distribution of PLGA nanoparticles loaded 
with OVA (No.21).

106



Chapter 5. PLGA micro and nano particles

WD13.7mm S.OkV x 9 . Ok

J
II I w 1 1

= H t l e S c 8 i ) i i i |

(a) (b)

Figure 5.28 (a) SEM picture, (b) size distribution of PLGA nanoparticles loaded 

with OVA (No.22).

From Figure 5.26, 5.27 and 5.28, it can be seen that all the particles are spheres with 

relatively even particle sizes. Particles from batch No.20 showed smoother surfaces 

than those of batch No.22. It might be due to the fact that more protein was loaded 

into No. 22, leading to more protein available on the surface compared to the one 

with a low loading (No.20). As mentioned previously, OVA may be physically 

dispersed in PLGA particles when manufactured by double emulsion method 

(Chapter 5.3.2).

5.5.2 Loading effects on OVA release

In vitro release study of OVA from the three PLGA batches o f nanoparticles with 

different loadings was carried out over 70 days in PBS buffer (pH 7.4) at 37 °C 

(Figure 5.29). All the three release profiles showed a burst release on the first day, 

followed by a sustained release. Nanoparticles No.22 with the highest loading (5.45
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%) gave the highest protein release throughout the incubation period, followed by 

No.21 and No.20.

CO

■ No.20 
A No.21 
♦ No.22

Time (days)

Figure 5.29 Release profiles of OVA from PLGA nanoparticles with different 
loadings (loading of G.71%- No.20; loading of 2.95%- No.21; loading of 5.45%- 
No.22).

At the first day, the OVA presented a burst release with a value of 22.2 |ig/mg from 

nanoparticles No.22, followed by 8.17 |o,g/mg (No.21) and 1.28 ^g/mg (No.20). At 

the end of the incubation period (day 70), there was in total 46.5 |^g/mg o f protein 

released from No.22 PLGA nanoparticles, followed by 27.4 |ag/mg and 4.49 ng/mg 

from No.21 and No.20, respectively. The amount and percentage release data at the 

different time points are listed in Appendix II.

The percentage values of OVA released from the particles are shown in Figure 5.30. 

Particles with loading o f 5.45% presented a complete OVA release over 51 days, 

and particles with loading of 2.95% presented a complete release over 65 days.
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Figure 5.30 Release profiles of OVA from PLGA nanoparticles with different 
loadings (loading of 0.71%- No.20; loading of 2.95%- No.21; loading of 5.45%>- 
No.22).

The release profiles o f OVA from PLGA nanoparticles with the different loadings 

were fitted to Equation 1.7. Parameters relating to the burst release and degradation 

controlled release were estimated and summarised in Table 5.12.

Table 5.12 Fitting parameters of OVA release from PLGA nanoparticles with 
different protein loadings.

NP
No.

Drug
loading% F b

Kb

(day ')
k

(day ')
Tmax
(days)

CD MSC

20 0.71
0.192

±0.036
1.61

±0.58
0.099

±0.008
27.2
±1.3

0.994 4.622

21 2.95
0.235

±0.045
1.69

±0.61
0.102

±0.011
25.9
±1.7

0.990 4.210

22 5.45
0.569

±0.037
0.89

±0.10
0.113

±0.015
21.7
±2.1

0.994 4.644

(Samples represent the mean of three determinations ±standard deviation)
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Equation 1.7, combining contributions from a first-order initial release phase and a 

polymer degradation controlled drug release phase, gave a relatively good fit with 

all :hree data sets.

Fb is the fraction o f the drug released in the burst phase. In this study, Fb increased 

from 0.192±0.036 to 0.569±0.037 when protein loadings were increased from 0.71 

% to 5.45 % (Table 5.12). It is consistent with the results reported by Gallagher and 

Corrigan (2000) that the burst o f drug released from PLGA (50:50 RG504) discs is 

increased with the increase in the drug loading. In their studies, the release of 

levamisole hydrochloride from PLGA discs prepared at 5, 10 and 20% drug loading 

was investigated. The disks were prepared from films obtained by solvent 

evaporation from PLGA solution containing the suspended drug particles. Release 

was found to occur in a biphasic manner, with an initial fast release phase followed 

by a slower polymer degradation controlled release phase. When the levamisole 

hycrochloride particles were in the size ranged of drug 90-125 iim, the Fb value was 

increased from 0.111 to 0.188 and 0.350 when the drug loading was increased from 

5% to 10% and 20%, respectively; when the levamisole hydrochloride particles 

ranged 125-250 |j,m, the Fb value was increased from 0.131 to 0.193 and 0.259 

when the drug loading was increased from 5% to 10% and 20%, respectively. The 

increase in Fb with increased loading was attributed to the higher concentration of 

drug dispersed in particles which effectively increased the proportion of drug linked 

to :he particle surface. It is consistent with the model proposed by Gallagher and 

CoTigan (2000).

T m x̂ i s  the time to the maximum drug release rate. In this study, T m a x  decreased 

fro3i 27.2±1.3 to 21.7±2.1 days when the loading was increased from 0.71% to 

5.4)% (Table 5.12), while the rate constant k remains relatively constant. In the 

wo'k reported by Gallagher and Corrigan (2000), T m a x  decreased when the drug
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loading was increased from 5% to 10% and 20%. The reason that discs with higher 

loadings had rapid release, may be due to the fact that high density of 

interconnecting channels, as opposed to that of discs with lower loadings, increase 

polymer permeability in the presence of drug and as a result increase PLGA 

degradation. It is consistent with the model proposed by Gallagher and Corrigan 

(2000).

The amount of protein released and their model fits are shown in Figure 5.31 and 

indicate that the release profiles from different loadings of nanoparticles can all fit 

to the model (Equation 1.7). The fraction of the initial burst release increases with 

increasing drug loadings. The time to reach the highest release rate tends to decrease 

vith increasing drug loading, while the rate constant k remains relatively constant.

 IVIodel
■ 0.71%

 Model
▲ 2.95%

 Model

♦ 5.45%

Time (days)

Figure 5.31 Model fit to amount released of OVA from PLGA nanoparticles with 
dfferent loadings (loading 0.71%- No.20; loading 2.95%- No.21; loading 5.45%- 
^o.22).
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5.5.3 Particle size effects on OVA release

In order to illustrate the particle size effects on the protein release from particles, 

tv\o release profiles o f OVA loaded particles were chosen for comparisons. They 

had similar drug loadings and different median sizes. They are batches No. 14 and 

No.20 and their properties are listed in Table 5.13.

Table 5.13 Properties o f OVA loaded PLGA micro and nano particles.

No. Type Protein Loading % Median size (|im)

14 Microparticles OVA 0.80 3.44

20 Nanoparticles OVA 0.71 0.42

The release profiles are shown in Figure 5.32 and the parameters fitted to Equation 

1.7 are shown in Table 5.14.

80

Figure 5.32 Amount o f OVA released from PLGA microparticles (No.14) and 
nanoparticles (No.20).
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Table 5.14 Parameters o f fittings to Equation 1.7.

No
Median 

size (|im)
F b

K b

(day*)

k

(day*)
T max

(days)
CD MSC

3.44 0.290 1.24 0.495 25.4
14 0.997 5.204

±0.66 ±0.013 ±0.16 ±0.128 ±0.3

0.42 0.192 1.61 0.099 27.2
20 0.994 4.622

±0.17 ±0.036 ±0.58 ±0.080 ±1.3

From Table 5.14 we can see that when the median particle size was decreased from 

3.44 to 0.42 (xm, the release rate k was decreased from 0.495 to 0.099 and T max  was 

increased from 25.4 ±0.3 days to 27.2 ±1.3 days. In the work previously reported on 

the study o f PLGA degradation by Dunne et al., (2000), a linear relationship 

between the degradation rate and particle size existed, with the larger particles 

degrading faster. In smaller particles degradation products formed within the 

particle can diffuse easily to the surface while in larger particles degradation 

products have a longer path to the surface of the particle, during which autocatalytic 

degradation of the remaining polymer material can occur (Dunne et al., 2000). It 

may help to explain the results obtained with the batch having smaller particles (No. 

20) that, the release rate from the particles was decreased and the time to reach the 

maximum release rate was increased.

5.6 PLGA nanoparticles loaded with indomethacin 

and ketoprofen

5.6.1 Properties of the PLGA nanoparticles

Indomethacin and ketoprofen are two nonsteroidal anti-inflammatory drugs (NSAID) 

with molecular weight of 357.79 and 254.28 Da, respectively and low water
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solubility. Since they have small molecular weight and low aqueous solubility, it 

was o f  interest to compare their releases with the releases o f protein from PLGA 

nanoparticles. Indomethacin and ketoprofen were encapsulated in PLGA 

nanoparticles by a single emulsion technique as described in Section 4.3.4. The 

resulting nanoparticles were named No. 23 and No.24, and their physical properties 

are shown in Table 5.15

Table 5.15 Properties o f  indomethacin and ketoprofen loaded PLGA nanoparticles.

Drug
No. Drug name D 50% D 90% Size span loading

(% w/w)
EE%

23 Indomethacin
0.68

±0.06
1.73

±1.16
2.59

±0.19
6.52

±0.06
65.2
±0.6

24 Ketoprofen
0.54

±0.13
1.65

±1.65
1.98

±0.76
4.02

±0.03
40.2
±0.3

(Samples represent the mean o f three determinations ± standard deviation)

Compared to the drug free PLGA nanoparticles (No. 16), indomethacin and 

ketoprofen did not significantly affect the sizes o f the particles. The loading of 

indomethacin and ketoprofen in PLGA nanoparticles were 6.52 ± 0.06% and 4.02 ± 

0.03 % w/v, respectively.

The drug encapsulation efficiency% (EE%) o f ketoprofen was lower than that o f 

indomethacin. The EE% were 40.2 ± 0.3% and 65.2 ± 0.6% for ketoprofen and 

indomethacin, respectively (p<0.05), which may be related to the higher aqueous 

solubility o f  ketoprofen. Ketoprofen has a solubility o f  0.5 mg/ml at 25 ° C  (Levis, 

2003) in water and indomethacin is practically not soluble in water. Indomethacin 

does not suffer from problems o f drug leakage to the external aqueous medium, 

resulting in improved drug content in the nanoparticles. Barichell and co-workers 

(1999) assessed the relative advantages and drawbacks o f the emulsion technique
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for a range of drugs with respect to the drug encapsulation in PLGA (75:25 lOkDa) 

nanoparticles with a mean diameter o f 160-170 nm. The theoretical drug loading 

was 3.3% w/w. The results of the encapsulation efficiency analysis demonstrated 

that more lipophilic drugs, such as indomethacin, do not suffer from the problems of 

drug leakage to the external medium. In the work reported by Barichell et al. (1999), 

indomethacin presented a drug EE% of 93.9 ± 1.3% and ketoprofen demonstrated 

lower values of encapsulation of 46.2 ± 1.2%. The solvent used was acetone. In 

another work recently reported by Joung et al. (2007), PLGA particles 

encapsulating indomethacin were prepared by an oil-in-water (o/w) emulsion 

method and the solvent ethyl acetate was eliminated by extraction. The loading 

amount and loading efficiency of indomethacin were 0.023 ± 0.01 mg/mg and 14.8 

± 0.67%, respectively. The low indomethacin encapsulation efficiency may be 

caused by the different methods used to eliminate solvent. When the o/w emulsion 

was diluted with isopropyl alcohol, indomethacin may have transferred to isopropyl 

alcohol with solvent, and resulted in lower encapsulation efficiency. Drug 

encapsulation efficiency could be different when different manufacture conditions 

and processes are used.

The SEM picture and particle size distribution of indomethacin loaded PLGA 

nanoparticles (No.23) are shown in Figure 5.33, and the SEM picture of ketoprofen 

loaded PLGA nanoparticles (No.24) with the particle size distribution are shown in 

Figure 5.34. From the SEM pictures we can see that both the indomethacin and 

ketoprofen loaded PLGA nanoparticles were spherical with smooth surfaces.
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Figure 5.33 (a) SEM picture, (b) particle size distribution of indomethacin loaded 
PLGA nanoparticles (No.23).
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Figure 5.34 (a) SEM picture, (b) particle size distribution of ketoprofen loaded 
PLGA nanoparticles (No.24).
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5.6.2 Differential scanning calorimetry (DSC)

The thermal characteristics of (a) indomethacin loaded PLGA nanoparticles (No. 

23), (b) drug free PLGA nanoparticles (No. 16), (c) pure PLGA polymer, (d) 

physical mixture of indomethacin and PLGA with a ratio the same as the 

indomethacin loading in particles, are shown in Figure 5.35. The glass transition 

temperature (Tg) values are listed in Table 5.16.

mW

50 150 2 0 0100

0 5 10
Dept of Pharmaceutics: Dept of Pharmaceutic

15

Figure 5.35 DSC results o f (a) indomethacin loaded PLGA nanoparticles (No. 25), 
(b) drug free PLGA nanoparticles (No. 20), (c) physical mixture of indomethacin 
and PLGA (6.5:100), (d) pure PLGA polymer.
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Table 5.16 Glass transition temperatures (Tg) o f polymer and indomethacin PLGA 
particles.

No. Name Tg X

(a) Indomethacin loaded PLGA NPs 50.62

(No.25)

(b) Drug free PLGA NPs (No.21) 54.39

(c) Physical mixture o f PLGA and 56.69

indomethacin

(d) Pure PLGA polymer 56.71

The Tg o f indomethacin loaded PLGA NPs was 50.62 °C, which was lower than the 

Tg of the drug free PLGA nanoparticles occurring at 54.39 °C. There was no drug 

melting peak observable in the DSC curve of indomethacin loaded PLGA particles 

indicating that the drug was molecularly dispersed within the PLGA particles 

(Souillac and Rytting, 1999). Compared to Table 5.4, protein H S A loaded PLGA 

microparticles with DCM as solvent presented a Tg of 52.33 °C, which is higher 

than the Tg o f indomethacin loaded PLGA particles. This may be caused by the 

higher loading of indomethacin in PLGA particles (6.52%) than H S A loading 

(0.711%). Drug free PLGA nanoparticles presented a Tg lower than that of pure 

PLGA polymer which was 56.71°C. This decrease may be caused by the 

manufacturing process. The glass transition temperature is determined when the 

polymer state is changed from hard to rubbery state. It indicates how easily the 

molecular chains o f the polymer move. Manufacturing process and molecular 

dispersion with another molecule would affect conformation of the chains of 

polymer and as a result decrease in the Tg temperature.

Many authors have reported that drug dispersed at a molecular level in polymeric 

carriers result in amorphous dispersed drug, combining the benefits of enhanced
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dissolution capabilities, improved stability and a disordered phase of the drug 

(Tajber et al., 2005 and Ford, 1986). The DSC curve o f the physical mixture of 

PLGA and indomethacin had another peak at 159.86 °C (Figure 5.35), indicating the 

physical presence o f indomethacin. The melting point o f indomethacin is 155-161 

°C (British Pharmacopoeia).

The thermal characteristics o f (a) ketoprofen loaded PLGA nanoparticles (No. 24), 

(b) drug free PLGA nanoparticles (No. 16), (c) physical mixture of PLGA and 

ketoprofen with a ratio the same as the ketoprofen loading in nanoparticles, (d) pure 

PLGA polymer, are shown in Figure 5.36.

exo
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Figure 5.36 DSC results o f o f (a) ketoprofen loaded PLGA nanoparticles (No. 24), 
(b) drug free PLGA nanoparticles (No. 16), (c) physical mixture of ketoprofen and 
PLGA (4:100), (d) pure PLGA polymer.
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The glass transition temperature (Tg) values o f the systems are listed in Table 5.17. 

The Tg of ketoprofen loaded PLGA NPs was 47.93 °C, which was lower than the Tg 

of the drug free PLGA nanoparticles seen at 54.39 °C and there was no drug melting 

peak observable in the DSC curve of the ketoprofen loaded PLGA particles 

indicating that drug was molecularly dispersed in PLGA particles (Souillac and 

Rytting, 1999). Drug free PLGA nanoparticles presented a Tg temperature lower 

than pure PLGA polymer. This decrease may be caused by the manufacturing 

process, including the dissolution of PLGA and evaporation of the solvent. DSC 

curve o f the physical mixture of PLGA and ketoprofen had another peak at 93.78 °C 

(Figure 5.36), indicating the physical presence of ketoprofen. The mehing point of 

ketoprofen is 92-95 °C (British Pharmacopoeia).

Table 5.17 Glass transition temperatures (Tg) o f PLGA and ketoprofen-PLGA 
particles.

No. Name Tg°C

(a) Ketoprofen loaded PLGA NPs (No.26) 47.93

(b) Drug free PLGA NPs (No.21) 54.39

(c) Mixture o f PLGA and ketoprofen 56.70

(d) Pure PLGA polymer 56.71

5.6.3 Release studies of indomethacin and ketoprofen from 

PLGA nanoparticles

Indomethacin and ketoprofen loaded PLGA nanoparticles were dispersed in PBS 

buffer (pH=7.4) under sink conditions. The amount of drug released and percentage 

(%) release profiles are shown in Figure 5.37 and Figure 5.38, respectively.
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Figure 5.37 Amount of indomethacin and ketoprofen released from PLGA NPs 
(No.23, No.24 respectively) in PBS buffer (pH=7.4) at 37 °C.
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Figure 5.38 Percentage of indomethacin and ketoprofen released from PLGA NPs 
(No.23, No.24, respectively) in PBS buffer (pH=7.4) at 37 °C.

From Figures 5.37 and 5.38 we can see that both drugs showed an initial burst 

release in the first day followed by a sustained release. Ketoprofen nanoparticles 

(No.24) gave a burst release value of 42.2% after 24 hours and indomethacin gave a 

release value of 26.3 % over the same period of time. Most of the drugs had been 

released within 25 days. The amount and percentage (%) released values data versus 

time are listed in Appendix IL
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Puebla and co-workers (2005) indicated that encapsulation o f non-dissolved drug 

within the polymeric matrix results in rapid release. In their work, indomethacin 

was encapsulated within PLGA (RG 503, 50:50, Mw = 34,000 Da) by solvent 

evaporation to obtain biodegradable indomethacin microspheres for intra-articular 

administration in rheumatoid arthritis. With a drug loading of 7.29% w/w and mean 

particle size around 5 |im, the indomethacin microspheres prepared showed an 

initial burst of 21.19 ±0.42% during the first 24 hours, followed by a sustained 

release until day 16, when most of the indomethacin had been released. The release 

medium was PBS buffer at pH=7.4 (sink conditions).

Gabor and co-workers (1999) reported biphasic release profiles of ketoprofen from 

PLGA microspheres. When polymer PLGA RG502 (50:50, Mw = 12,000 Da) was 

used to make microspheres and ketoprofen was encapsulated with a loading of 3.9% 

w/w, the release of ketoprofen had a first burst release o f 40% at the end of 24 hours, 

followed by a sustained release and at the end of the 19*'’ day, most of the 

ketoprofen was released. The median particle size of these microspheres was 43.7 

|im. When PLGA RG 503 (50:50, Mw = 34,000 Da) was used, under similar 

ketoprofen loadings and microsphere sizes, there was a first release o f 51% of 

ketoprofen at the end of 24 hours, followed by a sustained and complete release 

until the end o f the measurements (day 19). The first burst release was found to 

increase with the drug content and increased inherent viscosity (Gabor et al., 1999). 

The inherent viscosity is increased with polymer molecular weight.

The fractional release o f indomethacin and ketoprofen over 23 days were fitted to 

Equation 1.7 (Figure 5.39). Parameters relating to the burst release and degradation 

controlled release are estimated and summarised in Table 5.18.

122



Chapter 5. PLGA micro and nano particles

Table 5.18 The parameters of release from PLGA nanoparticles loaded with 
indomethacin and ketoprofen.

No. Drug F b

K b

(day')

k

(day')
Tmax

(days)
CD MSC

0.271 1.76 0.615 12.5
23 Indomethacin 0.985 3.394

±0.044 ±0.90 ±0.153 ±0.4

0.493 2.33 0.444 10.9
24 Ketoprofen 0.996 4.863

±0.036 ±0.42 ±0.074 ±0.5

(Samples represent the mean of three determinations ±standard deviation)

Fb and Ka in this model represent the fraction of the drug released in the burst phase 

and release constant. In this study, when ketoprofen was loaded, the estimated Fb 

and Kb were 0.493±0.036 and 2.33±0.42 respectively, which were both higher than 

the values estimated from the nanoparticles loaded with indomethacin (Table 5.18). 

From Equation 1.5 we can see that solubility of the drug encapsulated has an effect 

on the burst release constant Kb. Higher drug solubility leads to higher Ke. This 

might help to explain why ketoprofen presented higher burst release.

K b =  DACJW^Fgh, Equation 1.5

D and Cs are the diffusion coefficient and solubility of the drug, respectively. A is 

the surface of drug available for dissolution. Wl is the total quantity of drug in the 

compact and hi is the apparent aqueous diffusion boundary layer thickness.

In the work previously reported by Siegel and the co-workers (2006), different 

drugs with different water solubility were loaded into PLGA (50:50 63 kDa) pellets. 

The drug loading was 20% and the effects of drug solubility on drug release were 

studied. To make the pellets, the polymer and drug were dissolved in acetone and

123



Chapter 5. PLGA micro and nano particles

the mixture was evaporated under vacuum. The in vitro drug release studies were 

carried out in PBS buffer (pH=7.4) at 37 °C. The solubility o f haloperidol is 0.13 

mg/ml in water. When it was loaded to PLGA pellets, no more than 1 % of drug was 

released on the first incubation day. When ibuprofen was loaded, with a solubility 

o f 0.47 mg/ml in water, there was 10% of the drug released from the PLGA pellets 

on the first day (Siegel et al., 2006).

