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A bstract

The research described in this thesis was undertaken to formulate chitosan hydrogels 

and microspheres and to investigate the in vitro and in vivo electro-responsive drug 

release from the hydrogels and microspheres.

Hydrogels of medium molecular weight and high molecular weight chitosan 

were prepared by N-acetylation of chitosan. The gels were homogeneous, clear and 

transparent. Swelling ratios and loading efficiencies (for the two model drugs, 

diclofenac sodium and metformin hydrochloride) of medium and high molecular weight 

hydrogels were similar. The hydrogels stimulated with pulses of 0.4 mA electrical 

electric current (30 min on and 30 min off; 6 cycles) released more drugs compared to 

unstimulated gels. More drug was released during the pulse 'on' periods than during the 

pulse 'off. However, a definite 'on-off release was not evident from the in vitro release 

study. The high molecular weight hydrogels were generally found to be more sensitive 

to electric current than medium molecular weight gels and released more drugs. In 

addition, the higher the drug concentration in the gels, the greater the release. Thus for 

the in vivo release studies in male Wistar rats, high molecular weight gels loaded with 

the higher concentration of diclofenac sodium was used. The subcutaneously implanted 

hydrogels stimulated with 0.4 mA electric pulses released more drug during electric 

application compared to the electric ‘off periods, though it was not statistically 

significant.

Microspheres of low molecular weight chitosan were prepared by crosslinking 

with various concentrations of glutaraldehyde and subsequently spray drying the 

solution. The particles obtained were 2-5 pm in diameter and had surface charge of 35- 

42 mV. Compared to the higher crosslinked particles, lower crosslinked microspheres 

had higher entrapment efficiencies for the model drugs and released more drugs when 

electro-stimulated. As for hydrogels, the electro-stimulated microspheres release more 

drug than the control microspheres in both in vitro and in vivo experiments. Drug 

diffusion out of the microspheres along a concentration gradient which occurred under 

passive conditions meant that a definite ‘on-off release profile was not obtained. 

Further work must be conducted to optimise the hint of pulsatile release observed in the 

experiments.
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In tr o d u c tio n



1.1 C o n t e x t  a n d  A im  o f  T h e  R e s e a r c h  P r o j e c t

Responsive drug delivery systems are designed to provide better control over drug 

administration. In recent years, several drug delivery vehicles have been investigated as 

electro-responsive systems. An electric field as an external stimulus has advantages, 

such as, availability of instruments which allow precise control of magnitude of current, 

duration of electric pulses and intervals of pulses. Precise control of the stimuli is 

essential to control drug release. Electrically-assisted drug delivery from a number of 

polyelectrolyte hydrogels has been established in vitro. There is to our knowledge, only 

one publication related to in vivo electro-responsive drug delivery. Most of the 

hydrogels studied have been made from anionic polymers such as, carbomer, agarose, 

xanthan gum, hyaluronic acid, chondroitin-4-sulphate etc. In contrast, very little 

research has been performed on the electro-responsive release of model drugs from 

cationic gels, which might be attributed to the limited number of cationic polymers 

available. Chitosan is one such cationic polyelectrolyte and chitosan hydrogels have 

been shown to be electro-responsive.

1.1.1 A ims & Objectives of the Project

In this project, our aim was to investigate electro-responsive release of model drugs 

from chitosan hydrogels and microspheres in vitro and in vivo. The objectives of the 

work are:

(i) To formulate and characterise chitosan hydrogels (Chapter 2);
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(ii) To formulate and characterise chitosan microspheres (Chapter 3);

(iii) To investigate electro-responsive release of a model drug from chitosan hydrogels 

in vivo (Chapter 4) and

(iv) To investigate electro- responsive release of a model drug from chitosan 

micro spheres in vivo (Chapter 5).

The high water content, soft consistency and biocompatibility of hydrogels make 

them suitable as implants. Hydrogels depot can be surgically implanted while 

microspheres can be injected which is an advantage. Chitosan being biodegradable 

would avoid the need to be removed at the end of the implantation therapy. The 

biodegradability and biocompatibility of chitosan make it a polymer of choice to 

investigate as electro-responsive systems that could be used as implants.

In this introduction chapter, the properties of hydrogels and microspheres that 

have influenced their use as controlled drug delivery systems, different types of 

responsive drug delivery systems that have been investigated in recent years, implant 

systems and chitosan as a polymer of choice in drug delivery will be reviewed. 

Different methods of preparation of chitosan hydrogels and microspheres that have been 

investigated as drug delivery systems will also be discussed.

1.2 H y d r o g e l s

Hydrogels form a specific class of polymeric biomaterials. They are defined as three-

dimensional, hydrophilic polymeric network capable of imbibing large amounts of

water or biological fluids. Hydrogels are glassy in the dry state and swell in aqueous

media to form an elastic gel while preserving their overall shape. Homopolymeric or

3



copolymeric networks of hydrogels contain chemical crosslinks (tie-points or junctions) 

or physical crosslinks (entanglement, crystallites) that provide thermodynamic 

compatibility with water which allows hydrogels to swell in aqueous media without 

dissolving. Physical crosslinks between polymeric chains provide network structure and 

physical integrity (Peppas et al, 2000a).

The polymeric make-up of ‘hydrogels’ has often led to its misinterpretation as 

‘gels’. Chemically, hydrogels and gels are similar but physically they are distinct. 

Hydrogels are polymeric networks which may absorb water in the amounts from 10 - 

20% (an arbitrary lower limit) up to thousands of times their dry weight while 

maintaining their three-dimensional structure (Hoffrnan, 2002). On the other hand, gels 

are polymeric network already swollen to equilibrium, and further addition of fluids 

results in dilution of the polymeric network. In most cases, gel fluidity is observed with 

a loss of polymeric structure (Gupta et al, 2002). Thus hydrogels can be clearly 

differentiated from gels.

Polymer composition and method of preparation can give rise to hydrogels with 

various macromolecular structures, physical and chemical. Hydrogels can be ionic or 

neutral depending on the ionisation of the pendant groups. Usually natural, synthetic or 

semi-synthetic polymers containing hydroxyl, amine, amide, ether, carboxylate and 

sulfonate as functional groups in their side chains have been used to synthesise 

hydrogels. Natural polymers such as hyaluronic, alginic acid, pectin, carrageenan, 

chondroitin sulfate, dextran sulfate (anionic); chitosan, and poly lysine (cationic); 

collagen carboxymethyl chitin, fibrin (amphiphatic) and dextran, agarose and pullulan 

(neutral) have been explored. Synthetic polymers such as poly(methyl methacrylate), 

poly(vinyl alcohol), poly(lactide-co-glycolides), poly (N-vinyl pyrrolidone).



polyethylene oxide, poly(acrylic acid) have been utilised. Furthermore, combination of 

natural and synthetic polymers such as, poly [poly(ethylene)-co-pepti des], 

poly[poly(lactic-co-glycolic acid)-co-serine], collagen-acrylate, alginate-acrylate etc 

have also been used. The use of synthetic and semi-synthetic polymers gives more 

control over the physical and chemical characteristics of hydrogel (Gehrke and Lee, 

1990).

Hydrogels can be classified into two types:

(1) Physical or reversible hydrogels are polymeric networks held together by molecular 

entanglements, and/or secondary forces including ionic, hydrogen-bonding or 

hydrophobic interactions. All these interactions are reversible, and can be disrupted by 

changes in physical conditions (e.g. ionic strength, pH, temperature etc) or application 

of stress. Examples of physical gels are gelatin in water, sodium alginate and polylysine 

gels and sodium alginate gel.

(2) Chemical or permanent hydrogels are covalently crosslinked polymeric networks. 

Examples of chemical gels are radiation crosslinked polyethylene oxide in water, 

interpenetrating networks of acrylonitrile and starch, collagen crosslinked with 

glutaraldehyde and bis-epoxide, copolymerisation of hydroxymethyl methacrylate with 

crosslinker, ethyleneglycol-dimethacrylate.