The percentage (%) release of indomethacin and ketoprofen and their model fits are 

presented in Figure 5.39.
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Figure 5.39 Model fit o f indomethacin and ketoprofen percentage (%) release from 
PLGA nanoparticles.

Figure 5.39 indicates that the release profiles o f indomethacin and ketoprofen from 

PLGA nanoparticles can fit to the model (Equation 1.7), with an initial fast release 

phase followed by slower polymer degradation controlled release.
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5.6.4 Comparison of ketoprofen and OVA release

Release profiles of ketoprofen and protein OVA from PLGA nanoparticles were 

compared. Both the ketoprofen and OVA loaded PLGA nanoparticles presented 

particle sizes smaller than 0.8 jam, and the loadings of ketoprofen and OVA were 

4.02% and 5.45%, respectively. Both release studies were carried out in PBS buffer 

(pH=7.4) at 37 °C, with a shaking speed of 65 rpm. Ketoprofen has a much smaller 

molecular weight of 254 Da, compared to OVA whose molecular weight is 44,287 

Da. The release profiles of both drug and protein are shown in Figure 5.40 and the 

percentage releases are shown in Figure 5.41.
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Figure 5.40 Release profiles of ketoprofen and OVA from PLGA nanoparticles 
(No.24 and No.22).
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Figure 5.41 Percentage (%) releases of ketoprofen and OVA from PLGA 
nanoparticles (No. 24 and No. 22).

The parameters estimated from fitting of the data points to the release model 

(Equation 1.7) are shown in Table 5.19.

Table 5.19 The fitted parameters for ketoprofen and OVA release studies from 
PLGA nanoparticles.

No. Drug F b

Kb

(day ')

k

(d ay ‘)
T max

(days)
CD MSC

0.493 2.33 0.444 10.9
24 Ketoprofen 0.996 4.863

±0.036 ±0.42 ±0.074 ±0.5

0.569 2.89 0.113 21.7
22 OVA 0.994 4.644

±0.037 ±0.10 ±0.015 ±2.1

From Table 5.19 we can see that T max  time for OVA release was 21.7 days, which 

was longer than that o f ketoprofen o f 10.9 days. This indicated that the protein 

needs longer time to achieve the complete release. K, which is the release rate, was
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01.444 for ketoprofen. It was higher than that of OVA of 0.113, indicating a higher 

nelease rate o f ketoprofen from nanoparticles.

The difference between ketoprofen and OVA are their different molecular weights 

a.nd chemical structures. As discussed in section 5.3.5, at protein loadings lower 

than 1%, the mechanism of release from PLGA microparticles appeared to be 

dependent on the protein molecular weight. This is in agreement with the work 

reported by Sandor et al., (2001) in which smaller proteins needed a longer time to 

achieve complete release. While at high loadings, Sandor et al., (2001) reported that 

Vv̂ hen protein loading was at 4.8-6.9%, the release was independent of the protein 

molecular weight. In the current work, ketoprofen and OVA loadings of PLGA 

nanoparticles were 4.02% and 5.45%) respectively. The higher release rate of 

ketoprofen indicated that the PLGA degradation was accelerated in the presence of 

the drug compared to protein H S A.

5.7 Conclusions

H S A loaded PLGA microparticles were manufactured by a double emulsion 

technique. When sonication time and power was increased, the median particle size 

o f PLGA particles was decreased and the size ranges became more uniform, 

regardless of the solvent (DCM, ethyl acetate) used for preparation. The highest 

yield was obtained for microparticles produced with ethyl acetate. Encapsulation 

efficiency was also generally higher for all batches produced with ethyl acetate 

(84.2 ± 1.80 %) than with dichloromethane (71.1 ± 9.1 %). Higher miscibility of 

ethyl acetate may ameliorate the compatibility between the water phase containing 

proteins and oil phase containing polymer PLGA and as a result the encapsulation 

efficiency is improved (Liu and Deng, 2002). Microparticles prepared with ethyl 

acetate were observed to be more homogenous in size than microparticles prepared
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with dichloromethane. This may be attributed to the fact that ethyl acetate has lower 

density, which assists the formation o f oil droplets in the water phase. Regardless of 

the solvent used, in vitro release studies showed a burst release of the loaded 

substance, followed by a slower, sustained and degradation controlled release of 

protein. The integrity o f the protein conformation of H S A was maintained for the 

manufacturing processes employing both solvents as determined by SDS-PAGE 

analysis.

H S A loaded PLGA nanoparticles were successfully manufactured with the particle 

size o f 0.56 ± 0.17 |.im and D 90% of 0.97 ± 0.14 |im by a double emulsion 

technique. The integrity o f the protein conformation of H S A was maintained in 

both micro and nano particles as determined by SDS-PAGE analysis. Coumarin-6 

was loaded into the PLGA nanoparticles with a loading of 0.25 |ag/mg. Its low burst 

release made it feasible to be used in animal or cell studies in the fixture.

Protein OVA and OVA-coupled F/G peptide was encapsulated into PLGA 

microparticles by a double emulsion technique and their release profiles were 

compared with H S A microparticles to see the effects o f the protein molecular 

weights on releases (Sandor et al., 2001). At low loadings (<1%), the smaller 

protein had relatively longer T m a x  time than the larger proteins H S A, which has 

the highest molecular weight o f 66.5 kDa, had a T m a x  time of 19.5 days, followed 

by OVA-coupled F/G peptide (Mw46.3 kDa) of 23.9 days and OVA (Mw 44.3 kDa) 

of 25.4 days. Microspheres encapsulating larger proteins allow the initial release of 

large protein, which would lead to a quicker penetration of the particles by water, 

causing the formation o f the interconnecting channels or the release of protein in 

pre-existing channels within the particles (Hemadez et al., 1998; Duggirala et al., 

1996).
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When increasing the protein loading on PLGA nanoparticles, the size remained 

relatively constant, while the encapsulation efficiency®/© (EE %) was significantly 

decreased from 70.8 ± 2.8% to 27.3 ± 2.0%, which indicated a decrease in loading 

capacity of proteins when the initial protein concentration was increased. 

Nanoparticles with the lowest loading showed the smoothest particle surface. All 

the protein release profiles of nanoparticles with different loadings showed an initial 

fast release phase followed by sustained, polymer degradation controlled release 

phase. With the increasing loading, the Fb was increased and the T m a x  was 

decreased. The increase in Fb with increased loading was attributed to the higher 

concentration o f protein dispersed in particles which effectively increased the 

proportion of protein linked to the particle surface. The reason that highly loaded 

particles have rapid release, may be due to the fact that high density of 

interconnecting channels, as opposed to that of low loaded particles, increase 

polymer permeability in the presence of drug and as a result increase the PLGA 

degradation. The trends are in agreement with the model proposed by Gallagher and 

Corrigan (2000).

Release profiles o f OVA loaded PLGA nanoparticles and microparticles with 

similar protein loadings were compared to see the effect of particle size on protein 

release. PLGA nanoparticles with the median size of 0.42 |im indicated a longer 

T m a x  time, compared to microparticles. In smaller particles degradation products 

formed within the particle can diffuse easily to the surface while in larger particles 

degradation products have a longer path to the surface o f the particle during which 

degradation of the remaining polymer material can occur (Dunne et al., 2000)

Indomethacin and ketoprofen were encapsulated into PLGA nanoparticles by a 

single emulsion technique. The drug encapsulation efficiency% of ketoprofen was 

lower than indomethacin. EE% was 40.2 ± 0.3 % and 65.2 ± 0.6%> for ketoprofen 

and indomethacin, respectively. The release profiles of indomethacin and
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ketoprofen from PLGA nanoparticles were compared. Both of drugs presented 

complete release by 23 days and ketoprofen indicated a higher burst release with Kb 

value o f 2.33, compared to the Kb value of 1.76 for indomethacin. From Equation 

1.6 we can see that solubility o f the drug encapsulated has an effect on the burst 

release constant, Kb. Higher drug solubility leads to higher Kb values. It might help 

to explain why ketoprofen presented a higher burst release rate constant and release 

fraction than indomethacin.
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6.1 Introduction

Chitosan (CS) was selected as excipients because of its properties of cationic charge, 

mucoadhesion and biodegradability (Paul and Sharma, 2000; Pangbum et al., 1982; 

Domish et al., 1996; Yang et al., 2003). Kawashima et al., (2000) prepared PLGA 

nanospheres with elcatonin, a calcitonin derivative, by coating the surface of the 

resultant nanospheres with mucoadhesive polymers such as chitosan, poly(acrylic 

acid), and sodium alginate. A single emulsion technique was used and the coating 

polymer was dissolved in PVA water phase to prepare the particles. The 

chitosan-coated nanospheres showed higher mucoadhesion to the reverted intestinal 

tract in saline than other polymer-coated nanospheres. There was no mxucoadhesion 

site-speciflcity o f the chitosan-coated nanospheres between duodenal, jejunal, and 

ileal sacs. Kumbar et al., (2002) formulated cationically modified PLGA 

nanoparticles that can efficiently bind DNA, by using chitosan as excipient. From 

the gel electrophoresis studies, the charge on the resultant nanoparticles was 

sufficient to efficiently bind the negatively charged DNA electrostatically.

CS-PLGA nanoparticles were prepared by dissolving chitosan with PVA (polyvinyl 

alcohol) in aqueous solution. PVA is one of the emulsifiers most frequently used to 

stabilise the emulsion since it forms particles o f relatively small size and uniform 

size distribution (Scholes et al., 1993; Zambaux et al., 1998).

Chitosan loadings on PLGA nanoparticles were increased to see its effects on the 

properties o f particles, such as particle size and morphology. It has been known that 

a fraction o f PVA remains associated with the particles despite repeated washing 

because PVA forms an interconnected network with the polymer at the interface 

(Sahoo et al., 2002). The binding of PVA on the particle surface is likely to happen 

when the organic solvent is removed from the interface in which interpenetration o f
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PVA and PLGA molecules takes place (Boury et al., 1995). PVA has both structures 

o f poly(vinyl acetate) and poly(vinyl alcohol) and the hydrophobic vinyl acetate part 

serves as an anchor polymer at the oil interface for binding to the surface o f PLGA 

polymer during the formation o f particles (Sahoo et al., 2002). The structure o f PVA 

is shown in Figure 6.1. PVA is prepared by hydrolysing polyvinyl acetate in ethanol 

with potassium hydroxide (Kibbe, 2000).

where R= H or COCH 3

Figure 6.1 Chemical structure o f PVA (polyvinyl alcohol) (Kibbe, 2000)

It has been reported that PVA content in particles affects the cellular uptake 

properties o f  particles, with particles containing lower amounts o f PVA 

demonstrating higher uptake (Sahoo et al., 2002).

Protein OVA was encapsulated into chitosan-PLGA nanoparticles to study its 

release properties and the release profile was compared with that o f PLGA 

nanoparticles without chitosan.

Matrices composed o f chitosan and PVA blends have been reported to be highly 

compatible with blood (Chandy and Sharma, 1992) and are good candidates for the 

controlled delivery o f drugs (Kim et al., 1992). In the current study, chitosan-PVA 

nanoparticles were prepared and their physicochemical properties were analysed to 

exam their potential in drug delivery system.
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6.2 Characterisation of cliitosan 

6.2.1 Molecular weight

The molecular weight o f chitosan was determined by gel permeation 

chromatography (GPC) and the weight average molecular weight of a polymer (Mw), 

the number average molecular weight (M n), the ratio o f the weight average to the 

number average (polydispersity) and the manufacturer data (Fluka, low molecular 

weight) are listed in Table 6.1.

Table 6.1 Molecular weight characteristics of chitosan (Fluka)

Chitosan
(Fluka)

Mw
(kDa)

Mn
(kDa)

Polydispersity
Manufacturer data 

(Mw) (kDa)

Low
molecular 179± 11.6 160 ±7.58 1.12 ±0.03 -150

weight

(Samples represent the mean of three determinations ±s tandard deviation)

From Table 6.1, we can see that the Mw of chitosan (Fluka) is 179 ±11.6 kD. This 

result agrees with the data supplied by the manufacturer (~ 150 kDa).

Bozkir and Saka (2004) measured the molecular weight o f chitosan (Fluka) (low, 

medium and high) using the viscometric method. The average molecular weight was 

calculated using suitable parametric values based on the Mark-Houwink equation. 

According to the equation, the molecular weight o f chitosan (Fluka, low) was found 

to be 137 kDa. In the work previously reported by Corrigan (2003), the molecular 

weight of chitosan with the same batch number (40756811 50100) was measured by 

gel permeation chromatography (GPC) and the resultant number average molecular 

weight was 164,651±59,154 Da.
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6.2.2 Determination of degree of deacetylation of chitosan

*H-Nuclear Magnetic Resonance Spectroscopy ('H-NMR) was used to measure 

deacetylation of chitosan and the degree of deacetylation was determined by 

Equation 6.1 (Hirai et al., 1991) using the integral intensity, ICH3 , of the CH3 

residue and the sum of integral intensities IH2 -H6 of the H2 , H3 , H4 , H5 , and He 

protons.

Degree of deacetylation (%) = {1 - (— ICH^ / —ICH^ x 100
3 6

Equation 6.1

After calculation, the sample was found to have a degree of deacetylation of 84.6 

±5.4%, which was in agreement with the data supplied by the manufacturer. 

According to the data supplied, this sample had a degree of deacetylation in the 

range of 75-85 %. The 'H-NMR scan is shown in Figure 6.2 and the integral 

intensities are shown in Table 6.2.

Table 6.2 'H-NMR results of chitosan (Fluka)

Protons Chemical Shifts (ppm)

H2 3.02

H3~6 3.57-3.76

CH3 2.06
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(ppm)

Figure 6.2 *H-NMR scan of chitosan (Fluka)

6.3 Drug free chitosan-PLGA nano and micro 

particles

6.3.1 Drug free chitosan-PLGA nanoparticles

Drug free chitosan-PLGA nanoparticles were prepared and named No.25. The 

following properties of these particles were measured: particle size, PVA content 

and zeta potential. These properties were compared with those o f the drug free 

PLGA nanoparticles (No. 16) described in the previous chapter, to see how chitosan 

effects these properties. The results are listed in Table 6.3
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Table 6.3 Size and zeta potential data of drug free PLGA and CS-PLGA 
nanoparticles.

No.
Drug free 
particles

D 50% 
(nm) 
(n=3)

D 90% 
i[im) 
(n=3)

“Chitosan 
content” 
(% w/w) 

(n=3)

“PVA 
content” 
(% w/w) 

(n=3)

Zeta
potential

(mV)
(n=5)

16 PLGA
0.64

±0.15

1.09

±0.54

10.89

±0.16

-17.4

±0.55

25 CS-PLGA
0.58

±0.23

1.23

±0.26

1.77

±0.12

8.58

±0.67

-5.66

±0.76

(Samples represent the mean values ± standard deviation)

The loading of chitosan on CS-PLGA (No.25) was 1.77 ± 0.12% w/w and the 

efficiency was 44.2 ± 2.99 %.

PVA was determined by a colorimetric method which was described in Section 

4.4.12. From Table 6.3 we can see that the PVA content in drug free PLGA 

nanoparticles was 10.89 ± 0.16% w/w. In the work reported by Sahoo et al. (2002), 

the PVA content left in PLGA nanoparticles was 5% w/w. Their particles were 

prepared by emulsion technique with DCM as solvent. Compared to particles made 

by Sahoo and co-workers, the PVA content in the current study is higher. This may 

be due to the use of different solvents in both of the studies. Solvent miscibility in 

water is one of the parameters that affect the content of PVA in PLGA particles. 

Solvents having higher solubilities in water resulted in higher PVA content in 

particles (Sahoo et al., 2002). In the work of Sahoo et al. (2002), when chloroform 

was used, which has a solubility of 0.5% w/w with water, the PVA content of 

particles was 4.87% w/w; while when DCM was used, which has a solubility of 2% 

w/w, the content of PVA on PLGA particles was increased to 6.15% w/w. Ethyl
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acetate, which was used in the current work, has a solubihty with water of 8.7% 

w/w (Merck index), the increased solubility of ethyl acetate compared to DCM may 

be the reason for the higher PVA content in PLGA nanoparticles in the current work.

The PVA content in CS-PLGA nanoparticles was 8.58 ± 0.67% w/w. The decrease 

in residual PVA in CS-PLGA nanoparticles compared to PLGA nanoparticles 

without chitosan may be attributed to the involvement of chitosan in the aqueous 

phase during manufacture. The blending of positively charged polymer chitosan 

with negatively charged PVA may affect the interaction of PVA with PLGA solution, 

and as a result, decrease the residual content of PVA associated with PLGA 

particles.

The zeta potential of PLGA (No.16) and CS-PLGA (No.25) nanoparticles were 

measured at 25°C in deionised water. In this study, the zeta potential of PLGA 

nanoparticles showed a significantly greater negative charge of -17.4 ± 0.55 mV 

than CS-PLGA nanoparticles, whose charge was -5.66 ± 0.76 mV. This difference 

indicated the presence of positively charged chitosan in CS-PLGA nanoparticles. 

The SEM picture and particle size distribution of these nanoparticles (batch No.25) 

is shown in Figure 6.3.
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Figure 6.3 SEM picture and particle size distribution of drug free CS-PLGA (No.25) 
nanoparticles.
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From Figure 6.3, we can see that the loading of chitosan onto PLGA nanoparticles 

did not dramatically affect the morphology o f PLGA nanoparticles compared to 

nanoparticles No. 16. The particles from both of the batches were shown to have 

relatively smooth surfaces.

6.3.2 Chitosan effects on chitosan-PLGA particles

CS-PLGA nanoparticles (No.25) were prepared by dissolving 0.2% (w/v) chitosan 

with PVA in a ratio o f 1:5. Higher concentrations of chitosan solutions, like 0.5% 

w/v (CS:PVA 1:2) and 1.0% w/v (CS:PVA 1:1) were used to prepare nanoparticles, 

to increase chitosan loading on nanoparticles. PVA concentration was kept the same 

e.g. 1% w/v during the preparations. The resultant particles were named No.26 and 

No.27 and their properties are shown in Table 6.4.

Table 6.4 Properties of CS-PLGA particles.

No.
Ratio of 
PVA:CS

Median size 
(|im) (n=3)

“PVA content” 
(% w/w) 

(n=3)

“CS content” 
(% w/w) 

(n=3)

“Chitosan
EE%”
(n=3)

25 5:1 0.58 ±0.23 8.58 ±0.67 1.77 ±0.12 44.2 ±2.99

26 2:1 5.15 ±0.78 6.28 ±0.78 3.15 ±0.24 31.5 ±2.40

27 1:1 5.56 ±0.92 4.31 ±0.53 4.20 ±0.16 23.8 ±1.91

(Samples represent the mean values±standard deviation)

The yield of the resultant CS-PLGA particles (No.25, 26 and 27) ranged from 85% 

to 95%. From Table 6.4 we can see that with increasing ratio of chitosan to PVA, the
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particle sizes were increased from 0.58 ± 0.23 |^m to 5.15 ± 0.78 and 5.56 ± 0.92 

|.im, respectively. This significant increase (p<0.05) may be attributed to the 

inclusion o f increasing amount o f chitosan to PVA. Kawashima et al. (2000) 

prepared different concentrations o f chitosan (0.40 to 1.0 % w/v) at constant 

concentration o f PVA (1% w/v) to form PLGA nanoparticles with eicatonin by the 

emulsion solvent diffusion method to coat the surface o f the resultant nanospheres 

with a mucoadhesive polymer. Aggregation of the nanospheres occurred when 

higher concentrations o f chitosan (>0.5%) was used, indicating the difficulties of 

formation o f nanoparticles.

The SEM pictures and particle size distributions of No. 26 and No.27 are shown in 

Figure 6.4 and 6.5.
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Figure 6.4 SEM picture and particle size distribution o f CS-PLGA microparticles 
with chitosan loadings o f 3.15% w/w (No.26).
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Figure 6. 5 SEM picture and particle size distribution of CS-PLGA microparticles 
with chitosan loadings of 4.20% w/w (No.27).

Comparing to the drug free CS-PLGA nanoparticles (No.25, Figure 6.3), the PLGA 

particle prepared by higher chitosan ratios (to PVA) presented higher particle 

median sizes with the presence of some tiny particles in the nano range.

As a polymeric surfactant, PVA contains both hydrophobic groups (vinyl acetate part) 

and hydrophilic groups (vinyl alcohol part). When surfactant is dissolved in some 

solvents, it may aggregate under certain conditions like concentrations, temperature 

and addition of polymer to form spherical micelles (Clint, 1991; Jonsson et al., 

1998). Micelles consist of a core of the insoluble part o f the polymer molecule 

surrounded by a corona o f the soluble fragments. Since the addition of polymer can 

induce surfactant aggregation by polymer-surfactant interactions (Clint, 1991; 

Jonsson et al., 1998), the addition of chitosan to PVA solution may cause the 

formation of PVA-chitosan aggregates and chitosan-PVA particles may be formed.

Chitosan-PVA nanoparticles were produced by emulsion technique under the same 

conditions as batch No.26, without PLGA. The resultant particles were analysed to 

see the composition. By using the colorimetric method mentioned in Section 4.4.12,
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there was 69.2±6.9 % w/w of PVA and 30.2±9.5% w/w of chitosan. These particles 

were named No.28. This resuh suggests that the small particles were chitosan-PVA 

composites. After the size measurement, these chitosan-PVA particles presented 

median particle size of 0.478 ±0.085 |am. The SEM picture and size distribution are 

shown in Figure 6.6.