In both cases, the density of crosslinks is crucial in determining the properties

and applications of the gels, as it is responsible for the swelling behaviour and therefore

for the combined solid-like and liquid-like characteristics. There are various

macromolecular structures that are possible for physical and chemical hydrogels. They

can be (i) crosslinked or entangled networks of linear homopolymers, linear

copolymers, and block or graft copolymers; (ii) polyion-multivalent ion, polyion-
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polyion or H-bonded complexes; (ill) hydrophilic networks stabilized by hydrophobic 

domains; and (iv) interpenetrating networks or physical blends (Hoffinan, 2002). The 

network morphology may be amorphous or semi-crystalline. In addition, the network 

structure may be cast in the form of macroporous, microporous or non-porous gels 

(Peppas et al, 2000b).

Hydrogels have evolved as a promising drug delivery vehicle that has the ability 

to provide idealised drug delivery, wherein the required amount of active agent is made 

available at the desired time and site of action in the body. In 1960, Wichterle and Lim 

first pioneered the use of crosslinked poly(2-hydroxyethyl methacrylate) (PHEMA) in 

contact lenses (Gupta et al, 2002), Since then the use of hydrogels has extended to 

various biomedical and pharmaceutical applications. They have been used in various 

physical forms, including (a) solid moulded forms, e.g. soft contact lenses; (b) solids, 

e.g. implants; (c) pressed powder matrices, e.g. pills or capsules for oral ingestion; (d) 

microparticles, e.g. as bioadhesive carriers, wound treatments or implants; (e) coatings, 

e.g. on implants, on pills or capsules; (f) membranes or sheets, e.g. as a reservoir in a 

transdermal drug delivery patch; (g) encapsulated solids, e.g. in osmotic pumps; and (g) 

liquids, e.g. in-situ gelling system, (h) semi-solids, e.g. ointment for topical treatment of 

diseases in the oral cavity and on skin (Hoffman, 2002).

The ability of hydrogels to maintain water within their structure allows them to 

mimic the physical properties of biological tissues, and has led to their use in medical 

applications such as implants, contact lenses, and controlled drug delivery devices. 

Responsive hydrogels undergo changes in hydration in response to environmental 

stimuli such as pH, temperature, and ionic strength that affect the solvation of the 

polymer. These changes can be driven by protonation of an ionizable pendant group, a

6



phase transition at a critical solution temperature, or ion exchange. Hydration changes 

are accompanied by changes in solute diûusivity, volume, and electrical conductivity. 

Swelling/deswelling kinetics of crosslinked hydrogels that take place in response to an 

external or internal stimulus is normally reciprocal of the square of gel dimension (Sato 

and Tanaka, 1988). The mobility of the crosslinked chains in the gel is affected by the 

surrounding chains and the swelling/deswelling phases of the gel are governed by the 

collective diffusion of the network chains. Thus, to accelerate structural changes of the 

gel in response to external stimuli, several researchers have developed responsive 

hydrogels with good porosity and reduced size. Reduction in size is achieved by 

fabrication of hydrogels into beads, microparticles and nanoparticles. A wide range of 

devices has been proposed to exploit the unique properties of these hydrogels. Changes 

in permeability of responsive gel membranes are the basis for certain controlled 

delivery devices such as, biosensors for in vivo glucose measurement (Abel and von 

Woedtke, 2002). Changes in volume of responsive gels have been used to generate 

force for a mechanochemical actuator such as, artificial muscles (Bar-cohen, 2001).

1.2.1 Properties of  Hydrogels

Hydrogels have been widely exploited as drug delivery vehicles because of their unique 

physical and chemical properties, such as swelling behaviour, permeability, mechanical 

strength and biocompatibility.



1.2.1.1 Sw elling  Beh avio ur

Water absorbing capacity of hydrogel is its most important characteristics. When water 

molecules come in contact with a dehydrated hydrogel, they first hydrate the most polar, 

hydrophilic groups, leading to ‘primary bound water’. After hydration of the polar 

groups, the hydrogel network swells and the hydrophobic groups are exposed to water 

to form hydrophobically-bound water, or ‘secondary bound water’. The primary and 

secondary bound water termed as ‘total bound water’ forces the polymeric network to 

imbibe more water (‘free water’ or ‘bulk water’) due to the osmotic driving force of the 

polymeric chain towards infinite dilution. The additional swelling is opposed by an 

elastic network retraction force by the covalent or physical crosslinks. Thus, the 

hydrogel reaches an ‘equilibrium swelling’ level. The free water is assumed to occupy 

the space between the network chains, and/or the centre of larger pores, macropores or 

voids. If, during the process of swelling, the network chain and crosslinks are not strong 

enough to impose an equal magnitude of contractive force to the osmotic pressure, the 

gel disintegrates and dissolves (Hoffman, 2002). The amount of water absorbed into the 

system is dependent on the crosslinking ratio which is the ratio of moles of crosslinking 

agent to the moles of polymer repeating units. The higher the crosslinking ratio, the 

greater the amount of the crosslinker incorporated in the hydrogel network. Highly 

crosslinked hydrogels having a tighter structure will swell less compared to the same 

hydrogels with lower crosslinking ratio. The hydrophilicity of the polymer and the 

number of ionisable groups on the polymer also affects the equilibrium swelling of a 

hydrogel. Hydrogels containing hydrophilic groups swell to a higher degree than those
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containing hydrophobic groups (Peppas et al, 2000a).

1.2.1.2 Perm eability

The absorption and diffusion of solutes through a hydrogel is determined by the amount 

of water imbibed in it. Diffusion of solutes from a hydrogel matrix occurs through the 

space available between macromolecular chains referred to as the ‘pore.’ The average 

pore size, the pore size distribution, and the pore interconnections governed by the 

composition and crosslink density of the polymeric network are important factors in 

solute permeation into and out of a hydrogel. The permeability of a solute through any 

particular hydrogel is also affected by the size and shape of the solute. The relative 

hydrophilic and hydrophobic character of a solute that governs its interaction with the 

water molecules in the gel matrix also plays a role in efficient permeation. The 

electrostatic interaction between the solutes and the polymer network strongly influence 

its permeability though a hydrogel (Hoffman, 2002; Peppas et al, 2000a).

1.2.1.3 M echanical  strength

A drug delivery system must maintain its integrity to retain a therapeutic agent until it is 

released out of the system. Thus integrity of a drug delivery device during the lifetime 

of the application is very important and hydrogels can be modified to attain mechanical 

strength demanded of a controlled release formulation. Hydrogels can be covalently or



ionically crosslinked to attain the required mechanical strength. Increasing the degree of 

crosslinking of the system will result in a stronger gel. However, a higher degree of 

cross- linking creates a more brittle structure. Hence, there is an optimum degree of 

crosslinking to achieve a relatively strong and yet elastic hydrogel. Copolymerisation 

has also been utilized to achieve the desired mechanical properties of hydrogels. 

Incorporating a comonomer that will contribute to hydrogen bonding can increase the 

strength of the hydrogel (Peppas et al, 2000a).

1.2.1.4 B iocom patibility

Biocompatibility is the appropriate biological performance, either local or systemic, of a 

given implant in a specific application (Park and Park, 1996). Thus a biocompatible 

material disrupts normal body functions as little as possible causing no thrombogenic, 

toxic, or allergic inflammatory response when placed in vivo. Furthermore, the material 

does not stimulate changes in plasma proteins and enzymes or cause an immunological 

reaction and does not instigate carcinogenic, mutagenic, or teratogenic effects (Gehrke 

and Lee, 1990). Hydrogels are assumed to be biocompatible which might not be correct 

for every formulation. In the swollen state, hydrogels are porous materials and this 

might aid in the leakage of residual contaminations (e.g. unreacted monomers or 

crosslinkers). These might cause adverse tissue reaction to the implant. Leaching of 