(a) (b)

Figure 6.6 SEM picture and particle size distribution of CS-PVA nanoparticles 

(No.28).

Chitosan was conjugated with PVA because o f their different electrical charges. In 

the work previously reported by Koyano et al., (2000), different initial 

concentrations o f chitosan were used to prepared hydrogels containing both of 

chitosan and PVA. The proportion o f chitosan contained in the hydrogels was 

determined. The chitosan contents calculated from the results of the spectroscopy 

analysis were lower than those calculated from the initial amount of chitosan added 

during the preparation process of the matrices. For example, when the initial content 

of chitosan was 33.3% (PVA:CS 2:1), the chitosan content found from spectroscopy 

analysis was 28.1% (Koyano et al., 2000). It is in agreement with the work in the 

current study, that when the initial content of chitosan was 33.3% (PVA:CS 2:1), the 

chitosan content in the particles was 30.2 %.
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When the content of chhosan to PVA was increased to 1:1 (Table 6.4), the 

chitosan-PLGA particles contained more small particles with size range around 

500nm (Figure 6.5). It may be attributed to the increased addition o f chitosan which 

may induce more PVA-chitosan aggregation. The chitosan-PVA nanoparticles were 

reproduced by emulsion technique under the same conditions as batch No.27, 

without PLGA. By using the colorimetric method mentioned in Section 4.4.12, 

there was 57.1±9.2% w/w of PVA and 41.3 ±8.9% w/w of chitosan. The median 

particle size was 0.516±0.091 |jm. These particles were named No.29. The SEM 

picture and size distribution are shown in Figure 6.7.

11

12

i

(a) (b)

Figure 6.7 SEM picture and particle size distribution of CS-PLGA nanoparticles 

(No.29).

With increasing ratio of chitosan to PVA from 1:2 to 1:1, the chitosan loadings on 

PLGA particles were increased from 1.77 ± 0.12% to 4.20 ± 0.16% w/w (Table 6.4). 

The loading eflTiciency% (EE %) of chitosan during the manufacture was decreased 

from 44.2 ± 2.99% to 23.8 ± 1.91%, which indicated a decrease of loading capacity 

o f chitosan when the initial theoretical chitosan loading was increased, while the 

content of PVA decreased from 8.58 ± 0.67% to 4.21 ± 0.53%> w/w. This decrease
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may be caused by the increased addition of chitosan which interact with PVA since 

their different static charges. This interaction may affect the interaction of PVA with 

PLGA, and decrease in the residual content of PVA associated with PLGA particles. 

A graph comparing PVA and chitosan contents on PLGA particles manufactured 

with different blending ratios of PVA:CS is shown in Figure 6.8.

Figure 6.8 PVA and chitosan contents in PLGA particles prepared by different ratios 

ofPV A to chitosan (5:1 No.25; 2:1 No.26; 1:1 No.27).

6.4 OVA release from chitosan-PLGA nanoparticles 

6.4.1 OVA loaded chitosan-PLGA nanoparticles

OVA loaded chitosan-PLGA nanoparticles were made by double emulsion technique 

and the solvent used was ethyl acetate. The blending ratio of PVA to chitosan was 

5:1 and the resultant OVA loaded CS-PLGA nanoparticles batch was named No.30. 

The physical properties, including protein loading, size, contents o f chitosan and 

PVA, and zeta potential are listed in Table 6.5.

10

□ PVA 
■  Chitosan

5:1 2:1 1:1
PVA : Chitosan
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Table 6.5 Properties of OVA loaded CS-PLGA nanoparticles and comparison with 
drug free nanoparticles.

No
Name of 

NPs

OVA
loading
(%w/w)

(n=3)

Size
D50%
(lam)
(n=3)

Size
D90%
(|im)
(n=3)

“Chitosan
content”
(%w/w)

(n=3)

“PVA
content”
(%)W/W)

(n-3)

Zeta
potential

(mV)
(n=5)

5.32 0.503 1.48 1.63 7.91 -8.89
30 CS-PLGA

±0.42 ±0.21 ±0.41 ±0.42 ±0.92 ±0.55

Drug free 0.581 1.23 1.77 8.58 -5.66
25

CS-PLGA ±0.23 ±0.26 ±0.12 ±0.67 ±0.76

(Samples represent the mean of three or five determinations ±standard deviation)

OVA loaded CS-PLGA nanoparticles (No.30) had a median size of 0.503 ±0.21 jam 

and D90% size of 1.48 ± 0.41 |^m. Compared to drug free CS-PLGA particles 

(No.25) with a median size o f 0.581 ± 0.23 |im and D90% of 1.23 ± 0.26 |im, the 

presence of OVA did not dramatically affect the particle sizes. The OVA loading on 

CS-PLGA nanoparticles was 5.32 ± 0.42% (w/w). The contents o f chitosan and PVA 

remained relatively constant between both of the CS-PLGA batches o f nanoparticles. 

The zeta potential of OVA loaded CS-PLGA nanoparticles was -8.89 ± 0.55 (mV) 

(n=5), which is more negative than the drug free CS-PLGA nanoparticles (-5.66 ± 

0.76 mV, n=5) (p<0.05). This difference may be caused by the loading of negatively 

ciarged protein OVA on nanoparticles. The encapsulation efficiency o f OVA on 

CS-PLGA nanoparticles was 26.6 ± 2.1% and the yield of the resultant 

nanoparticles was (No.30) 89.1 ± 4.3%.
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The SEM picture o f the OVA loaded CS-PLGA nanoparticles is shown in Figure

Figure 6.9 (a) SEM picture, (b) size distribution o f OVA loaded CS-PLGA 
nanoparticles.

Compared to the drug free chitosan-PLGA nanoparticles (Figure 6.3 b, No. 25), the 

shapes of the OVA loaded chitosan-PLGA nanoparticles were more irregular with 

rough surfaces. This may be attributed to the involvement of water soluble OVA 

during the manufacture.

6.4.2 OVA release from chitosan-PLGA nanoparticles

The amount o f OVA released from CS-PLGA nanoparticles (No. 30) is shown in 

Figure 6.10.

6.9.

m

(a) (b)
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20 t

Time (days)

Figure 6.10 OVA release profile from chitosan-PLGA nanoparticles (No.30).

From Figure 6.10 we can see that the release profile showed a burst release, 

followed by a slower, sustained release of OVA. At the first day, OVA with a content 

of 26 (|ag/mg) was released, and by 44 days, the release was increased to 55 |xg/mg 

and remained constant until 70 days. The amount and percentage release data 

corresponding to time are listed in Appendix II.

The fractional release values of OVA from CS-PLGA nanoparticles were fitted to 

the previously described Equation 1.7, which combines the contribution from first 

order burst release and polymer degradation release. The fitting result is shown in 

Figure 6.11.
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O  0 .8 -
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Figure 6.11 Model fit o f fractional release of OVA from chitosan-PLGA 
nanoparticles (No.30).

Parameters estimated for the burst release rate and degradation controlled release 

rate o f the model (Equation 1.7) were determined and are shown in Table 6.6. To 

compare chitosan effects on OVA release from nanoparticles, OVA loaded PLGA 

nanoparticles assigned as No.22 were selected, since they have similar particle size 

and OVA loadings to CS-PLGA particles (No.30). As discussed in Chapter 5, OVA 

release from the particle batch No.22 was fitted to a model (Equation 1.8) and the 

estimated parameters of this model are also listed in Table 6.6 for comparison. The 

median particle size o f No.22 was 0.671 ± 0.24 jj.m, compared with the size of the 

particles No.30 o f 0.503 ± 0.21 jxm; the OVA loading o f No.22 was 5.45 ± 0.40 

|ig/mg, compared with No.30, whose OVA loading was 5.32 ± 0.42 lag/mg. The 

parameters are shown in Table 6.6.
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Table 6.6 Estimated parameters of the release model.

NO. Name F b

K b  

(d ay ‘)

k

(day ')

T m a x

(days)
CD MSC

30 CS-PLGA
0.436

±0.041
1.08

±0.32
0.116

±0.014
21.1

±1.77
0.990 4.172

22 PLGA
0.569

±0.037
0.893

±0.099
0.113

±0.015
21.7
±2.1

0.994 4.644

From the Table 6.6 we can see that there was no large difference between both of 

the batches of nanoparticles (No.22 and No.30), regarding estimated parameters F b , 

K b , k and T m a x - I t  indicates similar release profiles o f OVA from the CS-PLGA and 

PLGA nanoparticles. The two release profiles are shown in Figure 6.12. Both of the 

release tests were carried under the same conditions in which the particles were 

incubated in PBS buffer (pH=7.4) at 37 °C, with a shaking speed of 65 rpm.

^  70 
'5b 
3  60

1  50
J J

H 40 

I 30

CS-PLGA 

♦ PLGA

10c3 
O

S A < 0
20 40 60

Time (days)
80

Figure 6.12 OVA release from CS-PLGA nanoparticles (No.30) and PLGA 
nanoparticles (No.22).
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From Figure 6.12 we can see there is no significant difference between OVA release 

profiles from CS-PLGA and PLGA nanoparticles. This is in agreement with the 

work previously reported by Kawashima and co-workers (2000). In their study, 

elcatonin loaded PLGA (75:25) nanospheres with a mean size of 650 nm were 

prepared by coating the surface with the mucoadhesive polymer chitosan, to 

improve their mucoadhesive properties. The release behaviour of elcatonin from 

CS-PLGA and PLGA nanospheres were compared and the conclusion was that the 

pattern of drug release of the nanospheres did not differ markedly from that of 

uncoated nanospheres (Kawashima et al., 2000).

6.5 Conclusions

Drug free CS-PLGA nanoparticles were successfully prepared by the emulsion 

technique with a chitosan loading o f 1.77 ± 0.12% w/w. The presence of chitosan in 

particles did not significantly affect the physical properties of the resultant 

nanoparticles, including size and morphology. The median particle size o f the 

CS-PLGA and PLGA nanoparticles were 0.58 ± 0.23 jam and 0.64 ± 0.15, 

respectively. The significantly different zeta potentials of PLGA and CS-PLGA 

nanoparticles indicate the presence of positively charged chitosan in CS-PLGA 

nanoparticles. The zeta potential o f PLGA nanoparticles showed a significantly 

more negative charge of -17.4 ± 0.55 mV than that of CS-PLGA nanoparticles, 

whose charge was -5.66 ± 0.76 mV.

PVA is necessary to stabilise PLGA particles which lead to negatively charged 

particles and heterogeneous size distribution. In this work, the residual content of 

PVA in CS-PLGA nanoparticles was decreased compared to the content in PLGA 

nanoparticles. This decrease may be attributed to the inclusion o f chitosan during
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manufacture and its interaction with PVA. The blending of positively charged 

polymer chitosan with negatively charged PVA in the aqueous phase may affect the 

interaction of PVA with PLGA, and as a result, a decrease in the residual content of 

PVA associated with PLGA particles.

When increasing the ratio of chitosan to PVA, the sizes o f the resultant 

chitosan-PLGA particles were increased. Chitosan-PVA nanoparticles were prepared 

using emulsion technique under the same conditions to CS-PLGA nanoparticles 

without the presence of PLGA. The resultant particle sizes were around 500 nm.

OVA encapsulated CS-PLGA nanoparticles were prepared and the protein profile 

was compared with OVA loaded PLGA nanoparticles. There were no significant 

differences between OVA release profiles from CS-PLGA and PLGA nanoparticles.
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Chapter  7. Chitosan micro and nano particles

7.1 Introduction

Various methods have been reported on preparation of chitosan microparticles, 

including precipitation (Berthold et al., 1996) and spray drying (Corrigan et al., 

2005). Chitosan nanoparticles prepared on the principle of 

precipitation/coacervation were reported by Nagamoto et al. (2004). Although 

chitosan nanoparticles have widely been studied in both o f animal and cell models 

(Chapter 1.3), their properties, such as morphologies o f dry products and 

manufacture processes have not received much attention.

In the cunent study, chitosan microparticles (CL213 and CL213/GLU) were 

prepared by spray drying with and without a crosslinking agent glutaraldehyde. 

CL213 is a highly purified water-soluble chloride salt of chitosan with high 

molecular weight. CL213/GLU is the chitosan microparticles with a crosslinking 

agent gluraraldehyde.

Four different batches of chitosan nanoparticles (CS-F NP, CL113 NP, CL213 NP 

and G213 NP) were prepared by modification of the methods previously reported by 

Berthold et al., (1996) and Nagamoto et al., (2004). CS-F NP are chitosan 

nanoparticles prepared with the chitosan material (low molecular weight) from 

Fluka; CL 113 is a highly purified water-soluble chloride salt o f chitosan with low 

molecular weight; G213 is a highly purified water-soluble glutamate salt with high 

molecular weight.

The morphologies and the manufacture processes of these nanoparticles are 

discussed. OVA, as a model protein, was adsorbed onto the chitosan nanoparticles 

to study its release from chitosan nanoparticles prepared by the 

preciphation/coacervation technique.
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7.2 Physicochemical properties of chitosan salts 

7.2.1 Measurement of molecular weights

The molecular weights o f the series of chitosan salts, including CL 113, CL213 and 

G213, were determined by gel permeation chromatography (GPC) and the results 

together with the manufacturer data (NOVAMATRIX, Norway) are listed in Table 

7.1.

Table 7.1 Molecular weight characteristics of chitosan salts of CL113, CL213 and

G213.

Chitosan salts 
(NOVAMATRIX)

Mw
(kDa)

Mn
(kDa)

Polydispersity
Manufacturer 

data (kDa)

CL 113 71.5 ±67.8 65.4 ±60.8 1.09 ±0.04 <150

CL 213 194 ±89.1 169 ±72.7 1.14±0.03 150-400

G 213 443 ±66.1 387 ±57.7 1.15 ±0.00 200-600

Chitosan (Fluka) 179± 11.6 160 ±7.58 1.12 ±0.03 -150

(Samples represent the mean of three determinations ± standard deviation)

From Table 7.1 we can see that the chitosan chloride salt CL213 has a higher 

molecular weight of 194 ± 89.1 kDa, compared to the chloride salt CLl 13, which is 

71.5 ± 67.8 kDa. Chitosan glutamate salt G213 has the highest molecular weight of 

443 ±66.1 kDa. All o f the results measured by GPC agree with the manufacturer 

data supplied by NOVAMATRIX (Norway), however the methodology employed 

by the manufacturer in the determination of the molecular weight was not specified. 

The viscosity of CL 113, CL213 and G213 supplied by the manufacturer are <20, 

20-200 and 20-200 mPa-s, respectively under condition of 1% in 1% acetic acid. 

The methodology employed in the determination o f viscosity was not specified. 

Compared to chitosan chloride salts CL213 and CLl 13, the molecular weight of
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chitosan (Fluka) characterised in Chapter 6  (179 ±  11.6 kDa) is higher than CLl 13 

and smaller than CL213.

7.2.2 Measurement of degree of deacetylation

The degree o f  deacetylation o f  chitosan affects many inherent qualities o f  the 

polymer itse lf such as solubility, degradation rate, efficiency o f  gene carrier, and 

stability o f  particle size (Bozkie and Saka, 2004b). A lso Kiang et al. (2002) reported 

that chitosan can bind D N A  with high efficiency when the degree o f  deacetylation is 

high. Thus it is very important to determine the degree o f  deacetylation while 

studying series o f  chitosan and chitosan salts.

'H-Nuclear M agnetic Resonance Spectroscopy ( ’H-NM R) was used to measure the 

deacetylation o f  series o f  chitosan salts and the degree was determined by Equation 

(6.1) discussed in Chapter 6 . The equation involves the integral intensity o f  CH3 

residue and the sum o f  integral intensities o f  H i, H 3 ,  H 4 ,  H 5 ,  and He protons.

The NM R results for CLl 13 and CL213 are shown in Figure 7.1, 7.2 and the 

chemical shifts o f  protons are listed in Table 7.2.

Table 7.2 Chemical shifts o f  protons related to chitosan CL 113 and CL 213.

Protons CL 113 CL 213

H2 3.01 3.04

H3~6 3 .62 -3 .77 3 .62 -3 .79

CH 3 1.96 1.96

Degree o f  deacetylation% 86.3 8 8 . 0
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3 8 3.2 2.8 2.0 1.25.6 5.2 4.8 4.4 4.0 2 4
(ppm)

Figure 7.1 NMR spectra of chitosan chloride CLl 13.

3.2 2 6 2.4 2.0 1.6 1.25.2 4.4 4 0 3.6
(ppm)

Figure 7.2 NMR spectra of chitosan chloride CL213.

154



C h a p ter  7. C h itosan  m icro  a n d  nano p a r tic le s

The NM R pictures o f  CL113 and CL213 are similar to each other indicating their 

similar chemical structures. CL113 and CL213 are both chloride salts o f  chitosan 

with different molecular weights. After calculations, the degree o f  deacetylation o f  

CL113 and CL213 are 86.3 ±  3.5 % and 88.0 ± 5.1 %, respectively. These results 

are in a good agreement with the data supplied by the manufacturer 

NOVAM ATRIX, which quotes that the values should be between 75-90%.

The NM R result o f  G213 is shown in Figure 7.3. Compared to NM R results o f  

CL113 and CL213, the differences between (2.2 to 2.5 ppm) are caused by the 

involvement o f  glutamate groups as G 213 is a glutamate salt o f  chitosan. Due to the 

presence o f  the glutamate moiety, the integral intensity o f  CH3 was affected at the 

chemical shift around 2 ppm (Figure 7.3). In this case NM R is unsuitable to 

determine the degree o f  deacetylation.

3.2 2.4 2.04.0 3.6 2.85.2 4.4
(ppm)

Figure 7.3 NM R result o f  glutamate chitosan G213.
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Ninhydrin assay is a ninhydrin colorimetric test that was used to determine the 

percentage of free amino groups (Curotto and Aros 1993; Corrigan 2003). In the 

current study, the degree o f deacetylation of G213 was measured by ninhydrin assay 

and the result was 90.3 ± 4.1 %. The deacetylation values for CL 113, CL213 and 

G 213 measured by NMR and ninhydrin assay agreed with the data supplied by the 

manufacturer which was 75-90 %. The deacetylation degrees o f CLl 13, CL213 and 

G213 are listed in Table 7.3.

Table 7.3 Deacetylation degree of chitosan.

Material Degree of deacetylation %
Manufacturer 

(Novamatrix) data %

CL113 86.3 ±3.5 75-90

CL213 88.0 ±5.1 75-90

G213 90.3 ±4.1 75-90

7.3 Manufacture of chitosan micro and 

nanoparticles

7.3.1 Preparation of chitosan microparticles by spray drying

Microparticles o f chitosan CL213 and chitosan cross-linked microparticles 

CL213/GLU were prepared by spray drying and the resultant particles were named 

No.30 and No.31, respectively. The physical properties of these two batches of 

microparticles with and without cross-linking agent are shown in Table 7.4. The 

median sizes of both o f chitosan particles ranged from 3 to 5 |am and there was no 

significant difference between the D90% sizes and size spans.
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Table 7.4 Physical properties o f chitosan microparticles spray dried with and 
without cross linking agent.

No. Name
D50% (|J.m) 

(n=3)

D90% (|im) 

(n=3)
Span (n=3)

31 CL213MP 3.15 ±0.27 6.08 ±0.68 1.41 ±0.49

32
CL213/GLU

MP
2.95 ±0.51 5.16 ±0.96 1.18 ±0.77

(Samples represent the mean values ±standard deviation)

The SEM pictures of chitosan microparticles with and without cross-linking agent 

glutaraldehyde are shown in Figure 7.4 and Figure 7.5.

Figure 7.4 The SEM picture of chitosan microparticles (No.31) prepared by spray 
drying.
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Figure 7.5 The SEM picture of chitosan microparticles (No.32) prepared by spray 
drying with glutaraldehyde.

From SEM pictures, we can see that no visible changes in the morphologies o f the 

spray dried chitosan microparticles due to the cross-linking were observed, 

compared to the non-cross-linked microparticles. This agrees with the work 

previously reported by Corrigan et al. (2005) and Oliveira et al. (2005). In the work 

reported by Corrigan and co-workers (2005), co-spray drying of salbutamol 

sulphate/chitosan systems with the cross-linking agent formaldehyde (0.08 % w/w) 

had no detectable effect on the particle morphology. The concentration o f the 

chitosan solution used for spray drying was 0.2% w/v in 1% v/v acetic acid solution 

and the diameter of the particles was approximately 5 |im (Corrigan et al., 2005). In 

the work reported by Oliveira and the co-workers (2005), two cross-linking agent, 

d,l-glyceraldehyde (0.15% w/w) and glutaraldehyde (0.15% w/w) were used to 

make chitosan microspheres by spray drying. The concentration of chitosan solution 

used was 0.5% w/v in 0.7% v/v acetic acid solution. Compared to the
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non-cross-linked microspheres, there was no visible change in the morphology of 

the spray dried chitosan microspheres due to the chemical cross-linking. The mean 

particle sizes of d,l-glyceraldehyde cross-linked and glutaraldehyde cross-linked 

microparticles were similar to non-cross-linked particles with a mean size of 3.42 

|iim (Oliveira et al., 2005).