low-molecular-weight substances from biomaterials is known to be a leading cause of 

incompatibility of an implant (Park, 1984). Nevertheless, hydrogels have several 

properties that aid the assumption of their biocompatibility. Hydrogels have a high
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water content which is similar to living tissues and they are generally soft and a have 

flexible consistency that minimizes frictional irritation. The hydrophilic nature of 

hydrogel also contributes to its biocompatibility. The presence of water on the surface 

creates low interfacial tension and low friction with the surrounding biological fluids 

and tissues, which minimizes the driving force for protein adsorption and cell adhesion. 

The low interaction of the gel surface with the aqueous biological environment reduces 

any adverse immunological reaction (Park and Park, 1996).

1.3 M icrospheres

Microspheres are monolithic, colloidal drug carriers possessing a porous or solid 

polymer matrix. They are in the order of 1-1000 pm in diameter. These systems help to 

overcome solubility problems of poorly soluble drugs as well as for long acting 

injectable depot formulations and specific drug targeting options. Microparticles can 

contain the drug either dissolved in the polymer matrix in the form of solid solution or 

suspended in the form of solid dispersion. Alternatively, the drug may be adsorbed to 

the particle surface. Medication is released from a microsphere by drug leaching from 

the polymer or by degradation of the polymer matrix.

Microspheres consisting of either a bioadhesive polymer or having an outer

coating of it have been used to overcome the short residence time of microspheres at the

site of absorption. Microspheres can be used for targeted and controlled release of

therapeutics. Coupling of bioadhesive properties to microspheres has additional

advantages e.g. efficient absorption and enhanced bioavailability of the drugs due to
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intimate contact with the mucus layer. Specific targeting of drugs to the absorption site 

can be achieved by anchoring plant lectins (Foster et a l, 1998; Montisci et a l, 2001; 

Roth-Walter et a l, 2004), bacterial adhesins (McQueen et a l, 1993; Edelman et al, 

1993) and antibodies (Yun et a l, 2004) etc on the surface of the microspheres. 

Bioadhesive microspheres can be tailored to adhere to any mucosal tissue including 

those found in eye, nasal cavity, urinary and gastrointestinal tract, thus offering the 

possibilities of localised as well as systemic controlled release of drugs. Prolonged 

release of drugs and a reduction in frequency of drug administration to the ocular cavity 

can highly improve the patient compliance. The sustained release of therapeutics can 

also be obtained for the drugs administered intranasally due to the reduction in 

mucocilliary clearance of drugs adhering to nasal mucosa (Vasir et al, 2003).

Microspheres have been investigated as drug delivery vehicles to treat diseases 

needing a constant drug concentration in blood or drug targeting to specific cells or 

tissues. Insoluble drugs and drugs that are toxic at high concentration but require large 

doses to promote absorption can be encapsulated in microspheres whereby they can be 

administered with a lower frequency and smaller quantity. Microsphere used for oral 

delivery is made from various polymeric materials and most of them are degradable in 

vivo. The biodégradation of the polymers results in release of encapsulated drugs over 

time, which enables the particles to serve as sustained-release delivery system (Chen 

and Langer, 1998).

Microspheres as implants have widened the scope of localising therapy to 

specific anatomic site e.g. tumour. Such implants provide a continuous sustained release 

of drug while minimising the systemic exposure. Furthermore, microsphere implants 

avoid the need for surgical implantation. Microspheres as implants have been widely
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investigated as cancer chemotherapy and in vitreoretinal drug delivery (Fung and 

Saltzman, 1997; Herrero-Vanrell and Refojo, 2001).

Microspheres can be tailored into responsive delivery systems. Microspheres 

swell/deswell in response to external stimuli such as pH, temperature, electric current 

etc. Such volume change is associated with the release of entrapped drug moieties.

1.3.1 Properties of M icrospheres

A wide rage of drug delivery and drug targeting has been possible with microspheres 

because of their characteristic features, such as their small size and volume, stability and 

diversity. These are discussed in more detail in the following sections.

1.3.1.1 Sm a ll  size  a n d  V o lu m e

The micrometer size of microspheres gives them large surface area. The total surface 

area of a collection of microsphere is inversely proportional to the diameter. Thus 

microspheres have large surface area available for sites of adsorption and desorption of 

drugs. The small volume enables the whole body of particles to respond quickly to 

stimuli. The relaxation time of the volume change of a gel was indicated to be 

proportional to the square of its radius (Tanaka et al, 1985). Thus a hydrogel fabricated 

into microspheres can respond faster to a stimulus than the bulk hydrogel itself 

(Kawaguchi, 2000).
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1.3.1.2 Sta bl e  D ispe r sio n s

The stability of a colloidal dispersion is one of its basic and significant properties. A 

stable dispersion will not cake and will therefore have a long shelf-life. Stability of a 

colloid suspension depends upon two competitive interaction forces between two 

particles, namely, the electrostatic repulsive force and the van der Waals attractive force 

as described by Deijaguin-Landau-Verwey-Overbeek model (DLVO) theory. The 

electrostatic repulsions drive particles apart while van der Waals attractions promote 

aggregation (Hunter, 1989). Microsphere dispersion can be stabilised by tailoring the 

pH and ionic strength of the dispersing liquid and the concentration of the dispersant. 

The optimisation of all these factors can promote strong repulsive forces to prevent 

particle aggregation.

1.3.1.3 V a r ie t y  a n d  U n ifo r m it y

Microspheres with a variety of size, surface chemistry, composition, surface texture and

morphology can be produced by physical and chemical methods. Natural and synthetic

polymers can be fabricated into microspheres using physical techniques such as,

solvent-in-emulsion evaporation, coacervation, spray drying etc. Synthetic monomers

have been fabricated into microspheres using heterogeneous polymerisation techniques

such as, emulsion polymerisation, suspension polymerisation, dispersion polymerisation

and precipitation polymerisation etc. Such scope of particle synthesis allows us to

prepare drug delivery systems to meet the end requirements. The different techniques of
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microsphere preparation can produce microspheres with monodispersities (a ratio of 

weight-average diameter to number-average diameter) less than 1.005. With 

monodisperse particles it is possible to obtain sharp, reliable and reproducible results for 

their application (Kawaguchi, 2000).

1.4 Responsive Drug Delivery Systems

Controlled drug delivery technology represents one of the frontier areas of science, 

which involves a multi-disciplinary scientific approach. In conventional drug delivery, 

the drug concentration in the blood rises when the drug is taken, then peaks and 

declines. Since each drug has a plasma level above which, it is toxic and below which it 

is ineffective, the plasma drug concentration in a patient at a particular time depends on 

compliance with the prescribed routine. The concept of controlled drug delivery from 

polymers introduced in 1962 has evolved from the need for prolonged and better control 

of drug administration. Controlled-release devices can (i) maintain the drug in the 

desired therapeutic range with just a single dose; (ii) localise delivery of the drug to a 

particular body compartment; (iii) reduce the need for follow-up care; (iv) preserve 

medications that are rapidly destroyed by the body and (v) increase and/or improve 

patient comfort through a reduction of the number of doses required (Kost and Langer, 

2001).

Despite significant progress in the field of controlled drug delivery systems,

more advances need to be made for treating certain clinical situations where more

effective control of drug delivery is required. These include the delivery of insulin for
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patients with diabetes mellitus, anti-arrhythmics for disorders of cardiac rhythm, proton 

pump inhibitors for peptic ulcer disease, nitrates for angina pectoris, birth control, 

general hormone replacement, immunization, cancer chemotherapy, P-blockers, DNA 

delivery etc (Kost and Langer, 2001). Moreover, certain diseases exhibit strong 

circadian temporal dependency. For example, acute myocardial infarction (stroke) 

displays a circadian rhythm, with significantly higher risk in the morning (Elliott, 1998). 