7.3.2 Preparation of chitosan nanoparticles

Chitosan nanoparticles were prepared by a coacervation/precipitation method using 

chitosan (Fluka) and series o f chitosan salts (CL113, CL 213 and G213). The 

physical properties o f these chitosan nanoparticles are listed in Table 7.5.

Table 7.5 Physical properties of chitosan nanoparticles.

No. Name D50% (^m) (n=3) D90% (urn) (n=3)
Zeta potential 

(mV) (n=5)

33 CS-F NP 0.43 ±0.07 1.13±0.11 14.1 ±0.64

34 CL113NP 0.58 ±0.05 1.26 ±0.20 12.1 ±0.44

35 CL213NP 0.51 ±0.07 1.09 ±0.94 13.4 ±0.78

36 G213NP 0.53 ±0.09 1.18 ±0.24 11.4 ±0.89

(Samples represent the mean values ± standard deviation)

The median sizes o f chitosan nanoparticles ranged from 0.43 ±0.07 |im to 0.58 

±0.05 |am. There was no dependence of particle size on the molecular weight of 

chitosan, which is in agreement with the work previously reported by Berthold et al. 

(1996). In their work, low, median and high molecular weight chitosan samples (Mr 

70 000, 750 000 and 2 000 000) were used to prepare chitosan particles and the 

resultant particle sizes ranged from 1.5 |o,m to 2.5 |am, without dependence o f the 

molecular weights on the microsphere sizes.
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Zeta potentials o f the four batches of nanoparticles were measured and the values 

are presented in Table 7.5. From the table we can see that there was no significant 

difference between the zeta potential values.

The SEM pictures of chitosan nanoparticles No.33, No.34, No. 35 and No.36 are 

shown in Figure 7.6, 7.7, 7.8 and 7.9, respectively.

liteiBlliaaML.

(a) (b)

Figure 7.6 The SEM picture and particle size distribution of chitosan (Fluka) 
nanoparticles (No.33).

WD14.0mm S.OkV x l  8k  2 . Sum
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(a) (b)

Figure 7.7 The SEM picture and particle size distribution of chitosan CL113 
nanoparticles (No.34).
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5

(a) (b)

Figure 7.8 The SEM picture and particle size distribution of chitosan CL213 
nanoparticles (No.35).
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Figure 7.9 The SEM picture and particle size distribution of chitosan G213 
nanoparticles (No.36).

From the SEM pictures we can see that all the chitosan particles are in the nano 

range, and they have relatively irregular shapes. There was no visible difference in 

the morphology o f the chitosan nanoparticles made from the chitosan glutamate and 

chloride salts.
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All the original concentrations o f chitosan solutions used to prepare the 

nanoparticles (No. 33 - No. 36) were 0.2% w/v. Solutions with higher 

concentrations would increase the solution viscosity and could have led to the 

formation o f agglomerates. In the work previously reported by Berthold et al. 

(1996), chitosan was always employed at a concentration o f 0.25 % (w/v) when 

used to prepare particles by the same technique. Higher concentrations were not 

practical, because the viscosity became too high and would have led to the 

formation o f agglomerates (Berthold et a l ,  1996).

Sodium sulphate was included as a desolvating reagent to facilitate the phase 

separation, since it has greater affmity for water and facilitates the removal o f the 

associated water layer from around the dissolved colloidal chains (Mao et al., 2001). 

The contents o f chitosan in the nanoparticles were measured and the results 

indicated that all o f the four batches had the chitosan content higher than 97% w/w 

(Table 7.6). Residual contents, like sulphate were estimated by equation 7.1 and the 

data is shown in Table 7.6.

Residual content% (w/w) = 100% - Chitosan content% (w/w) Equation 7.1

Table 7.6 Chitosan and residual contents in chitosan nanoparticles.

No. Name
Chitosan content% 

(w/w)

Residual content% 

(w/w)

33 CS-F NP 97.4±2.4 2.6±2.4

34 CL113N P 97.3±3.7 2.7±3.7

35 C L213N P 98.2±2.7 1.8±2.7

36 G 213N P 97.9±3.1 2.1±3.1

(Samples represent the mean o f three determinations ± standard deviation)
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The formation o f nanoparticles was monitored by turbidity. Figure 7.10 presents the 

transmission in relation to the amount of added sodium sulphate.

Transmission % = ^  100% Equation 7.2
^m ax ^min

Transmission% at different concentrations o f sodium sulphate was calculated by 

Equation 7.2. ‘a’ in equation is the spectrophotometer absorbance reading; a„ is the 

sample reading; amin is the minimum reading and amax is the maximum reading when 

the turbidity was examined by transmission measurements at 500 rmi.

120 r
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G213
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Aggregatipns
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Sodium Sulfate (% m/v)

Figure 7.10 Turbidity monitoring during the precipitation employed to produce 
chitosan particles o f CS (Fluka) (Tv[o.33), CL 113 (No.34), CL213 (No.35) and G213 
(No.36).
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The transmissions% of four chitosan solutions (CL 113, CL213, Chitosan-Fluka and 

G213) decreased dramatically when the concentrations of sodium sulphate were 

higher than 0.25% w/v, reflecting the formation o f nanoparticles. The arrows ( t t t t )  

indicate the concentrations where the aggregates were evident during the addition of 

sodium sulphate. When sodium sulphate reached the concentration of 9.5% w/v, 

aggregates of chitosan CL113 were present, followed by CL213, Chitosan (Fluka) 

and G213 with concentrations of sodium sulphate of 10%, 13% and 13% w/v, 

respectively. The aggregates presented fibre-like aggregates on the top of 

suspensions.

Another batch o f chitosan nanoparticles (CL113.2) was collected when the 

concentration o f sodium sulphate reached 10% w/v, and the CL213.2 particles were 

collected when sodium sulphate reached 13% w/v. These two batches of 

nanoparticles were named No.37 and No.38 and they presented similar size and 

morphology to the nanoparticles No.34 and No.35. The difference was that the 

batches No.37 and No.38 presented higher residual contents o f 7.4 ±2.4 % w/w and 

6.5±3.7% w/w, respectively. Residual contents% was calculated by equation 7.1.

Chitosan nanoparticles (from No. 33 to No. 38) were studied and compared as 

regards their bio-interactions with dendrite cells and the details are discussed in 

Chapter 10.
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7.4 in vitro release studies of OVA

7.4.1 Physical properties of OVA loaded chitosan 

nanoparticles

OVA was encapsulated in chitosan nanoparticles by complex coacervation between 

chitosan and OVA. Although a considerable amount of work has been reported on 

the formation of antigen encapsulated chitosan nanoparticles (Maclauglin et al., 

1998; Lee et al., 1998; Lee et al., 2001; Mao et al., 2001; Hirosue et al., 2001), there 

is limited work on the study of the in vitro antigen release from the nanoparticles 

made by complex cooperation. In this section, work is focused on the release study 

o f OVA from a series of chitosan nanoparticles, made from chitosan (Fluka), CLl 13, 

CL213 and G213.

In the current study, the ratio of OVA to chitosan used to prepare OVA-chitosan 

nanoparticles was 1:2, because of its high resultant loading efficiency (EE%). In the 

work previously reported by Bozkir and Saka (2004b), DNA-chitosan nanoparticles 

were prepared with the weight ratio of 1:2 (DNAxhitosan), and with different 

molecular weight o f chitosans (LMW 137,000; MMW 415,000 and HMW 620 000). 

As a result the loading efficiency% (EE%) of DNA ranged from 87% to 95%. By 

increasing the ratio to 1:1 (DNA:chitosan), the loadings of DNA were not 

significantly increased with all the chitosans (LMW, MMW and HMW), compared 

to the ratio o f 1:2 for DNA/chitosans nanoparticles (Bozkir and Saka, 2004b).

The resultant nanoparticles made with chitosan (Fluka), CLl 13, CL213 and G213 

were named No. 39, No.40, No.41 and No.42, and their physical properties are 

listed in Table 7.7.
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Table 7.7 Physical properties of OVA loaded chitosan nanoparticles.

No. Name
Median size 

(n=3)

OVA
loading%)

(n=3)

OVA EE% 
(n=3)

Zeta 
potential 
mV (n=5)

39 OVA-CS 0.545 ±0.078 30.2 ±1.5 90.6 ±4.6 5.02 ±0.35

40 0VA-CL113 0.468 ±0.024 30.8 ±1.1 92.3 ±3.2 4.18±0.56

41 OVA-CL213 0.534 ±0.081 28.6 ±2.6 85.7 ±7.9 4.79 ±0.91

42 OVA-G213 0.619 ±0.092 30.0 ±2.4 89.8 ±7.1 3.37 ±0.66

(Samples represent the mean values ± standard deviation)

The encapsulation efficiency (%) of OVA in chitosan nanoparticles was 90.6 ± 

4.6%, 92.3 ± 3.2%, 85.7 ± 7.9% and 89.8 ± 7.1% for chitosan (Fluka), CL213, 

CL113 and G213 nanoparticles, respectively. The zeta potential of the four OVA 

loaded nanoparticles ranged from 5.02 to 3.37 mV. Compared to the drug free 

chitosan nanoparticles (No.33, No.34, No.35 and No.36, Table 7.4), the zeta 

potential was decreased from 14.1 ± 0.64 mV to 5.02 ± 0.35mV for chitosan (Fluka) 

nanoparticles, 12.1 ± 44 mV to 4.18 ± 0.56 mV for CL213 nanoparticles, 13.4 ± 

0.78 mV to 4.79 ±0.91 mV for CL113 nanoparticles and 11.4 ± 0.89 to 3.37 ± 0.66 

mV for G213 nanoparticles. The median sizes of these four chitosan nanoparticles 

ranged from 0.468 ± 0.024 |^m to 0.619 ± 0.092 |j.m. Compared to the drug free 

nanoparticles, the loading of OVA did not significantly affect the sizes of 

nanoparticles.

The amino groups on the chitosan structure are protonated at pH 5.5 and are 

responsible for the solubility of chitosan in acetic solution (Aiba, 1992). While at 

the physiological pH, most of the positive charges would be neutralised, and the 

hydrophobic chitosan becomes insoluble. This unique property ensures that

166



Chapter  7. Chitosan micro and nano particles

nanoparticles could remain physically stable at the physiological pH without 

chemical cross-linking (Truong-Le et al., 1998; Truong-Le et al., 1999; Mao et al., 

2001). In the current work, CL213 NP (1.0% w/v) were suspended in water and the 

resuhant pH was 5.87. At the same concentration, CL213 NP was suspended in PBS 

buffer with pH o f 7.4. The turbidities of these two suspensions were measured and 

compared. There was no significant change of the turbidities, indicating that there 

were no fresh particles forming under pH of 7.4.

7.4.2 Release studies of OVA from chitosan nanoparticles

The release studies of OVA from the four chitosan batches of nanoparticles (CS-F 

NP, CLl 13 NP, CL213 NP and G213 NP) were carried out in PBS buffer (pH=7.4) 

at 37°C. The results are shown in Figure 7.11.
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Figure 7.11 Release profiles of OVA from chitosan (Fluka) nanoparticles (No.39), 
CLl 13 nanoparticles (No.40), CL213 nanoparticles (No.41) and GL213 
nanoparticles (No.42).
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From Figure 7.11 we can see that releases for all the four chitosan nanoparticles 

were complete by 25 minutes. The amount and percentage release data 

corresponding to time are listed in Appendix I.

The experimental release profiles were fitted to a ‘general power law expression’ 

(Equation 1.3) described by Sinclair and Peppas (1984) and Ritger and Peppas 

(1987). The model is introduced to describe the general solute release behaviour 

from polymer devices.

It was shown that in cases of pure Fickian release the exponent n has the limiting 

values of 0.50, 0.45 and 0.43 for release from slabs, cylinders and spheres, 

respectively (Ritger and Peppas, 1987). As described in Section 1.4, Fickian 

diffusional release considers one-dimensional, isothermal solute release from a thin 

polymer slab o f thickness L where the system is initially maintained at a constant 

uniform drug concentration and its surfaces are kept at a constant drug 

concentration (Ritger and Peppas, 1987; Crank, 1975). Setting the value of n to 0.43 

in the equation, the release data were fitted to Equation 1.3 and the estimated 

parameters o f K are listed in Table 7.8. The coefficient of determination (CD) and 

model selection criterion (MSC) were used as measures of goodness of fit when 

evaluating the suitability of a model. From Table 7.8, we can see that MSC values 

ranged from 3.137 to 3.807, which indicated a good fit o f the release data to the 

model (Equation 1.3). There is no significant difference between estimated values of 

K, which indicated limited differences between the release profiles of OVA from 

the four chitosan nanoparticles.
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Table 7.8 Estimated values to release model o f general law expression (Equation 1.3, 
n=0.43).

No. Name K MSC CD

39 OVA-CS NP 0.276 ±0.008 3.547 0.979

40 0VA-CL113NP 0.275 ±0.010 3.137 0.969

41 OVA-CL213NP 0.274 ±0.007 3.807 0.984

42 OVA-G213NP 0.286 ±0.009 3.508 0.979

The amount o f protein release and their model fits are collected in Figure 7.12

so
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Figure 7.12 Release and model fit o f OVA from chitosan nanoparticles (No. 39, No 
40,No.41 andNo.42).

The release data were fitted to another model, the first order model, to see its 

suitability to model the data in these release studies. The first order model was first 

used by Schwartz et al., (1968), to fit the release o f drug into aqueous media from 

wax matrices. The data was examined from the viewpoint o f the first order kinetic
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theory and that of a diffusion controlled process. It was found that the experimental 

data were well analysed using this diffusion-controlled model

W = W^{\-e-'^) Equation 7.3

where W is weight released at time t, Woo is the weight released at infinity and k is 

the release rate constant. The estimated parameters and related statistics are 

summarised in Table 7.9.

Table 7.9 Estimated parameters to model fit of first order model.

No. Name k (m in'') w« MSC CD

39 OVA-CS 0.191±0.021 298 ±9.6 4.060 0.991

40 0VA-CL113 0.224 ±0.029 298 ±10.8 3.630 0.986

41 OVA-CL213 0.177 ±0.020 284 ±9.8 4.053 0.991

42 OVA-G213 0.204 ±0.026 302 ±11.0 3.742 0.988

The rate constant k of OVA release remained relatively constant from all chitosan 

nanoparticles. The MSC (model selection criterion) values ranged from 3.630 to 

4.060, which were relatively higher than the values to the model of general power 

law expression (Equation 1.3, Table 7.8). For example, the MSC value of OVA-CS 

NP to Equation 1.3 was 3.547, which was smaller than the value of 4.060 when 

fitted to Equation 7.3.

It has been known that the most appropriate model is that with the largest MSC, 

when judging the fit of a particular model to experimentally determined data. The 

first order model is the model that best tit to OVA release data from chitosan
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nanoparticles (CS-F NP, CL113 NP, CL213 NP and G213 NP) with relatively high 

values of MSC, compared to the general power law expression model.

7.5 Conclusions

Chitosan microparticles were successfully prepared by spray drying with and 

without crosslinking agent, glutaraldehyde. There was no visible change in 

morphology of the spray dried chitosan microparticles due to the chemical 

crosslinking. The median particle sizes of both microparticle batches samples 

ranged from 3 to 5 jam. Oliverira et al., (2005) prepared their chitosan 

microparticles by spray drying using glutaraldehyde or d,l-glyceraldehyde as 

crosslinking agent. Compared to their non-crosslinked microparticles, there was no 

visible change in the morphology (Oliverira et al., 1005).

Chitosan nanoparticles were successfully prepared by coacervation/precipitation 

methods, by using chitosan or chitosan salts (CL113, CL213 and G213). 

Coacervation/precipitation was firstly used by Berthold and the co-workers (1996) 

to prepared chitosan particles by using sodium sulphate as precipitation agent. In the 

current study, there was no visible difference in the morphology o f the chitosan 

nanoparticles made from chitosan chloride and chitosan glutamate. All the particles 

presented irregular particulate shapes in the nano size range (median size from 0.43 

± 0.07 i^m to 0.58 ± 0.05 |j.m).

Protein OVA was loaded onto chitosan nanoparticles by adsorption with 

encapsulation efficiency (%) ranging from 85.7% to 92.3%. The range of zeta 

potential was 3.37 ± 0.66 mV to 5.02 ± 0.35 mV, which is smaller than that of drug 

free nanoparticles (11.4 ± 0.89 mV to 14.1 ± 0.64 mV). This decrease indicated the 

presence o f negatively charged OVA. Release was completed for all the four

171



C h a p ter  7 . C hitosan  m icro  a n d  nano p a r tic le s

batches of particles by 25 minutes. The release data was fit to models of general 

power law expression and first order models. First order model gave the best fit to 

the release profiles. There is no significant difference between release profiles of 

OVA from chitosan nanoparticles of CS-F, CLl 13, CL213 and G213.
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8.1 Introduction

Because of its various functions and physicochemical properties (described in 

Chapter 1), hyaluronic acid (HA) and modified HA have been investigated and used 

for ophthalmic surgery (Balazs, 1983), arthritis treatment (Balazs and Denlinger, 

1993) and drug delivery (Joshi et al., 1992). Most of the strategies for the 

modification o f HA have been focused on chemical modifications through carboxyl 

and hydroxyl groups, like esterification (Ilium et al., 1994), derivatisation with 

carbodiimide (Kuo et al., 1991), and cross-linking o f HA using divinyl sulfone 

(Balazs and Leshchiner, 1986), glycidyl ether (Balazs and Leshchiner, 1987), or 

dialdehyde after modification of HA with adipic dihydrazide (Luo et al., 2000). 

These chemical modifications were generally carried out in highly alkaline or acidic 

solutions and at elevated temperatures, which are not suitable for the inclusion of 

sensitive molecules such as proteins. On the other hand, although polymeric 

particles have been widely studied for drug delivery systems, there is little work 

which has reported on HA particulate systems, especially HA nanoparticles. As a 

biodegradable, biocompatible and viscoelastic polymer (Zhong et al., 1994; 

Prestwitch et al., 1998; Balazs, 1998; Brown and Jones, 2004; Hahn et al., 2004), 

particulate HA has potential as a nano sized drug delivery carrier. Chitosan was 

used to combine with HA during the manufacture process to aid the formation of the 

nanoparticles.

In the current work, sodium hyaluronate microparticles were manufactured by spray 

drying. HA/chitosan nanoparticles were manufactured by coacervation/precipitation. 

Two sodium hyaluronates and four chitosans (CL1I3, CL213, G113 and G213) 

were used to prepare a range of HA-chitosan nanoparticles. The physical properties 

of the resultant nanoparticles were measured and compared. The two sodium 

hyaluronates were sodium hyaluronate (Fluka) and ultrapure sodium hyaluronate
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(NovaMatrix). Ultrapure sodium hyaluronate (NovaMatrix) presents a low 

endotoxin level smaller than 2.5 EU/g, as supplied by the manufacturer.

8.2 Hyaluronic acid particles

8.2.1 Hyaluronic acid microparticles prepared by spray 

drying

Sodium hyaluronate microparticles were made by spray drying by using sodium 

hyaluronate (Fluka) and lecithin. Lecithin was used as a surfactant. The physical 

properties of the resultant sodium hyaluronate microparticles are listed in Table 8.1 

and the SEM picture is shown in Figure 8.1. HA-Na represents the sodium 

hyaluronate.

Table 8.1 Physical properties of sodium hyaluronic microparticles made by spray 
drying.

No. Name D50% (|im) (n=3) D90% (^m) (n=3) Span

43 HA-Na MP 2.69 ±0.53 6.23 ± 0.79 2.12 ±0.88

(Samples represent the mean value ± standard deviation)

Figure 8.1 SEM picture of HA microparticles (No.43).
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The median size o f the spray dried microparticles was 2.69 ± 0.53 |am. From the 

SEM picture (Figure 8.1) we can see that the particles present relatively spherical 

shapes with rough surfaces.

Lecithin is a surfactant widely used in pharmaceutical and food manufacturing. It 

can be used as a surfactant in large volume parenterals and is used for the 

preparation o f intravenous fat emulsions (Washington, 1990). It behaves as a 

charge-stabilising surfactant in lactose and salbutamol dispersions (Sidhu et al., 

1993). When making chocolate, lecithin is added to the cocoa butter and adsorbs to 

the particles’ surfaces reducing inter-particle interaction. In the current work, 

lecithin was dispersed with sodium hyaluronate solution with a ratio of 1:8 w/w 

(lecithin:sodium hyaluronate) as a surfactant.

8.2.2 Hyaluronic acid (Fluka)/chitosan nanoparticles

Hyaluronic acid is a high molecular mass linear, anionic polysaccharide with a rich 

presence of carboxyl groups (Sail and Ferard, 2007; Chen et al., 2005; Gold, 1981 

and 1979), while chitosan is a polysaccharide with cationic properties. The charge 

difference between these two biomaterials makes possible preparation of HA/CS 

particles. The hyaluronate and chitosan used in this preparation were sodium 

hyaluronate (Fluka) and CL213.

The particle size o f the resultant HA(F)/CL213 particles (No.44) was measured with 

a Malvern Zetasizer and it was 198 ±11 nm and the size width (width of the peak in 

the size distribution Figure 8.2) was 99.1 ±14.3 nm. The zeta potential was 1.64 ± 

0.52 mV. The chitosan loading on the HA(F)/CL213 nanoparticles was 42.7 ± 9.7 % 

w/v, determined by ninhydrin (Section 4.2.2) analysis. The physical properties of
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HA(F)/CL213 nanoparticles are listed in Table 8.2 and the SEM picture is shown in 

Figure 8.2.

Table 8. 2 Physical properties of HA/CS nanoparticles.