Thus a chronotherapeutic approach might help in the treatment of cardiovascular 

diseases; antihypertensive agents that target morning rise in blood pressure might be 

advantageous in controlling this risk factor for stroke. Cancer has also been found to 

exhibit a circadian rhythm in response to chemotherapeutic agents such as adriamycin 

and cisplatin. Administration of adriamycin in the morning and cisplatin in the evening 

caused dose reductions, fewer complications and treatment delays than administration 

of adriamycin in the evening and cisplatin in the morning (Hrushesky, 1985).

Two different systems have been heavily investigated as possible solutions to 

these requirements. One is the fabrication of a delivery system that releases its payload 

at a predetermined time or in a series of pulses of predetermined sequences. The other is 

to develop a system that can respond to changes in the local environment. These 

systems have been shown to alter their rate of drug delivery in response to stimuli such 

as, the presence or absence of specific molecules, magnetic fields, ultrasound, electric 

fields, temperature, light, and pH (Qiu and Park, 2001; Sershen and West, 2002; 

Kikuchi and Okano, 2002). These ‘intelligent’ delivery systems be classified as open- or 

closed-loop systems. Open-loop control systems are also known as pulsed or externally 

regulated devices in which, the information about the controlled variable is not 

automatically used to adjust the system inputs to compensate for the change in the
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process variables. The externally controlled devices for pulsatile delivery may be 

magnetic, ultrasonic, thermal, light or electric. Closed-loop control systems are called 

self-regulating in which the controlled variable is detected and as a result the system 

output is adjusted accordingly. The self-regulated systems utilize several approaches as 

rate-control mechanisms: pH-sensitive polymers, enzyme-substrate reactions, pH- 

sensitive drug solubility, competitive binding, antibody interactions and metal 

concentration-dependant hydrolysisExamples of self-regulated and externally regulated 

drug delivery systems are discussed in the following sections.

1.4.1 Se l f -r eg u la t e d  D eliv e r y  Sy st e m s

Self-regulated delivery vehicles are closed-loop controlled devices in which the release 

rates are adjusted by the system, in response to feedback information, without any 

external intervention, e.g. delivery of insulin in response to glucose levels in the blood. 

In the following sections, the different types of self-regulated delivery systems are 

discussed in more detail.

1.4.1.1 In fl a m m a t io n -in d u c e d  Re spo n siv e  Sy st e m s

When a human body suffers physical or chemical stress, such as injury, broken bones

etc, inflammation reactions take place at the injured sites. At the inflammatory sites,

inflammation-responsive phagocytic cells, such as macrophages and polymorphonulear

cells play a role in the healing process of the injury. During inflammation, hydroxyl
17



radicals (*0H) are produced from these inflammation-responsive cells. Nobuhiko and 

co-workers (1992, 1993) designed drug delivery vehicles, which responded to the 

hydroxyl radicals and degraded in a limited manner. They prepared crosslinked 

hyaluronic acids (HA) with ethyleneglycol diglycidylether or polyglycerol 

polyglycidylether. In vitro, these HA gels degraded only when the hydroxyl radicals 

were generated through the Fenton reaction between hydrogen peroxide (H2O2) and 

ferrous iron (Fe^ )̂ catalyst (H2O2 + Fe^  ̂ -  Fe^  ̂+ HO + HO*) and a surface erosion 

type of degradation was achieved. When microspheres were incorporated in the HA 

hydrogels as a model drug, they were released only when hydroxyl radicals induced HA 

gel degradation. The release of microspheres was regulated by surface erosion of the 

gel. HA hydrogel degradation in vivo showed that the HA gels were degraded only 

when inflammation was induced at the implanted site by surgical incision. Such 

delivery system might be used to treat patients with inflammatory diseases, such as 

rheumatoid arthritis, using anti-inflammatory drug incorporated in HA gels as a new 

implantable drug delivery systems (Nobuhiko et al., 1992 and 1993).