No. Name
z-Average 
size (nm) 

(n=3)

Size width 
(nm) (n=3)

Chitosan 
content% 

(w/w) (n=3)

Zeta 
potential 

(mV) (n=5)

44
HA(F)/CL213

NP
198 ± 11 99.1 ± 14.3 42.7 ±9 .7 1.64 ±0.52

(Samples represent the mean value ± standard deviation)
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Figure 8.2 SEM picture and particle size distribution o f HA/CS nanoparticles 

(No.44).

From SEM picture we can see that the particles are in the nano size range with 

relatively irregular shapes. The particles look to be fused. This may be due to the
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coating procedure used for sample preparation for SEM, which may have caused 

fusion of small particles, especially in the nano-range. Gold coating is a necessary 

step when preparing samples for SEM analysis. From the size distribution we can 

see that there might be some aggregates present in the nanoparticles as well.

When HA solution was mixed with CS solution while stirring, large aggregates 

were produced which may be caused by the high molecular weight o f HA and CS 

polymers. The large aggregates were eliminated by filtration through a 0.2 |j.m filter. 

This filtration process may have affected the resultant particles sizes by decreasing 

the viscosity of the mixture solution and decreased the mean sizes to 198 nm. The 

primary concentrations of HA and CS solutions used to make mixtures were both 

0.2 % w/v. Solutions with lower concentrations (0.02% w/v) of HA and chhosan 

were also prepared, and the mixture of both solutions produced aggregates, 

therefore filtration is a necessary step in the preparation process.

Without the presence of chitosan, the hyaluronic acid in solution was not 

precipitated by the addition o f sodium sulphate. The mixture remains clear under 

stirring. Consequently, chitosan is necessary in the preparation of nanoparticles 

containing hyaluronic acid by precipitation/coacervation method. The formation of 

HA/CS nanoparticles was monitored by turbidity. Figure 8.3 shows the transmission 

in relation to the added amount of sodium sulphate.
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Figure 8.3 Turbidity monitoring during the precipitation employed to produce 
HA/CS nanoparticles (No.44).

Transmission (%) at the different concentrations of sodium sulphate was calculated 

by Equation 7.2 in Chapter 7. From Figure 8.3 we can see that the transmission (%) 

decreased dramatically when the concentrations of sodium sulphate were higher 

than 0.4% w/v, facilitating the formation o f nanoparticles.

The FTIR analysis o f the resultant HA/CS nanoparticles was performed and 

compared to pure sodium hyaluronate and chitosan CL213 (CS) (Figure 8.4) to 

identify the presence o f HA and chitosan in nanoparticles.
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Figure 8 . 4 FTIR o f  sodium hyaluronate, chitosan CL213 polymers and HA/CS 
particles.

From Figure 8.4 we can see that sodium hyaluronate have an absorption peak at 

1652 cm'', which is characteristic o f  C = 0  stretch o f  carboxylic acid in HA polymers 

(Hill and Holman, 2000). HA/CS system also has this absorption peak at 1652 cm'' 

which indicated the presence o f  HA in HA/CS particles. The absorption at 2930  

cm'* is characteristic o f  a stretch o f  -CH3 groups (Hill and Holman, 2000). The 

increased intensity o f  this band in the HA/CS system at 2930 cm'' compared to 

sodium hyaluronate and chitosan CL213 on their own could be attributed to the 

interactions between the polymers and as a result, shifting peaks exposing at the 

band 2930 cm''. The FTIR result indicated the presence o f  HA and CS in HA/CS 

nanoparticles.

Sodium sulphate was included as a desolvation reagent to facilitate the phase 

separation, since it has a greater affinity for water and facilitates the removal o f  the 

associated water layer from around the dissolved colloidal chains (Mao et al., 2001). 

In the current study, HA/CS particle were prepared with or without the addition o f
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sodium sulphate. Without the sodium sulphate, there was no obvious indication of 

the formation of nanoparticles in the resultant products. The SEM picture of 

resultant products is shown in Figure 8.5.

Figure 8. 5 SEM picture of the HA-CS system without addition of sodium sulphate.

The HA and CS solutions at the concentration of 0.2% w/v have pH values of 6.71 

and 5.45, respectively. A concentration value of 0.2% w/v was chosen for the 

manufacture of primary solutions because a solution with higher concentration 

would increase the solution viscosity and as a result lead to the formation of 

agglomerates (Berthold et al., 1996).

8.2.3 Hyaluronic acid (NovaMatrix)/chitosan nanoparticles

Highly purified sodium hyaluronate (NovaMatrix) was used to prepare 

nanoparticles with chitosan CL213, CL113, G213 and G113. The difference with 

sodium hyaluronate (Fluka) is the low LPS level of the NovaMatrix grade which is 

smaller than 2.5 EU/g (endotoxin units per gram) as claimed by the manufacturer.
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According to the U.S. Food and Drug Administration guidehne, the upper hmit of 

the pyrogen level is 5.0 endotoxin units (EU)/kg (body weight) per injection.

The resultant nanoparticles were named with No.45 to No.48 and their physical 

properties are listed in Table 8.3.

Table 8. 3 Physical properties of HA/CS nanoparticles

No. Name
z-average 
size (nm) 

(n=3)

Size width 
(nm) (n=3)

Chitosan 
content% 

(w/w) (n=3)

Zeta potential 
(mV) (n=5)

45
HA/CL113

NP
171.2
±21.3

70.2±12.1 43.2 ±5.1 1.55±0.44

46
HA/CL213

NP
183.8
±31.2

85.6±27.3 45.8±6.7 2.12±0.29

47 HA/G113NP
169.8
±50.7

71.6±16.6 45.U3.3 1.34±0.72

48 HA/G213NP
176.5
±38.8

78.4±12.2 44.8 ±7.9 1.28±0.31

(Samples represent the mean value ± standard deviation)

The SEM pictures of No.44 to No.47 are shown in Figure 8.6, 8.7, 8.8 and 8.9 

respectively. From the size distributions we can see that there might be some 

aggregates present.
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Figure 8.6 (a) SEM picture (b) size distribution of HA/CLl 13 nanoparticles.
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Figure 8.7 (a) SEM picture (b) size distribution of HA/CL213 nanoparticles.
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Figure 8.8 (a) SEM picture (b) size distribution o f  HA/Gl 13 nanoparticles.
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Figure 8.9 (a) SEM picture (b) size distribution of HA/G213 nanoparticles.

8.3 Physicochemical properties of sodium 

hyaluronate

8.3.1 Measurement of molecular weights

The molecular weight of sodium hyaluronate (Fluka) and ultrapure sodium 

hyaluronate (NovaMatrix) used in this study were characterised by gel permeation 

chromatography (GPC). The results o f the Mw, M„, polydispersity are listed in Table 

8.4.

Table 8.4 Molecular weight characteristics of sodium hyaluronate

Manufacturer
Chitosan Mw (kDa) Mn (kDa) Polydispersity

(kDa)

Fluka 1,590±720 1,410±540 1.12±0.02

NovaMatrix 1,010±850 909±790 1.11±0.02 620-1200

(Samples represent the mean of three determinations ± standard deviation)
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The molecular weight of sodium hyaluronate (Fluka) is 1,590±720 kDa, which 

agreed with the work reported by Moller et al., (2007). In their work, hyaluronic 

acid sodium sah (Fluka) had a molecular weight of 1500-1800 kDa. The ultrapure 

sodium hyaluronate (NovaMatrix) presented a molecular weight of 1,010±850 kDa, 

which agrees with the data supplied by the manufacturer. The approximate ranges of 

molecular weights were determined by intrinsic viscosity measurement 

(NovaMatrix). From Table 8.4 we can see that sodium hyaluronate (Fluka) 

presented relatively higher molecular weight than ultrapure sodium hyaluronate 

(NovaMatrix).

8.3.2 Powder X-ray diffraction (XRD)

XRD scans of sodium hyaluronate starting material and the processed particles are 

shown in Figure 8.10.
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Figure 8.10 XRD scans of sodium hyaluronate (Fluka) (HAna(F), sodium 
hyaluronate (NovaMatrix) (HAna(N), HA spray dried microparticles (HA MP) and 
HA/CL213 nanoparitcles (HA(F)/CL213 NP).
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In the XRD scans, crystalHne materials give sharp narrow diffraction peaks and the 

amorphous component gives a very broad curve without sharp peaks. From Figure 

8.10 we can see that all the systems showed broad peaks without the diffraction 

peaks indicating that both of the starting sodium hyaluronates were amorphous and 

the particles which had been processed by spray drying and 

precipitation/coacervation were also amorphous compounds. The processes did not 

change the amorphous nature of the materials.

8.4 Conclusions

Sodium hyaluronate microparticles were manufactured by spray drying and the 

median particle size o f these particles was 2.69 ± 0.53 ia,m. Lecithin was used as a 

surfactant. All the particles presented relatively spherical shapes with rough 

surfaces.

HA/CS nanoparticles were manufactured by coacervation/precipitation. The particle 

size dramatically decreased to 198 ± 11 nm, compared to HA microparticles made 

by spray drying. The FTIR scan indicated the presence of HA in the system. 

Without the presence o f chitosan, sodium hyaluronate was not precipitated by 

sodium sulphate alone and without addition of sodium sulphate; mixture of 

hyaluronic and chitosan did not formed particulate forms.

The possibility o f formations of hyaluronic acid micro and nanoparticles indicate its 

potential use in future drug delivery studies.
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Chapter 9. Effects o f  nanoparticles on platelet aggregations

9.1 Introduction

When damage to small blood vessels occurs, platelet aggregation w ill be 

responsible for maintaining the haemostasis. Follow ing damage, the blood vessel 

reflexes and promote vasoconstriction. At this time, platelets flow ing by adhere to 

the exposed collagen from the damage site. Collagen stimulates phospholipase A 2 

within the platelets. This reaction in turn releases arachidonic acid which is 

converted through the action o f  cyclooxgenase enzym e to thromboxane A 2 (Grette, 

1962) Other cytoplasmic granules released are serotonin and ADR ADP attracts 

more platelets to the area and thromboxane A 2 promotes platelet aggregation (Grette, 

1962). Then damaged tissue releases factor III, which together with Câ "̂  will 

activate factor VII as w ell as platelets release factor XII, which in turn activates 

factor XI (Grette, 1962). Both activated factor VII and XI w ill promote cascade 

reactions and activate factor X. Active factor X, along with factor III, factor V, Câ "̂  

and platelet thromboplastic factor (PF3) are able to activate prothrombin activator. 

Prothrombin activator converts prothrombin to thrombin and thrombin converts 

fibrinogen to fibrin. Fibrin initially forms a loose mesh, however factor XIII causes 

the formation o f  covalent cross links and forms a blood clot (Grette, 1962).

The delivery o f  pharmacological antigens using nanotechnology gives rise to the 

possibility o f  the interactions o f  nanoparticles with blood and its elements 

(Radomski et al., 2005). The potential o f  nanoparticles to induce platelet 

aggregation and precipitate thrombosis was reviewed in Section 2.2. It is important 

to screen nanoparticles to establish their safety in this regard, especially when there 

are very limited published studies on these particles in record. In this section 

therefore, the effect o f  the drug free PLGA, chitosan-PLGA and chitosan 

nanoparticles on human platelet aggregation and their effects on inhibition o f  the 

collagen induced aggregation in vitro  were investigated.
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Indomethacin and ketoprofen are drugs used for the treatment o f inflammation 

(NSAID). It has been reported that both indomethacin and ketoprofen inhibit 

platelet aggregation (Leach and Thorbum , 1982; Gursoy et al., 1987; Petrusewicz et 

al., 1995), and can cause dose related side effects on gastrointestinal and 

neurological systems, such as nausea, headache, abdominal distress or pain etc. In 

this section the effect o f indomethacin and ketoprofen encapsulated into PLGA 

nanoparticles on platelet aggregation were also studied.

9.2 Effects of nanoparticles on human platelet 

aggregations

9.2.1 PLGA and CS-PLGA nanoparticles

Drug free PLGA nanoparticles (No. 16) and CS-PLGA nanoparticles (No.25) were 

used to study their effects on platelet aggregation. The light transmittance (%) 

changes o f platelets when incubated with PLGA and CS-PLGA nanoparticles at 

different concentrations o f 1, 10, 100, and 500 |j,g /ml were determined and the 

results are shown in Figure 9.1, 9.2, 9.3 and 9.4.
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Figure 9.1 Aggregation o f platelets by PLGA and CS-PLGA nanoparticles at 
concentrations o f 1 \ ig !  ml.
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Figure 9.1 Aggregation of platelets by PLGA and CS-PLGA nanoparticles at 
concentrations of 1 |ig/ ml.
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Figure 9.2 Aggregation of platelets by PLGA and CS-PLGA nanoparticles at 
concentrations of 10 ^g/ ml.
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Figure 9.3 Aggregation of platelets by PLGA and CS-PLGA nanoparticles at 
concentrations o f 100 \ig! ml.
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Figure 9.4 Aggregation of platelets by PLGA and CS-PLGA nanoparticles at 
concentrations o f 500 \ig! ml.

The arrows ( t ) indicate the time at which sample was added at the dose indicated.

The increase in light transmittance is associated with the formation of platelet 

aggregates while the return to the base line represents deaggregation of the platelets. 

The scan lasts at least 6 minutes for each measurement. PLGA and CS-PLGA 

samples were added to human platelets simultaneously in two different channels of 

the aggregometer.

With these aggregation traces, it can be seen that PLGA and CS-PLGA 

nanoparticles did not induce platelet aggregation (0±2% light transmittance, n=4) 

when incubated with platelet-rich plasma at concentrations of 1, 10, 100 and 500 

jig/ml.

Collagen is a physiological aggregating agent. In the current platelet study, collagen 

(0.3-5 i^g/ml) was used as an agent to induce platelet aggregation. From Figure 9.5 

it can be seen that collagen at concentrations o f 2 }xg/ml, 3 }xg/ml and 5 |J.g/ml 

induced platelet aggregations.
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Figure 9.5 Aggregation o f platelets by collagen with different concentrations.

The aggregation effects o f nanoparticles (500 |jg /ml) and collagen (5 )J.g/ml) on 

platelets is shown in Figure 9.6.
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Figure 9.6 Effects o f collagen, PLGA and CS-PLGA nanoparticles on platelet 
aggregation.
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Figure 9.6 indicates that there is no significant difference between aggregation 

effects of drug free PLGA and CS-PLGA nanoparticles on human platelet 

aggregation.

9.2.2 Chitosan nanoparticles

The effects of chitosan nanoparticles on human platelet were measured to compare 

their effects on platelet aggregations. Platelet-rich plasma (PRP) was obtained from 

blood of healthy volunteers and the nanoparticles used were drug free nanoparticles 

of CS-F NP (No. 33), CL113 (No.34), CL 213 (No.35) and 0  213 (No. 36).

The aggregative properties o f nanoparticles (500 ^g /ml) and collagen (5jj,g/ml) in 

platelets are shown in Figure 9.7.
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Figure 9.7 Platelet aggregation effects by chitosan nanoparticles: CS-F, CL113, 
CL213 and 0213

From Figure 9.7, we can see that all the chitosan nanoparticles (No.33 -  No.36) did 

not induce platelet aggregation (0±2% light transmittance, n=4) when incubated 

with human platelets.

It has been reported that chitosan can endorse hemostasis and allow the promotion
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o f  normal tissue regeneration (W illiam and Herbert, 1985). Due to these properties, 

chitosan has been examined for use in a wide range o f  biomedical applications, such 

as surgical thread, bone healing materials and wound dressing (Biagini et al., 1991; 

Abhay, 1998). The mechanism o f  action o f  chitosan may be associated with the 

increasing [Câ "̂ ]i mobilisation which assists the activation o f  platelets (Chou et al., 

2003). The inhibition effects presented by chitosan nanoparticles in the current 

study may be due to the presence o f  sulphate anion as in the particles. The content 

details o f  chitosan nanoparticles are discussed in Chapter 7. In the work reported by 

Sheu et al. (2003), the inhibitory mechanisms o f  magnesium sulphate on platelet 

aggregation was studied. M agnesium sulphate concentration-dependently inhibited 

platelet aggregation in human platelets stimulated by collagen and also 

concentration-dependently inhibited phospholipase breakdown and intracellular 

calcium mobilization in human platelets stimulated by thrombin (Sheu et al., 2003). 

The mechanism involved may be that magnesium sulphate may inhibit the 

activation o f  phospholipase breakdown and thromboxane A 2 formation, thereby 

leading to inhibition o f  intracellular Câ "̂  mobilisation and Na' /̂H'  ̂ exchanger (Sheu 

et al., 2003).

In the work previously reported by Radomski et al., (2005), carbon nanoparticles 

were studied to see their effects on platelet aggregation in vitro. The carbon particles 

investigated were multiplewall (M W NT), singlewall (SW NT) nanotubes, C60 

fullerenes (C60CS) and mixed carbon nanoparticles (M CN) (0.2-300 |j,g/ml). 

Incubation o f  platelets with MCN, MWNT, SWNT, but not C60CS, resulted in a 

concentration-dependent increase in platelet aggregation. The order o f  efficacy was: 

MCN >= SW NT>M W NT>SRM 1648 (p<0.05, n=6-10). Collagen was used as 

aggregation agent at concentration o f  5 |ig  /ml. At the sample concentration o f  300 

|ag /ml, M CN presented an aggregation effect similar to collagen (70 ± 3 % versus 

76 ± 6 %, n=8). The size o f  the nanoparticles ranged from 1-100 nm.
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9.3 Effects of nanoparticles on collagen induced 

human platelet aggregation

9.3.1 PLGA and CS-PLGA nanoparticles

The inhibition study was carried out by measuring the abilities o f nanoparticles to 

inhibit the collagen induced aggregation on human platelets. The collagen 

concentration used to induce platelet aggregation was 2 |^g/ml and the inhibition 

abilities of PLGA (No. 16) and CS-PLGA (No.25) nanoparticles were evaluated 

under different concentrations from 0.01-100 |ag/ml. The light transmittance (%) 

changes of platelets when incubated with PLGA nanoparticles (1 jJ-g/ml) and 

collagen (2 [ig/ml) are shown in Figure 9.8. Nanoparticles were preincubated with 

human platelets for 1 min before the addition of collagen.
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Figure 9.8 The effect o f PLGA nanoparticles (No. 16) on collagen induced platelet 
aggregation at the concentration of 1 |j,g/ml. Collagen concentration was 2 |ag/ml.

The arrows ( |)  indicate the time at which samples were added. From Figure 9.8 we
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can see that at the end of scan (6 minute), the light transmittance (%) o f platelets 

incubated with pure collagen was higher (-32% ) than the one incubated with PLGA 

nanoparticles and collagen (-26%). Since the increase in light transmittance is 

associated with the formation of platelet aggregations, the presence of PLGA 

nanoparticles decreased the platelet transmittance (%i) and inhibited collagen 

induced platelet aggregations.

The effect o f CS-PLGA nanoparticles (No.25) (1 |J.g/ml) on collagen (2 |J.g/ml) 

induced platelet aggregation is also shown in Figure 9.9.
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Figure 9.9 The effect of CS-PLGA nanoparticles (No.25) on collagen induced 
platelet aggregation at the concentration of 1 ^ig/ml. Collagen was 2 |ag /ml.

The presence o f CS-PLGA nanoparticles also decreased the platelet transmittance 

(%) and inhibited collagen (2 |J.g/ml) induced platelet aggregations. Other sample 

concentrations, from 0.01 to 100 |ig/ml were also tested and the inhibition resuhs 

are shown in Figure 9.10 (n=3). At a concentration of 100 |J.g/ml, PLGA and 

CS-PLGA nanoparticles inhibit collagen (2 |J.g/ml) induced platelet aggregation of
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21.3 ± 3.3 % and 16.7 ± 4.1 % inhibition (mean ± SD, n=3), respectively.
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Figure 9.10 Inhibition effects o f PLGA (No. 16) and CS-PLGA (No.25) 
nanoparticles on collagen induced platelet aggregation.

Figure 9.10 indicates that when the particle concentration increased, the inhibition 

effects of both o f the nanoparticles increased. There was no significant difference 

between the inhibition effects o f PLGA and CS-PLGA nanoparticles in the 

concentration range studied (0.01 |xg/ml - 100 |ag/ml). The mechanism of inhibition 

of platelet aggregation by PLGA is not entirely known.

In terms of pharmaceutical excipients, other particles could also inhibit platelet 

aggregation. Cetyl alcohol/polysorbate nanoparticle is one of the few types of 

nanoparticles which can inhibit platelet aggregation in a dose-dependent manner. As 

reported by Koziara et al., (2005), cetyl alcohol/polysorbate nanoparticles with a 

mean size of 67.0±17.5 nm were used to study their compatibility with blood. 

Human a-thrombin (THR) was used as aggregation agent at concentration o f 0.1 

U/ml. As a result, at the particle concentration of 5 |ag /ml, 10% of the inhibition 

effect on THR induced platelet aggregation was detected and when the
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concentration was increased to 75 |ig /ml, the inhibition effect was increased to 40%. 

The mechanism of the action of the cetyl alcohol/polysorbate nanoparticles is not 

known (Koziara et al., 2005).

9.3.2 Chitosan nanoparticles

Chitosan nanoparticles CS-F NP (No.33), CL113 NP (34), CL213 NP (35) and 

G213 NP (36) were used to study their effects on collagen (2 |o.g/ml) induced 

platelet aggregation. Different concentrations o f samples from 0.01-100 |ag/ml were 

measured and the results are shown in Figure 9.11. Nanoparticles were preincubated 

with human platelet for 1 min before the addition of collagen.
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Figure 9.11 Effects of chitosan nanoparticles on collagen (2 |xg/ml) induced platelet 
aggregation (n=4).

Figure 9.11 indicates that when the concentration o f the chitosan particles increased, 

the inhibition effects increased. There were no significant differences between the 

inhibition effects of chitosan (Fluka), chitosan CL113, CL213 and G213
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nanoparticles when the nanoparticle concentrations ranged from 0.01 |o.g/ml to 100 

|ag/ml. At the concentration of 100 |^g/ml, chitosan nanoparticles inhibit collagen (2 

|j.g/ml) induced platelet aggregation o f 10.9 ± 3.6 %, 40.0 ± 5.0 %, 37.4 ± 25.2 % 

and 17.1 ± 9.4 % inhibition (mean ± SD, n=3), respectively.

9.3.3 PLGA nanoparticles loaded with indomethacin and 

keto profen

Petrusewicz and the co-workers (1995) tested the in vitro and in vivo antiplatelet 

activity of ketoprofen on human blood platelets. Concentrations of the agents were 

determined as such that caused 25% and 50% inhibition of aggregation of human 

blood platelets induced by fixed concentrations of collagen (10 |ag /ml). At the dose 

of 7.20 xiO'^ mol/dm^ (0.18 ^ig/ml) and 5.30 xiO'*̂  mol/dm^ (1.35 ^g/ml), 

ketoprofen inhibited collagen (10 ^g/ml) induced platelet aggregation by 25% and 

50%, respectively. In another work by Leach and Thorbum (1982), indomethacin 

proved to be a potent inhibitor o f human platelet aggregation. Over the range of 

0.43 |aM to 0.43 mM, indomethacin presented a dose-dependent inhibitory effect on 

collagen (5 |ig/ml) induced human platelet aggregation. This inhibition was 10% at 

43 |iM (0.154 |ag /ml) and reached a complete inhibition at 0.43 mM (154 |ig /ml) 

of indomethacin.

The effects of indomethacin PLGA nanoparticles (indomethacin loading: 6.52%) 

(No.23) and ketoprofen PLGA nanoparticles (No.24) (ketoprofen loading: 4.02%) 

on collagen (2 |ig/ml) induced platelet aggregation were tested and the 

concentration (1-50 |j,g /ml) related inhibition (%) is shown in Figure 9.12.
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Figure 9.12 Inhibition effects of ketoprofen PLGA nanoparticles (No.23) and 
indomethacin PLGA nanoparticles (No.24) on collagen (2 i^g/ml) induced human 
platelet aggregations (n=4).

Figure 9.12 indicated that with increasing concentrations, the inhibitory effects of 

ketoprofen PLGA nanoparticles on collagen induced human platelet aggregations 

were increased. At the concentration of 50 |^g/ml, the inhibitory effect was 77 %. 

For concentrations o f 1 |J.g/ml to 5 f^g/ml, the inhibitory effects of indomethacin 

PLGA nanoparticles remained relatively constant, and when the concentration was 

higher than 5 |ag/ml, the inhibitory effects were increased with increasing particle 

concentrations. In this study, there was no significant difference of the inhibitory 

effect between these two batches of nanoparticles.

In the work reported by Leach and Thorburn (1982), 0.065 |J.g/ml of pure 

indomethacin did not present inhibitory effect on collagen induced platelet 

aggregation, while in the current work, 0.065 ^g/ml o f encapsulated indomethacin 

presented an inhibitory effect of 4% and 3.26 }o.g/ml of pure indomethacin presented
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62.5%  o f inhibitory effect (Leach and Thorbum 1982), while in the current work, 

3.26 |ag/ml o f encapsulated drug presented the inhibitory effect o f 77%. 

Encapsulated indomethacin presented a relatively higher inhibitory effect than pure 

drug. The inhibitory effects o f pure and encapsulated indomethacin are listed in 

Table 9.1. The inhibition values were estimated from the published figures reported 

by Leach and Thorbum (1982).

Table 9.1 Inhibitory effects% o f pure and encapsulated indomethacin.

Dmg dose (p,g/ml) Effect o f pure dmg %* Effect o f dm g encapsulated %

0.0652 0 4

3.26 62.5 77

* values were estimated from the work reported by Leach and Thorbum 1982

In the work reported by Petmsewicz et al., (1995), 0.2 |^g/ml o f pure ketoprofen did 

not present inhibitory effect on collagen induced platelet aggregation, while in the 

current work, 0.2 |ig/ml o f encapsulated ketoprofen presented the effect o f  35% and 

2 |ag/ml o f pure ketoprofen presented 30% o f the inhibitory effect on collagen 

induced platelet aggregation, while in the current work, 2 |ig/ml o f encapsulated 

ketoprofen presented the effect o f 77%. Encapsulated ketoprofen presented higher 

inhibitory effect in comparison to pure dmg. The inhibitory effects o f  pure and 

encapsulated ketoprofen are listed in Table 9.2. The inhibition values were 

estimated from the published figures reported by Petrusewicz et al., (1995).

Table 9.2 Inhibitory effects% o f pure and encapsulated ketoprofen.

Dmg dose (|j.g/ml) Effect o f  pure dmg%* Effect o f  dmg encapsulated%

0.2 0 35

2 30 77

* values were estimated from the work reported by Petmsewicz et al., (1995)
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The higher inhibitory effects of encapsulated drugs than pure drugs may be 

attributed to the presence o f PLGA nanoparticles in which drugs were encapsulated. 

As discussed in section 9.2.1 and 9.3.1, drug free PLGA nanoparticles do not induce 

platelet aggregation and presented a weak inhibition effects on collagen induced 

platelet aggregation.

9.4 Conclusions

Drug free PLGA nanoparticles (No. 16) and CS-PLGA nanoparticles (No.25), 

together with chitosan nanoparticles of CS-F NP (No.33), CL113 NP (No.34), 

CL213 NP (No.35) and G213 NP (No.36), did not induce platelet aggregation at the 

concentrations studied (1 to 500 |ig /ml).

The inhibitory effects o f the various types of nanoparticles on the collagen induced 

platelet aggregation were also studied. When the concentrations were increased 

from 0.01 ^g/ml to 100 |xg/ml, the inhibitory effects of particles (PLGA, CS-PLGA 

and chitosan nanoparticles) on collagen (2 |ig/ml) induced platelet aggregation 

tended to increase. At the concentration of 100 |J.g/ml, PLGA and CS-PLGA 

nanoparticles inhibit collagen induced aggregation of 21.3 ± 3.3 % and 16.7 ± 4.1 % 

(mean ± SD, n=3), respectively. Chitosan nanoparticles also inhibit collagen 

induced platelet aggregation, inhibiting aggregation by around 40%. When the 

concentration increased from 0.01 |ag/ml to 100 |^g/ml, the inhibitory effects o f both 

indomethacin and ketoprofen loaded PLGA nanoparticles tended to increase. At a 

concentration o f 50 |^g/ml, both particles gave inhibition effects of approximately 

77%. Encapsulated drugs resulted in the higher inhibitory effects on platelet 

aggregation than pure drugs, which may be attributed to the presence of PLGA 

nanoparticles as a drug carrier.
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Chapter 10. Effects o f  chitosan nanoparticles on cells as adjuvant in vaccine study

10.1 Introduction

In the work reported by Ozasa and Lavelle, (2007, School of Biochemistry and 

Immunology, Trinity College), ultrapure chitosan solutions (CL113, CL213, G113, 

G213) were studied to determine if chitosan has the ability of activating bone 

marrow derived myeloid dendritic cells (DCs) and to explore the relationship 

between chitosan composition and efficacy.

10.1.1 Chitosan solutions induced DC maturation

In the work reported by Ozasa and Lavelle (2007), all soluble chitosans, CL113, 

CL213, G113 and G213 induced expression of CD40, CD80 and CD86 but to a 

lesser extent that of MHC class II on DCs from Balb/c mice. CD 80, 86, 40 are 

protein cluster of differentiation 80, 86 and 40. MHC class II is the major 

histocompatibility complex class II molecules. Though inducing of CD40 

expression was not significantly different between each soluble form, CD80 

expressions were effectively enhanced more by chloride forms (CL113 and CL213) 

compared with glutamate forms (G113 and G213), implying that CD80 expression 

is chitosan structure dependent while CD40 expression is not.

The chitosan effect on DC maturation was also studied on DCs from C3H/HeN and 

C3H/HeJ mice to determine if the effect was induced by LPS (lipopolysaccharide) 

contamination. LPS is known as an endotoxin. C3/HeN is LPS sensitive strain of 

mice while C3H/HeJ mice is an LPS resistant mice. The results of surface 

expression analysis on DCs from Balb/c, C3H/HeJ and C3H/HeN mice suggest that 

the ability of chitosan to induce DC maturation via upregulating surface markers 

including MHC class II, CD80 and CD86 was not caused by LPS contamination 

(Ozasa and Lavelle, 2007).
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10.1.2 Inducing of IL-6 production by chitosan

The efficacy o f chitosan solution on cytokine production by DCs was demonstrated 

by Ozasa and Lavelle (2007). It was found that all the chitosan solutions induced 

IL-6 production by DCs at the concentrations from 0.5 |ag /ml to 10 |o.g /ml. The 

induction effects were not dose-dependent (Ozasa and Lavelle, 2007). IL-6 is a 

proinflammatory cytokine and plays important roles in innate immune response 

such as regulation of temperature and gene expression for cytokine generation 

(Janeway, 2005).

10.1.3 Application of toll like receptions (TLRs)

In the work reported by Ozasa and Lavelle (2007), IL-16 production was 

significantly enhanced by LPS, Poly I;C or Pam3Csk induced DCs treated with 

CL213. LPS, Poly I:C and Pam3Csk are three different TLRs. All the soluble 

chitosan forms at concentrations greater than 2 |ig /ml enhanced significantly the 

level of IL-IB induction by LPS-induced DCs from Balb/c mice. CL213 at 

concentration of 0.1 (xg /ml in the presence of LPS induced a significant level of 

IL-IB by DCs where those of other soluble forms o f chitosan did not. Similar 

production results o f IL-IB, IL-6 and IL-12p40 induced by solution CL213 treated 

DCs from both C3H/HeJ and C3H/HeN mice in the presence of Pam3Csk, 

suggested that the effects were free of LPS contamination. No effects on IL-10 and 

IL-12p70 were detected.

Effects of chitosan solution CL113 on different types of cells such as T-cells by 

using spleen cells from Balb/c, C3H/HeJ and C3H/HeN mice were investigated. As 

a result of IL-IB production, it was found that the higher the soluble CL113
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concentration, the greater the enhancement of LPS-induced IL-IB. In contrast, IL-6 

and IL-10 production was inhibited by higher concentrations of soluble chitosan. No 

IFN-y production was detected by cells treated with chitosan solution CL113.

PMA, a powerful T cell stimulator, was used to detect effect of chitosan (CL213) on 

spleen cells. IL-4 and IFN-y productions were significantly enhanced by spleen cells 

from both C3H/HeJ and C3H/HeN mice treated with chitosan solution CL213.

10.1.4 Toxicity to DCs and spleen cells

The cytotoxicity o f chitosan solution CL213 on DCs and spleen cells from Balb/c 

mice was determined (Ozasa and Lavelle, 2007). Cells were removed and stained 

with Propidium Iodide (PI) to analyse cytotoxicity levels by flow cytometry and, as 

a result, chitosan can be toxic to both DCs and spleen cells. Cell population shifted 

as chitosan concentration increased. The cell population on control and DCs treated 

with chitosan at concentration 1.25 |o,g /ml appear similarly while shift o f cell 

population presented when chitosan concentration was increased to 2.5 |ig/ml, 5 

|ig/ml and 10 i^g/ml respectively, indicating cell death.

10.1.5 Chitosan nanoparticles

Although chitosan solutions have been tested on immune cells, there are not many 

efficacy investigations of chitosan nanoparticles on immune cells, especially DCs. 

The toxicities of chitosan particles on DCs and spleen cells are also in need of 

evaluation.

Yuki and Lavelle examined the effect of nanoparticles (CL113 NP, CL213 NP, 

CL113.2 NP, CL213.2 NP, G213 NP, CL213-CC-NP) prepared in the current work
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(No. 34-38, 49). Objectives of these studies were to determine if  chitosan 

nanoparticles have the ability of activating bone marrow derived myeloid dendritic 

cells (DCs) and the comparative effectiveness of different chitosan nanoparticles. 

The effects of chitosan nanoparticles on enhancement of cytokine production were 

measured and compared with and without TLR agonist such as LPS or poly I:C. 

Endotoxin free chitosan nanoparticles were manufactured and their effect on 

inducing DCs maturation and cytokine production by DCs and spleen cells were 

measured and compared with chitosan solutions. Finally, cytotoxicity of chitosan 

nanoparticles on DCs and spleen cells were investigated and compared to chitosan 

solution.

10.2 Effects of chitosan nanoparticles on DCs 

10.2.1 Enhancement of IL-1B production by DCs

To investigate the effect of various chitosan nanoparticles on IL-IB production by 

DCs, DCs (6.25 xio^ cells/ml) from Balb/c mice were incubated for 24 hours with 

chitosan samples. Chitosan nanoparticles CL113-NP (No.34), CL113.2-NP (No.37), 

CL213-NP (No.35), CL213.2-NP (No.38), G213-NP (No.36) at concentrations of 1 

or 10 |J.g/ml, alone or in combination with LPS (5000 pg/ml) or Poly I:C (100 |o.g/ml) 

were used as samples and the IL-IB production was assayed by ELISA. Figure 10.1 

compares the results obtained from nanoparticles (CL113 NP, CL213 NP, CL113.2 

NP, CL213.2 NP, G213 NP) to those obtained for the corresponding solutions 

(CL113, CL213, G113 and G213). Control is cells treated with chitosan alone. The 

results of cytokine assay are the mean cytokine concentration of triplicate assays.
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Figure 10.1 Chitosan enhanced IL-IB production in the presence of LPS or Poly I:
C.

a) 10 |ig/ml of each chitosan treatment one hour prior to LPS (5000 pg/ml) 
stimulation,
b) 1 |ag/ml of each chitosan treatment one hour prior to LPS (5000 pg/ml) 
stimulation.
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c) 1 |ig/ml o f each chitosan treatment one hour prior to Poly I:C (100 ng/rn) 
stimulation.

**, p<0.01; ***, p<0.001 vs. medium of LPS

Most chitosan nanoparticles alone do not induce IL-IB production except for the 

CL213-NP and G213-NP particles shown in Figure 10.1a. IL-IB production was 

enhanced by DCs treated with chitosan compositions, CL113-NP, CL213-NP and 

G213-NP nanoparticles at concentration 10 |ig /ml in the presence of LPS (Figure 

10.1 a). When the particle concentrations decreased to 1 |^g /ml, there was no 

significant difference between IL-IB levels induced by chitosan nanoparticles in the 

presence of LPS and Poly I:C, respectively (Figure 10.1b,c).

The solution of chitosan CL213 induced the highest levels o f IL-IB production in 

the presence of LPS and Poly I:C compared to other chitosan solutions at both 

concentrations. Also, it can be seen that the higher molecular weight soluble forms 

of CL213 and 0213 enhanced more IL-IB production than the smaller molecular 

weight forms CL113 and G113 at both concentrations (Figure 10.1a,b,c). This data 

shows that there is a relationship between the chitosan composition and IL-IB 

production by DCs. The reason is not entirely known yet.

The solutions of chitosan at low concentrations (1 |ig /ml) induced relatively higher 

IL-IB productions than those induced by nanoparticles in the presence of LPS and 

Poly 1:C (Figure 10.1b,c). At high concentrations (10 |o.g /ml), the IL-IB productions 

induced by solutions and particles were similar in the presence o f LPS, except for 

nanoparticles CL113.2 NP and CL213.2 NP (Figure 10.1a). It was concluded that 

both of CL 113.2 NP and CL213.2 NP nanoparticles contain more residual contents 

(mostly sulphate anion) than CL113 NP and CL213 NP respectively. The residual 

content details of chitosan nanoparticles are discussed in Chapter 7.
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10.2.2 Enhancement of IL-12p40 and IL-12p70 production by 

DCs

The effects of chitosan nanoparticles on IL-12 productions were examined. DC 

(6.25 xlO^ cells/ml) from Balb/c mice were treated with nanoparticles at different 

chitosan concentrations (1 or 10 |iig/ml) alone or in combination with LPS. After 24 

hours o f incubation, supernatants were removed and assayed by ELISA. Particle 

examined were chitosan nanoparticles CL113-NP (No. 34), CL113.2-NP (No.37), 

CL213-NP (No.35), CL213.2-NP (No.38), G213-NP (No.36). The results are shown 

in Figure 10.2. Control is cells treated with chitosan alone. The results o f cytokine 

assay are the mean cytokine concentrations of triplicate assays.
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Figure 10.2 The enhancement of IL-12p40 and IL-12p70 production by DCs

(a) 10 |ag /ml of each chitosan in the presence of LPS (5000 pg/ml),

(b) 1 fig /ml of each chitosan in the presence of LPS (5000 pg/ml).

**, p<0.01; ***, p<0.001 vs. medium of LPS
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Figure 10.2 indicates that chitosan nanoparticles alone didn’t induce IL-12p40 

productions except for CL213 and G213 nanoparticles at the concentration of 10 

|j,g/ml (Figure 10.2a). In the presence of LPS all chitosan nanoparticles, including 

CL113-NP (No. 34), CL113.2-NP (No.37), CL213-NP (No.35), CL213.2-NP 

(No.38) and G213-NP (No.36) induced IL-12p40 productions at both concentrations. 

Their effects were relatively higher than the effects induced by chitosan solutions 

(Figure 10.2). Production o f IL-12p70 was also induced by chitosan nanoparticles in 

the presence o f LPS. At high concentrations (10 |ig /ml), IL-12p70 productions 

induced by chitosan nanoparticles were higher than the productions induced by 

chitosan solution. At low concentration (1 |ig /ml), the effects were relatively 

similar.

The effect of particulate chitosan on IL-12p40 and IL-12p70 inductions suggested 

that these chitosan formulations could be contaminated because it has been reported 

that endotoxin and other bacterial components are the substances that can trigger 

lL-12, TNF-a and/or IFN-y production (Shibata et al., 1997). For this reason, the 

LPS levels in chitosan nanoparticles were measured and the technique of 

preparation of nanoparticles was modified to eliminate the likelihood of sample 

contamination with LPS.

10.3 Endotoxin-free chitosan nanoparticles

Endotoxins are found in the outer membrane o f Gram-negative bacteria and are 

members of a class o f phospholipids called lipopolysaccharides (LPS). LPS are 

known to induce a variety o f cells to produce cytokines and chemokines, which in 

turn affect DC movement and maturation. A common pathogenic effect of LPS in 

vivo is fever, but exaggerated responses to LPS may lead to the life-threatening

209



Chapter 10. Effects o f  chitosan nanoparticles on cells as adjuvant in vaccine study

condition known as endotoxic shock (Luderitz et al., 1982). At present, nanoscience 

focuses mainly on the research for new materials and techniques, while safety and 

bimolecular aspects are often postponed to future studies. As a result, contaminants, 

such as LPS, may lead to erroneous conclusions that cause developers to abandon 

what might be a promising material.

In order to detect endotoxin contairmient, PyroGene recombinant factor C assay kit 

(Cambrex) was employed. The samples were diluted 1:10 and assayed in duplicate. 

Table 10.1 shows the levels of endotoxin in chitosan particles. LPS concentrations 

of

1 ng/ml are known to be sufficient to stimulate DCs maturation (Napolitani et al.,

2005). The results suggest that the LPS concentrations found in CL113.2-NP, 

CL213-NP and G213-NP were sufficient to induce maturation of DCs.

Table 10.1 LPS concentrations in chitosan nanoparticles.

Name o f NP
LPS level (pg/ml) 

(sample diluted to 1:10)

CL113-NP 13.5 ±4.95

CL113.2-NP 553 ±38.2

CL213-NP 2014 ±29.0

CL213.2-NP 10.5 ± 12

G213-NP 2014 ±29.0

(Samples represent the mean of three determinations ± standard deviation)

Since LPS are naturally present everywhere in our surroundings and can therefore 

be introduced to the system through the water used as the solvent, chemicals, raw 

materials or equipment used in the preparation of the nanoparticles (Vallhov et al.,

2006), efficient removal o f LPS is difficult to achieve. In addition, LPS are 

thermostable and fairly insensitive to pH changes. Applying high temperatures, such
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as 250 °C for 45 min or high concentrations o f acids and bases would, according to 

the Food and Drug Administration (FDA, www.fda.gov), be an efficient method to 

remove LPS, but such treatment may also affect the properties o f nano particles, 

such as aggregation (Vallhov et al., 2006). An alternative way to remove LPS is by 

running the samples through polymyxin B columns. However, this may lead to the 

loss of nanoparticles, especially if  the LPS bind to the surface of the particles.

Studies were undertaken to optimise the entire production process of nanoparticles 

to minimise contamination by LPS. In the first place, both the surroundings and the 

glassware were cleaned with detergent (PyroCLEAN) before being used in the 

synthesis experiments, and then the synthesis of the nanoparticles was carried out in 

fume hoods and distilled water was replaced with ultrapure water. The chitosan 

used was CL213. The resultant chitosan nanoparticles were named with 

CL213-CC-NP with number of No.49 and used for further bio-interaction study. CC 

presents Clean Control. The particle size of CL213-CC-NP and morphology were 

similar to CL213 NPs (No.35). The LPS concentration was smaller than 1 ng/ml.

10.4 Effects of endotoxin free chitosan nanoparticles 

on DCs and spleen cells

10.4.1 DC maturation induced by chitosan

To examine the effect o f chitosan nanoparticles on surface marker expression on 

immature DCs, flow cytometry analysis was used to test the effects of 

CL213-CC-NP particles on DCs from C3H/HeN and LPS-resistant C3H/HeJ mice. 

DCs (1x10^ cells/ml) from C3H/HeN mice were incubated over night with CL213 

solution (10 |ig/ml) or CL213-CC-NP (10 |ig/ml). The cells were washed and 

stained with antibodies specific for CD40, CD80, CD60 and MHC class IL
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Comparison of expression of DC surface cell markers between treated (black line) 

and untreated (grey histograms) DCs are shown in Figure 10.3.
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Figure 10.3 Expressions of CD86, CD80, CD40 and MHC class II on DCs (1 x 10  ̂

cells/ml from C3H/HeN mice) treated with CL213 solution and CL213-CC-NP 

nanoparticles at concentration of 10 [xg/ml.
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Figure 10.4 Expressions of CD86, CD80, CD40 and MHC class II on DCs (1 x 10  ̂

cells/ml from CSH/HeJ mice) treated with CL213-CC-NP nanoparticles at 

concentrations of 1 and 10 |o,g/ml.

Figure 10.3 indicates that CL213-CC-NP enhanced CD40 and CD86 and to a lesser 

extent CD 80 and MHC class II when DCs were extracted from C3H/HeN mice. 

DCs from C3H/HeJ mice were incubated with chitosan particles CL213-CC-NP and 

the expressions of CD40, CD80, CD86 and MHC class I are shown in Figure 10.4. 

No obvious differences are observed in cell markers between the 

nanoparticle-treated (10 |J.g/ml) DCs from C3H/HeN and C3H/HeJ mice, suggesting 

that the induction of DC maturation by chitosan particles is not due to the 

contamination of the samples with LPS (Figure 10.3 and 10.4). Another

213



Chapter 10. Effects o f  chitosan nanoparticles on cells as adjuvant in vaccine study

concentration of the CL213-CC-NP nanoparticles at 1 |ig/ml was used on DCs from 

C3H/HeJ mice to determine if concentrations have any effect on the expression of 

cell markers. No significant relationship between the particle concentration and 

enhancement of surface marker expression was detected (Figure 10.4). Overall, the 

CL213-CC-NP nanoparticles enhanced the expression o f CD40, CD86 on DCs 

demonstrating that chitosan particles induced maturation o f DCs. In the work 

reported by Ozasa and Lavelle (2007), chitosan solution CL213 also induced DC 

maturation.

10.4.2 Enhancement of IL-1p production by DCs with 

different TLR agonists

Engagement of TLR agonist facilitates the induction of DC responses and adaptive 

immunity (Pulendran, 2004; Pulendran and Ahmed, 2006). LPS have been used as 

TLR agonist to analyse the chitosan effects on IL-ip productions (Figure 10.1). In 

the current work, other TLR agonists, such as CpG, Poly I:C, PamSCsk and R879 

were used to determine their facilitating effects to chitosan samples on the 

enhancement of IL-ip production. DCs (1 x 10  ̂ cells/ml) from Balb/c mice were 

treated with a solution of CL213 (5 |o.g/ml) or CL213-CC-NP nanoparticles (5 |ig/ml) 

one hour prior to the addition of Toll agonists: LPS (500 pg/ml), CpG (10 |o.g/ml), 

Poly I:C (10 |ig/ml), Pam3Csk (10 ng/ml) and R879 (25 |ag/ml). After incubation 

for 24 hours, supernatants were removed and assayed for IL-ip production by 

ELISA. The results are shown in Figure 10.5. Control is Toll agonist alone. The 

results are the mean concentration of triplicate assays.
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Figure 10.5 Enhancements of IL-ip production in DCs treated with LPS, PamSCsk,

R879, CpG and Poly I:C.

**, p<0.01; ***, p<0.001 vs. medium of LPS

Significant levels (p<0.001) o f IL-lp productions were induced by the 

particle-treated DCs in the presence of LPS, Pam3Csk or R879 in contrast to CpG 

and Poly 1:C (Figure 10.5). O f all the Toll agonists tested, PamSCsk was shown to 

be the most effective for synergising with chitosan particles to enhance IL-ip. Since 

Pam3Csk also facilitated chitosan solution to enhance IL-ip production, PamSCsk 

was shown to be the most effective for synergising with both solution and particle 

forms of chitosan in the enhancement o f IL -ip production. IL-ip production is 

significantly enhanced by DCs treated with CL21S-CC-NP in the presence of LPS, 

PamSCsk and R879 but not by CpG or Poly I:C.
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10.4.3 Enhancement of IL-1p production by DCs at different 

concentrations

As PamSCsk was shown to be the best for synergising with both chitosan solution 

and particle to induce IL -ip production (Chapter 10.4.2), it was employed as a Toll 

agonist in this study. DCs (6.25 xlO^ cells/ml) from C3H/HeJ mice were incubated 

with various concentrations of CL213-CC-NP (0.08-10 |o,g/ml) and stimulated with 

PamSCsk (10 ng/ml) for 24 hours. Following incubation supernatants were taken 

and assayed for IL -ip production by ELISA. The results are shown in Figure 10.6. 

Control is cells treated with chitosan particles only. The results are the mean 

concentration of triplicate assays.
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Figure 10.6 Enhancements o f IL-ip production in DCs at different concentrations 

treated with PamSCsk.

**, p<0.01; ***, p<0.001 vs. medium of LPS

CL213-CC-NP treated DCs enhanced IL-ip production in the presence o f PamSCsk. 

Higher levels of IL -ip  were induced with higher concentrations of CL21S-CC-NP 

particles (Figure 10.6), indicating a relatively concentration-dependently effects of

216



Chapter 10. Effects o f  chitosan nanoparticles on cells as adjuvant in vaccine study

chitosan nanoparticles on IL-ip productions in the presence of PamSCsk. In the 

work reported by Ozasa and Lavelle (2007), chitosan solution CL213 also induced 

IL-1 p productions in a manner of relatively concentration-dependent.

10.4.4 Enhancement of IL-6 and IL-10 production by DCs

The effects of chitosan nanoparticles CL213-CC-NP on other cytokines like IL-6 

and IL-10 were assayed. DCs (6.25 xio^ cells/ml) from C3H/HeJ were treated with 

solution of CL213 or CL213-CC-NP and PamSCsk (1 ng/ml) at different 

concentrations (0.4 |^g/ml, 2 |ag/ml and 10 |J.g/ml). After 24 hours of incubation, 

supernatants were assayed for production o f IL-6 and IL-10 by ELISA. The results 

are shown in Figure 10.7. Control is cells treated with chitosan particles only. The 

results are the mean concentration of triplicate assays.
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Figure 10.7 Enhancements of IL-6 and IL-10 productions in DCs at different 

concentrations treated with PamSCsk.

**, p<0.01; ’**, p<0.001 vs. medium of LPS

Both, the solution CL213 and CL213-CC-NP, enhanced IL-6 productions in a 

manner o f relatively concentration-dependent. Low effects on IL-10 were detected. 

There were no significant differences in IL-6 productions between solution CL213
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and CL213-CC-NP, indicating that both CL213 solution and particle have inducible 

effects on IL-6 (Figure 10.7).

10.4.5 Enhancement of IL-4 and IFN-y production by spleen 

cells

The effect of chitosan on spleen cells was investigated by using PMA (phorbol 

myristate acetate). PMA is a powerful T cell activator and in the current study is 

used to help the detection of chitosan effects on activated T cells and the possible 

effects on adaptive immune responses. Spleen cells (6.25 xlO^ cells/ml) from 

C3H/HeJ mice were incubated for 1 hour with CL213-CC-NP particles at different 

concentrations (0.2 ^g/ml, 1 |ig/ml and 5 |ig/ml). After thirty minutes PMA (0.2 

ng/ml, 2 ng/ml and 20 ng/ml) was added. After incubation for 24 hours, supernatant 

were assayed by ELISA. The results are shown in Figure 10.8. Control is cells 

treated with chitosan particles only. The results are the mean concentration of 

triplicate assays.
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Figure 10.8 Enhancements o f IL-4, IL-10, IFN -7  and IL-5 productions in spleen 
cells at different concentrations.
**, p<0.01; ***, p<0.001 vs. medium o f LPS

Figure 10.8 indicates that the CL2213-CC-NP particles at three concentrations 

induced IL-4 and IFN-y productions by spleen cells when PMA was higher than 2 

ng/ml. IL-4 production was inhibited at a higher concentration o f  5 |o.g/ml o f 

CL2213-CC-NP indicating that lower concentrations (0.2 ^ig/ml, 1 |ag/ml) o f 

particles are sufficient to induce IL-4 production in the presence o f PMA (Figure 

10.8). Since solution CL213 can induce IL-4 and IFN-y production as well (Ozasa 

and Lavelle, 2007), both solution CL213 and particles have inducible effects on 

spleen cells to induce IL-4 and IFN-y production. Although not consistent over the 

range o f  concentrations tested, IL-5 and IL-10 productions were induced by 

chitosan particles CL213-CC-NP at concentrations o f 0.2 ng/ml and 1 |ig/ml by 

PMA (2 ng/ml, 20 ng/ml) stimulated spleen cells from C3H/HeJ mice (Figure 10.8).
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10.4.6 Toxicity of chitosan particles to DCs and spleen cells

In order to determine the cytotoxicity of chitosan particles CL213-CC-NP on DC, 

DCs (1 xio^ cells/ml) from Balb/c mice were incubated with a range of 

concentrations o f solution CL213 and particles o f CL213-CC-NP (1.25 |ig/ml, 2.5 

|j.g/ml, 5 |o.g/ml and 10 (ig/ml) over night. After washings, cells were stained with PI 

and assayed by flow cytometry. The Side Scatter (SS) to Forward Scatter (FS) plots 

are shown in Figure 10.9. In Figure 10.9, the control was unstimulated DCs.
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Figure 10.9 Flow cytometry results for CL213 solution and CL213-CC-NP 
nanoparticle treated DCs at different concentrations.
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Figure 10.9 indicates shifts in the cell population as chitosan concentration increases. 

The cell population in the control is similar to that of the CL213-CC-NP at 

concentration o f 1.25 |J.g/ml. When the concentration increased to 10 i îg/ml, there 

was a shift o f cell population towards to the upper Side Scatter (SS) (Figure 10.9), 

indicating the death o f cells with organelles. Chitosan solution CL213 presented 

similar results (Figure 10.9). The percentage level of the chitosan toxicity compared 

to the control is shown in Figure 10.10.
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Figure 10.10 Cytotoxicity of chitosan solution CL213 and CL213-CC-NP 

nanoparticles to DCs from Balb/c mice at different concentrations.

From Figure 10.10 it can be seen that the solution of CL213 is relatively more toxic 

to DCs than the particulate CL213-CC-NP at the four concentrations. Even at the 

concentration as low as 1.25 |ag/ml, chitosan solution CL213 and particle 

CL213-CC-NP are toxic to DCs.

Cytotoxicity levels of the CL213 solution and CL213-CC-NP to spleen cells at 

different concentrations (0.0399-10 |J.g/ml) are shown in Figure 10.11.
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Figure 10.11 Cytotoxicity of chitosan solution CL213 and particulate 

CL213-CC-NP to spleen cells from Balb/c mice at different concentrations.

At the concentrations lower than 1.25 ng/ml, the nanoparticles presented similar 

cytotoxicity levels compared to those of chitosan solution CL213. At higher 

concentrations like 2.5 |ig/ml, 5 |ag/ml and 10 |J.g/ml, the cytotoxicity levels of 

particulate CL213-CC-NP are relatively lower than those of the solution. Compared 

to the cytotoxicity levels induced to DCs from Balb/c mice, chitosan forms are not 

as toxic to spleen cells as to DCs. Chitosan solution o f CL213 induced relatively 

more cytotoxicity levels than CL213-CC-NP to both DCs and spleen cells. It may 

be caused by the fact that chitosan solution (CL213) contains more hydrochloric salt 

than chitosan nanoparticles (CL213-CC-NP). According to the data supplied by the 

manufacturer, pure chitosan CL213 used in this study contain 10-20% hydrochloric 

acid, while the amount of hydrochloric acid in CL213-CC-NP was around 2.0 %, 

measured by ninhydrin assay.
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10.5 Conclusions

Preliminary results of the effect of particulate chitosans CL 113 NP, CL213 NP and 

G213 NP on IL-12p40 and IL-12p70 inductions suggested that these chitosan 

formulations could be contaminated with LPS. LPS levels were measured and 

production process was successfully optimised to minimise the contamination by 

LPS.

Chitosan nanoparticles CL213-CC-NP were able to mature DCs by upregulating 

CD40 and CD60 and to a lesser degree o f CD80 and MHC IL IL-1(3 productions 

were induced by those nanoparticles in the presence of LPS, PamSCsk or R879 as 

Toll agonists. Pam3Csk is the most effective agonist for synergising with chitosan 

particles to enhance IL-ip production. The inducing effects of IL-1(3 production by 

CL213-CC-NP is in a manner of relatively concentration-dependent. CL213-CC-NP 

can also induce IL-6 and IL-10 productions in DCs at different concentrations when 

treated with Pam3Csk. When spleen cells were used, particulate CL213-CC-NP can 

induce IL-4 and IFN-y productions at different concentrations in the presence of 

PMA. Chitosan particles are toxic to DCs at a concentration of 1.25 (xg/ml and 

higher concentrations. Compared to the solution of CL213, the solution induced 

relatively high levels of cytotoxicities to DCs from Balb/c mice. Chitosan forms 

(solution and nanoparticles) are not as toxic to spleen cells as to DCs. At 

concentrations higher than 2.5 }xg/ml, the solution of chitosan induced relatively 

more cytotoxicity levels than the nanoparticles to spleen cells from Balb/c mice.
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Chapter 11 General discussion

11.1 Introduction

Colloidal drug carriers such as micro and nanoparticles have been studied and used 

to improve the therapeutic efficacy o f drugs, as well as the elimination o f the 

discomfort associated with multiple dosing/injection (Schwarz et al., 1995). Since 

the performance o f particulate drug delivery systems depends on their physical 

properties such as size, drug loading, and also depends on their nanotoxiology and 

biointeractions with immune system, micro and nanoparticles (PLGA, CS-PLGA, 

CS-PVA, CS, HA, HA-CS) formulated in the current study were studied with 

respect to their physical properties, interactions with platelet aggregations and 

biointeractions with dendrite cells in the immune system.

11.2 Physical properties of micro and nano 

particles

11.2.1 Particle sizes produced using different techniques

The size of particulate drug carriers is always an important property when 

evaluating cell uptake and phagocytosis in human circulation. In the study reported 

by Jani et al. (1990), the uptake of polystyrene nanoparticles in organs such as liver, 

spleen, blood, bone marrow and kidneys were evaluated after oral administration to 

rats. The size of nanoparticles ranged from 50 nm to 3000 nm and the tissues were 

assayed by GPC. As a result, 6-7 % of the 50 nm particles accumulated totally in the 

liver, spleen, blood, bone marrow and kidneys with a blood uptake level of 2.2%. 

With the increase of particle sizes, the uptake (%) decreased. When particle size was 

increased to 1000 nm, the cumulative uptake in organs was decreased to 0.8 % and 

levels in blood were not detectable. When the particle size was increased to 3000 

nm, the cumulatively uptake to organs decreased to 0%. Pratten and Lloyd (1986) 

found that the rate o f clearance o f 1100 nm particles by cultured rat peritoneal
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macrophages to be 10-times greater than for 100 nm particles at similar 

concentration. The data indicated that there is a size of particle that is too large for 

uptake by pinocytosis but too small to initiate phagocytosis (Florence, 1997).

PLGA microparticles were prepared by double emulsion technique. When 

sonication time and power was increased, the median size of PLGA particles loaded 

with H S A decreased and the size ranges became more uniform. The best PLGA 

microparticles with high H S A loading and small size span were prepared with 

ethyl acetate as solvent in contrast to DCM-based particles. The median size of 

those microparticles was 1.74 |o.m. H S A loaded PLGA nanoparticles with a median 

size of 0.52 |am were prepared by double emulsion technique by increasing 

sonication time and power. Other PLGA nanoparticles loaded with indomethacin 

and ketoprofen were prepared by single emulsion technique since the drugs are 

soluble in ethyl acetate. CS-PLGA nanoparticles with chitosan content of 1.77% 

w/w were prepared by double emulsion technique. The presence of chitosan did not 

significantly affect the physical properties like size and morphology of the 

CS-PLGA nanoparticles compared to PLGA nanoparticles. The higher zeta potential 

of CS-PLGA nanoparticles compared to PLGA nanoparticles indicated the presence 

of positively charged chitosan. When the content o f chitosan increased, the size of 

the resultant particles increased, which may due to the increasing interactions 

between chitosan and emulsifying agent PVA. Overall, PLGA micro and nano 

particles can be prepared by the emulsion technique. The particle size can be 

controlled by changing the sonication conditions and excipient content.

CS-PVA nanoparticles were initially prepared by the emulsion technique. Chitosan 

has been shovm to be capable of attaching to PVA in solution (Koyano et al., 2000). 

When ethyl acetate was evaporated, the complex of CS-PVA was formulated and 

collected by centrifugation.
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Chitosan microparticles were prepared by spray drying with and without a 

crosslinking agent, glutaraldehyde. The median size of the particles ranged from 3 

l^m to 5 fim. There was no visible change in the morphology of the spray dried 

chitosan microparticles due to the chemical crosslinking. Chitosan nanoparticles 

were prepared by precipitation/coacervation method. The median sizes ranged from 

0.43 |im to 0.58 |j,m. There was no visible difference in the morphology of the 

chitosan nanoparticles made from chitosan chloride and chitosan glutamate. All the 

particles presented irregular particulate shapes in the nano size range. Overall, spray 

drying can be used to prepare chitosan microparticles and precipitation/coacervation 

method can be used to prepared chitosan nanoparticles. Spray drying has been used 

to produce powders in pharmaceutical and food industry for more than 50 years. It 

can transfer sample from a solution/slurry to the dried particulate form in a one step 

process, which makes the industrial manufacturing easier. Precipitation/coacervation 

is a method that has been used in a lab scale so far. The high sonication power and 

long sonication time required in this method could make the industial production of 

particles very expensive and costly.

Hyaluronic acid microparticles were manufactured by spray drying and a median 

size o f the product was 2.69 |^m. HA-CS nanoparticles were firstly prepared by 

precipitation/coacervation with a z-average size of 198 nm. Complex of HA and CS 

were formed because o f their different charges in solutions and sodium sulphate was 

included as a desolvating reagent to facilitate the phase separation. There was no 

visible difference in the morphology of HA-CS nanoparticles made from the 

different salts of chitosan, chloride and glutamate. All the nanoparticles presented 

similar chitosan content around 45 % (w/w).

Polymer PLGA is polyester which is biocompatible and degradable. It has been 

widely used in studies as a drug delivery carrier for more than 20 years. Since 

PLGA is hydrophobic to water, chemical solvents had to be involved in the
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preparation o f PLGA particles and the elimination o f the solvent remains to be a 

problem. Chitosan is a linear polysaccharide and positively charged at pH o f 6.5. It 

is biocompatible and degradable. Chitosan is soluble in water under the presence o f 

inorganic or organic acids and it is bioadhesive and readily binds to negatively 

charged surfaces such as mucosal membranes. Hyaluronic acid is a linear polymer 

o f disaccharides and it is a polyanion. It is biocompatible, biodegradable and 

viscoelastic. It is found in synovial fluid and extracellular matrix in human body, 

with the highest concentration in soft cormective tissues, such as skin and cartilage. 

Both chitosan and hyaluronic acid are promising polymers used in drug delivery 

study.

11.2.2 Drug releases from different particulate formulations

Drug release is an important property o f drug carriers. The controlled release has 

been considered to increase the immunogenicity o f  antigens and to reduce the 

number o f immunizations required to induce high titer o f immunoglobulin 

responses (Eldridge et al., 1991).

The releases o f H S A from PLGA microparticles prepared with different solvents 

(ethyl acetate and dichloromethane) were compared. Regardless o f  the solvent used, 

in vitro release studies showed a burst release, followed by a slower, sustained and 

degradation controlled release o f H S A. Under similar protein loadings and sizes, 

OVA or OVA-coupled F/G peptide were encapsulated into PLGA microparticles. 

The release profiles between H S A, OVA and OVA peptide were compared to see 

the effects o f protein molecular weight on release. The resultant releases indicated 

that the higher the molecular weight o f the protein the shorter the time used to reach 

the highest release rate ( T m a x )-  Microspheres encapsulating larger proteins allow 

initial release o f large protein, which would lead to a quicker penetration o f the 

particles by water, causing the formation o f interconnecting channels or the release
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of protein in pre-existing channels within the particles (Hemadez et al., 1998; 

Duggirala et al., 1996; Sandor et al., 2001).

The releases of OVA from PLGA nanoparticles with different OVA loadings were 

compared. All the drug release profiles showed an initial fast release phase followed 

by a sustained, polymer degradation controlled release phase. When the drug 

loading increased, the burst release fraction (Fb )  increased and the time used to 

reach the highest release rate ( T m a x )  decreased. The increase in Fb indicated an 

increased initial burst release with increasing loadings. It is attributed to the high 

concentration o f drug dispersed in particles which effectively increased the 

proportion of drug linked to the particle surface, which is consistent with the model 

proposed by Gallagher and Corrigan (2000). The reason that particles with higher 

protein loadings required smaller time to reach the highest release rate ( T m a x )  is 

ascribed to the accelerated degradation of the polymer and increased polymer 

permeability in the presence of drug which is also consistent with the model 

proposed by Gallagher and Corrigan (2000). In the work previously reported by 

Dunne (2000), weight loss studies were carried out to see the influence of 

fluphenazine on the weight loss of PLGA microparticles when incubated in PBS 

buffer. Compared to the drug free PLGA microparticles, the weight loss o f PLGA 

from drug loaded microparticles was considerably faster than the loss from drug 

free microparticles of similar particle sizes. It indicated that the load of drug 

fluphenazine on PLGA microparticles accelerated the degradation of the polymer 

particles (Dunne, 2000).

OVA releases from PLGA particles of different sizes were compared to see the 

effects of the particle size on the protein release. PLGA nanoparticles with smaller 

particle size presented a long Tmax time, compared to microparticles with larger 

sizes. Degradation products formed within small particles can diffuse easily to the 

surface while degradation products from larger particles have a long path to the

228



Chapter II General discussion

surface of particle. Since this long path could facilitate the autocatalytic degradation 

of the remaining polymer material, microparticles with large particle sizes 

demonstrated faster drug release from polymers than small particles (Dunne et al., 

2000). In the work previously reported by Dunne (2000), weight loss from drug free 

PLGA microparticles with different sizes were studied in PBS buffer (pH 7.4) at 37 

°C. As a result, some loss in weight (< 7%) was observed for all particles during the 

first 24 hours. This was attributed to the dissolution of low molecular weight 

oligomers produced during the manufacturing process from the particle surface 

(Durme, 2000). This was followed by a period of negligible weight loss after which 

weight loss increased dramatically (Durme, 2000). The weight loss showed an 

induction period because the polymer initially underwent chain scission that did not 

create low molecular weight polymer chains capable of being solubilised and the 

polymer must have underwent extensive degradation until that the water soluble 

monomers and oligomers were produced (Dunne 2000). With increasing particle 

sizes, the weight loss rate k was increasing with decreased time to reach the 

maximum weight loss rate (Tma\)- The degradation (weight loss) results may help to 

explain that with increasing particle sizes, the release rate o f OVA increased, with a 

decrease in time to the maximum release rate ( T m a x )-

The release profiles of indomethacin and ketoprofen from PLGA nanoparticles were 

compared. Ketoprofen indicated a higher burst release compared to indomethacin. 

The solubility of the drug encapsulated has a positive effect on the burst release 

constant Kb. Since ketoprofen has a higher aqueous solubility (Levis, 2003) than 

indomethacin, ketoprofen presented a higher burst release. There were no 

significant differences in OVA releases from CS-PLGA and PLGA nanoparticles 

with similar particle sizes and loadings. Coumarin-6 release from PLGA 

nanoparticles encapsulated with H S A was studied. At the first day, coumarin-6 

showed a very low burst release, which may be attributed to the low coumarin 

loading on PLGA nanoparticles.
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OVA was adsorbed onto chitosan nanoparticles and presented a quick and complete 

release within 25 minutes. There were no significant differences between the release 

profiles from chloride and glutamate chitosan nanoparticles.

Comparing the OVA release from PLGA nanoparticles and chitosan nanoparticles, 

OVA presented much slower release profiles from the former particles. This may be 

due to the fact that OVA was encapsulated in PLGA particles and the complete 

release depended on the degradation of the polymer. Evaluating the OVA release 

from PLGA nanoparticles with different loadings, the fraction of the initial burst 

release increased when the drug loading also increased. The time to reach the 

highest release rate tended to decrease with increasing drug loading, while the rate 

constant (k) remained relatively constant. The presence o f small molecular weight 

drugs (indomethacin and ketoprofen) and proteins (H S A and OVA) accelerated the 

degradation of the polymer. Indomethacin and ketoprofen presented much quicker 

release compared to proteins. This may due to their acidic properties which could 

accelerate polymer degradation and known to be acid catalysed (Huffman and Casey, 

1985; Siepmarm et al., 2005). Contrasting the OVA release from PLGA 

nanoparticles with different particle sizes, the release rate from smaller particles was 

decreased and the time to maximum release rate was increased.

11.3 Effects of nanoparticles on platelet 

aggregation

The delivery of antigens using nanoparticles results in the possibility of the 

interaction o f nanoparticles with blood and its elements, therefore, the potential of 

nanoparticles formulated in the current study to induce platelet aggregation and 

precipitate thrombosis were investigated.
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It was found that the drug free PLGA and CS-PLGA nanoparticles, together with 

chitosan nanoparticles (CS-F NP, CL113 NP, CL213 NP and 0213 NP), did not 

induce platelet aggregations at the concentrations ranging from 1 to 500 |a.g/ml. 

Chitosan has haemostatic properties. In the current study, the inhibition effects of 

chitosan nanoparticles may due to the presence of sulphate anion in the particles. 

The mechanism of inhibition o f platelet aggregation by PLGA nanoparticles is not 

entirely known.

PLGA and CS-PLGA nanoparticles presented inhibitory effects on collagen (2 

fag/ml) induced human platelet aggregation at the concentrations of 0.01-100 |J.g/ml. 

When the concentration increased, the inhibitory effects o f both of the particles on 

collagen induced platelet aggregation tended to increase. At a concentration of 100 

)ig/ml, both PLGA and CS-PLGA nanoparticles inhibited around 20 % of the 

platelet aggregation induced by collagen. No significant difference was shown 

between the effects of both PLGA nanoparticles on inhibitory effects. A range of 

chitosan nanoparticles also inhibited collagen induced platelet aggregation with the 

percentage inhibition being no more than 40% for concentrations up to 100 |ig/ml. 

There were no significant differences between these chitosan inhibitory effects on 

platelet aggregation. Overall, PLGA, CS-PLGA and chitosan nanoparticles did not 

aggregate platelets, but acted as weak inhibitors o f collagen induced aggregation in 

vitro. As previously reported (Radomski et al., 2005), some carbon nanoparticles 

have the ability to activate platelets aggregation and enhance vascular thrombosis. 

PLGA, CS-PLGA and a range of chitosan nanoparticles may have better safety 

profile than carbon nanoparticles.
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11.4 Immune effects of chitosan nanoparticles 

on dendritic cells (DCs)

The effect o f particulate chitosans CL 113 NP, CL213 NP and G213 NP on the 

induction o f IL-12p40 and IL-12p70 suggested that these initial chitosan 

formulations used in the studies could be contaminated. Therefore, LPS levels in the 

powders were measured and production process was optimised to minimise LPS 

contamination.

A clean batch of nanoparticulates was prepared - CL213-CC-NP. The particles were 

able to mature DCs by upregulating CD40 and CD60 and to a lesser degree, MHC II 

and CD80, suggesting that chitosan provides two signals which are required to 

stimulate T cells. In addition, it was demonstrated that chitosan synergies with LPS 

and Pam3Csk in facilitating IL -ip production by DCs. CL213-CC-NP can also 

induce IL-6 and IL-10 productions in DCs at different concentrations treated with 

Pam3Csk. Examination of CL213-CC-NP efficacy with spleen cells was 

investigated. Certainly chitosan efficacy on both IL-4 and IFN-y production by 

spleen cells was revealed, indicating chitosan’s potent property in cell-mediated 

immune response. Chitosan (chloride and glutamate) is not as toxic to spleen cells 

as to DCs. Solution of chitosan chloride CL213 appears to be more toxic than 

particulate CL213-CC-NP. Compare to chitosan solution, chitosan nanoparticles are 

neither superior nor inferior to soluble forms in antigen presentation.

In the future work, because of the biodegradability, biocompatibility and 

viscoelastic properties of hyaluronic acid (Zhong et al., 1994; Prestwitch et al., 1998; 

Brown and Jones 2004; Hahn et al., 2004), it is of interest to extend investigations 

on the immune response of HA nanoparticles by DCs and spleen cells to see their 

potential as drug adjuvant in vaccine study, as well as their effects on human platelet 

aggregation.
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Appendices

Appendix I

List of PLGA micro and nanoparticles

No. Name Drug
Median Size 

(|im)

Drug Loading 

(%w/w)
Solvent

1 3.79 0.496
2 2.98 0.543
3 PLGA MP H SA 2.8 0.614 DCM

4 1.9 0.678
5 1.72 0.711

6 3.71 0.678
7 3.43 0.452
8 PLGA MP H SA 1.77 0.805 Ethyl acetate

9 1.82 0.672
10 1.74 0.842

11 Drug free PLGA MP . . . 1.69 0 DCM

12 Drug free PLGA MP . . . 1.68 0 Ethyl acetate

13 PLGA MP
OVA-coupled F/G 

peptide
2.26 0.52 Ethyl acetate

14 PLGA MP OVA 3.44 0.8 Ethyl acetate

15 PLGANP H SA 0.56 0.521

16 Drug free PLGA NP . . . 0.64 0

17
PLGA NP with 

Coumarin-6
H SA 0.741 0.515

18 PLGA NP . . . 3 0

19 PLGANP — Aggregates 0

20
PLGA NP low 

loading
OVA 0.422 0.708

Ethyl acetate

21
PLGA NP medium 

loading
OVA 0.445 2.95

22
PLGA NP high 

loading
OVA 0.671 5.45

23 PLGA NP Indomethacin 0.681 6.52

24 PLGA NP Ketoprofen 0.542 4.02
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List o f chitosan-PLGA micro and nanoparticles

No. Name
Median size 

(^m)
Chitosan 

loading% (w/w)
OVA Loading% 

(w/w)

25
Drug Free 

CS-PLGANP
0.581 1.77

26
Drug free 

CS-PLGAMP
5.15 3.15

27
Drug free 

CS-PLGA MP
5.56 4.20

28
CS-PVANP

(1:2)
0.478 30.2

29
CS-PVANP

(2:2)
0.516 41.3 -----

30
OVA CS-PLGA 

NP
0.503 1.63 5.32

All chitosan-PLGA particles were prepared with the use of solvent ethyl acetate
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List o f chitosan micro and nanoparticles

Median Size OVA
No. Name

(fJm)
Loading%

(w/w)

Preparation Method

31 CL 213 MP 3.15 Spray drying

32
CL213/GLU

MP
2.95

Spray drying with 
crosslinking

33 CS-F NP 0.431 Precipitation/coacervation

34 CL113NP 0.579 Precipitation/coacervation

35 CL213NP 0.508 Precipitation/coacervation

36 G213 NP 0.529 Precipitation/coacervation

37 C L1I3.2N P 0.612 Precipitation/coacervation

38 CL213.2NP 0.564 Precipitation/coacervation

39 OVA-CS NP 0.545 30.2 Precipitation/coacervation

40
0VA-CL113

NP
0.468 30.8 Precipitation/coacervation

41
OVA-CL213

NP
0.534 28.6 Precipitation/coacervation

42 OVA-G213NP 0.619 30.0 Precipitation/coacervation
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List of hyaluronic acid micro and nanoparticles

z-Average Size
Chitosan

No. Name
(̂ lm)

Content % 

(w/w)

Preparation Method

2.69
43 HA MP

(median-size)
Spray drying

44 HA(F)/CS NP 0.198 42.7 ±9.7 Precipitation/coacervation

45
HA(N)/CL113

NP
0.171 43.2 ±5.1 Precipitation/ coacervation

46
HA(N)/CL213

NP
0.184 45.8 ±6.7 Precipitation/coacervation

47
HA(N)/G113

NP
0.170 45.1 ±3.3 Precipitation/coacervation

48
HA(N)/G213

NP
0.177 44.8 ±7.9 Precipitation/coacervation

Chitosan nanoparticles prepared by clean control

No.

z-Average Size

Name
(pm)

Preparation Method Others

Low LPS
49 CL213-CC-NP 0.572 Precipitation/coacervation

level
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Appendix II

Percentage and amount of protein H S A released from PLGA 

microparticles made with DCM (No.5) and ethyl acetate (No.lO)

Time
(days)

Particle No.5 Particle No.lO
%

released
Amount released 

(Mg/mg)

%
released

Amount released 
(Hg/mg)

0 0 0 0 0

0.5 15.6 1.31 12.7 0.90

1 28.4 2.39 24.1 1.71

3 34.6 2.91 28.1 2.00

5 32.2 2.71 25.3 1.80

7 36.4 3.07 30.4 2.16

11 32.9 2.77 26.6 1.89

13 29.3 2.47 28.2 2.01

15 34.0 2.86 26.2 1.86

17 36.2 3.05 29.9 2.13

19 43.4 3.65 42.5 3.02

21 47.7 4.02 41.6 2.96

23 49.2 4.14 45.5 3.24

25 47.9 4.03 46.6 3.31

28 56.1 4.72 51.6 3.67

30 52.9 4.45 51.0 3.63

35 52.1 4.39 49.8 3.54

40 51.6 4.34 49.2 3.50

45 52.9 4.45 47.9 3.41
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Percentage and amount of OVA-coupled F/G peptide (No.l3) and 

OVA (No.l4) released from PLGA microparticles

Time
(days)

Particle No. 13 Particle No. 14

%
released

Amount
released
(Mg/mg)

lime “ 
(days) %

released

Amount
released
(^g/m g)

0 0 0 0 0 0

0.5 7.7 0.39 0.5 9.88 0.79

1 14.7 0.73 1 19.1 1.53

6 15 0.75 5 16.3 1.3

11 14.8 0.74 9 23.3 1.86

14 14 0.7 14 27.6 2.21

19 34.5 1.73 19 27.5 2.2

23 55.6 2.78 26 47.4 3.79

27 68.6 3.43 33 61 4.88

31 81.6 4.08 40 63.5 5.08

35 89.7 4.49 45 63.6 5.09

40 100 4.85 55 63.6 5.09

45 100 5.03 70 63.6 5.09
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Percentage and amount of coumarin-6 and H S A released from 

PLGA microparticles (No.l7)

Time
(days)

Coumarin-6

Time
(days)

Protein H S A

% released

Amount
released
(l^g/mg) % released

Amount
released
(l^g/mg)

0 0 0 0 0 0

0.5 0.25 0.0006 1 18 0.88

1 0.3 0.0007 5 25 1.08

3 0.71 0.0018 10 26 1.24

5 1 0.0025 15 30 1.18

10 3 0.0075 20 44 2.06

15 11 0.0275 25 55 3.09

20 30 0.075 30 70 3.35

25 40 0.1 35 81 3.61

30 55 0.14 40 92 4.12

35 75 0.19 45 94 4.38

40 95 0.24 50 95 4.64

45 100 0.25
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Percentage and amount of OVA protein released from PLGA 

nanoparticles with different protein loadings (No.20-22)

Time
(days)

Particle No.20 Particle No.21 Particle No.22

%
released

Amount
released
(t^g/mg)

%
released

Amount
released
(^g/mg)

%
released

Amount
released
(^g/mg)

0 0 0 0 0 0 0

0.5 10.1 0.718 14.4 4.26 21.3 11.6

1 13.3 0.943 27.7 8.17 40.7 22.2

4 15.9 1.12 27.8 8.21 56.1 30.6

7 16.5 1.17 31.5 9.3 63.4 34.6

12 22.2 1.57 32.9 9.7 68.5 37.3

17 28.5 2.02 44.4 13.1 77 42.0

23 31.7 2.25 59.3 17.5 80.8 43.6

28 38.7 2.74 64.1 18.9 86.3 47.0

32 45.7 3.23 70.8 20.9 88.9 48.5

37 49.5 3.5 76.3 22.5 91.5 50.0

43 51.4 3.64 82 24.2 93 50.7

47 57.1 4.04 85.4 25.2 97.7 53.2

51 60.9 4.31 88.8 26.2 100 54.5

56 59 4.18 90.2 26.6 100 54.5

60 61.5 4.36 96.6 28.5 100 54.5

65 60.2 4.27 99 29.2 100 54.5

70 63.4 4.49 92.9 27.4 100 54.5
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Percentage (%) and amount of drug released from PLGA 

nanoparticles loaded with indomethacin (No.23) and ketoprofen 

(No.24)

Particle No.23 Particle No.24

Time (days) % released
Amount
released
(^g/mg)

% released
Amount
released
(l^g/mg)

0 0 0 0 0

0.5 8.67 15.2 35.4 14.2

1 26.3 17.1 45.2 18.1

4 25 16.3 51.9 20.8

7 29.1 19 61.5 24.6

10 41.8 27.3 76.1 30.4

12 58.4 38.1 82.1 32.8

14 72.8 47.5 96.1 38.4

17 100 65.2 102 40.8

23 100 65.2 101 40.5
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Percentage and amount of protein OVA released from CS-PLGA 

nanoparticles (No.30)

Time (days) % released
Amount released 

(Mg/mg)

0 0 0

0.5 33.3 17.1

1 50.2 26.7

4 50.6 26.9

7 53.6 28.5

10 60.7 32.3

13 66.9 35.6

16 67.9 36.1

19 77.8 41.4

24 79.4 42.2

28 81.6 43.4

34 94.3 50.2

39 95.6 50.9

44 104 55.4

51 103 55

58 108 57.5

65 107 56.9

70 108 56.9
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Percentage and amount of OVA released from chitosan 

nanoparticles (No.39-42)

CS-F NP, Particle No.39 CL113 NP, Particle No.40
Time

(minutes) % released
Amount
released
(^g/mg)

% released
Amount
released
(Mg/mg)

0 0 0 0 0

3 49 222 54 249

6 63 285 66 305

12 87 394 88 407

18 95 434 94 434

25 100 453 100 462

CL 213 NP, Particle No.41 G213NP, Particle No.42
Time

(minutes)
% released

Amount
released
(^g/mg)

% released
Amount
released
(l^g/mg)

0 0 0 0 0

3 47 202 52 233

6 61 262 68 305

12 85 365 88 395

18 95 408 96 431

25 100 429 105 471
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Appendix III

Calibration curves of protein standards for protein concentration

determination

y = 0.038X + 0.0062 
R2 = 0.9998 >

♦  HSA

0.6

0.4

0.2

HSA concentraion (|jg/ml)

y =0.0241x + 0.0015 
R2 = 0.9991

♦  OVA

0.4

0.2

OVA concentration (pg/ni)

y = 0.0283x + 0.0151 
R2 = 0.9989

E
C
Csj
CD
10
11c ♦  OVA 

coupled  
pep tide

o
u>
<

0.4

0.2

20 400

Concentration (|jg/ml)
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Calibration curves of NSAID standards for concentration 

determination

0.8
0.7
0.6

y = 0.0146x-0.0025 
= 0.9994

00

0.4 ♦ Indomethacin

20 40

Indomethacin concentration (jjg/ml)

- 0.1

E
c

CO
in
CM
II
c

o
c

ow
ja
<

y = 0.0243x+ 0.04 

R’  = 0.998
1.6
1.4
1.2

1

0.8
0.6
0.4
0.2

0

♦ Ketoprofen

80600 20 40

Ketoprofen concentration (|jg/mi)
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Calibration curves of chitosan standards for concentration 

determination

0.35 y = 0 .9 5 9 7 x + 0.0033 
R2 = 0.9971

0.3

0.25

0.2

♦  CL113
0,15

0.05

0.1 0.2 0.3

CL113 concentration (mg/ml)

0.4

0.45

y = 1.262x + 0.0048 
= 0.9988

0,4

0.35

0,3

0.25
♦  CL213

0.2

0.15

0.1

0.05

0

0 0 . 1 0.2 0 .3 0 ,4
CL213 concentration (mg/ml)

0,45 y = 1,3714x + 0,0017 
R2 = 0,9975

0,4

0,35

0,25
♦  G113

0,2

0,15

0,05

0.1 0.2 

G113 concentration (mg/ml)

0.40.3

0.45 y = 1.4122x + 0.0009 
R2 = 0.9985

0.4

0.35

0.3

0.25

♦  G213
0.2

0.15

0.05

0.3 0.40.1 0.2 

G213 co ncen tra tbn  (mg/ml)
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0.5 y = 1.4614X + 0.0091 
R2 = 0.99660.45

0.4

0.35
o

"T 0.25 ♦  Chitosan-Fluka

0.05

0.3 0.40 0.1 0.2

Ctiitosan concentration (mg/ml)

Calibration curve of PVA standards for concentration 

determination

y = 0 .146x-0.0384 
= 0.996 ,

CD

♦ PVA

§ 0.2

PVA concentration (x10-2 pg/ml)
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GPC sample calibration curve of polystyrene standards for PLGA  

molecular weight determination

4. 9 ■
4. 8 ■ y = -0.7942X + 8.7832
4. 7 " = 0.9954

g 4 , 6 -
4. 5

D) 4. 4 “o
4. 3 -
4.2 '
4. 1 "

1 1 1 1 1 14 1 1 1 1 1 1

4. 8 5 5.2 5.4 5.6 5.8 6
Time (min)

GPC sample calibration curve of polymer standards for chitosan 

molecular weight determination

6.5 -
y = -1.2371x+ 14.673 

= 0.9946
C  5.5 -

O)
4.5

3.5
8.57.5

Time (min)
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Calibration curve of coumarin-6 standards for concentration 

determination

140 y= 13.456X-1.4619 
= 0.9984120

O)

♦ Coumarin-6

-20

Coumarin-6 concentration (x10-2 [jg/ml)
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