Suzuki et al. (1998) have developed an infection responsive antibiotic release 

from a polyvinyl alcohol derivative (PVA) hydrogel loaded with grafted gentamicin. 

Gentamicin was bound to PVA through a peptide linker cleavable by the proteinase 

release by Pseudomonas aeruginosa. In vitro experiments showed that proteinases from 

wounds infected with Pseudomonas aeruginosa cleaved the linker and gentamicin was 

released while the exudate from non-infected wounds had no hydrolytic activity toward 

the linker and gentamin was not released. This type of approach can be applied to 

occlusive wound dressings and infection-prone catheters, drainage bags and prostheses 

(Taniharae^fl/., 1999).
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1.4.1.2 G lu c o se  r e spo n siv e  in su lin  d e liv e r y  sy ste m s

The development of a self-regulated insulin delivery system has been a long-standing 

challenge for controlled delivery. Delivery of insulin is different from other drugs, since 

insulin needs to be delivered in an exact amount at the exact time of need. Therefore, 

there is a need for self-regulated delivery systems having the capability of adapting the 

insulin release rate in response to changes in glucose concentration in order to keep the 

blood glucose levels within the normal range (Qiu and Park, 2001; Chu et al, 2004). 

The self-regulated delivery systems are designed to mimic the physiological release of 

insulin in response to changes in glucose concentration. To this end, they normally 

consist of a glucose sensor and an insulin release controller. Various sensing 

mechanisms, such as competitive binding, substrate-enzyme reaction, pH-dependent 

polymer erosion, drug solubility and various types of devices, e.g. hydrogel matrix 

systems and grafted porous membranes, have been applied to design glucose-sensitive 

insulin delivery systems (Zhang and Wu, 2002). These are discussed below in more 

details.

1 .4 .1 .2 .1  I m m o b i l i s e d  G l u c o s e  O x i d a s e  i n  p H - s e n s i t i v e  P o l y m e r s

Glucose-sensitive insulin delivery vehicles are pH-sensitive hydrogels immobilising the 

immobilised enzyme, glucose oxidase (GOD) and saturated insulin solution. GOD 

senses glucose in the microenvironment of the hydrogel and converts it into gluconic 

acid, thus lowering the pH in the gel. Insulin is released by the pH-sensitive
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swelling/deswelling of the hydrogels. Utilising this concept Chu et al. (2004) prepared 

pH responsive gating membranes with poly(acrylic acid) (PAA) gates onto porous 

polyvinylidene fluoride membrane substrates using a plasma-graft pore-filling 

polymerization to graft linear PAA chains into the pores of the membrane substrate. The 

gating membrane was made glucose-responsive by immobilising glucose oxidase onto 

the PAA-grafted membrane (figure 1.1). Glucose-responsive diffusion permeability of 

insulin through the gating membrane was carried out in a standard side-by-side 

diffusion cell. In the absence of glucose, the diffusional permeation coefficient of 

insulin molecules across the membrane was as low as 0.79x10’̂  cm^/s, and the amount 

of insulin permeated increased linearly with time. When the environmental glucose 

concentration was changed from 0 to 0.2 mol/1 by adding glucose, the insulin 

permeation coefficient increased dramatically to 7.40x10'^ cm^/s. The permeation 

coefficient after the glucose addition was about 9.37 times that before the addition of 

glucose. At neutral pH in the absence of glucose, the carboxyl groups of the grafted 

poly (acrylic acid) chains were dissociated and negatively charged, therefore the 

membrane gates ‘closed’ because the repulsion between negative charges made the 

polymer chains extended. On the other hand, when glucose concentration increased, 

GOD catalyzed the oxidation of glucose into gluconic acid, thereby lowering the local 

pH in the microenvironment and protonating the carboxylate groups of the grafted poly 

(acrylic acid) chains. This led to reduced electrostatic repulsion between the polymer 

chains which caused the PAA chains to shrink and open up the pores in the membrane 

leading in increased diffusion of insulin. The results presented an exciting glucose- 

sensitive system for the self-regulated permeation of insulin molecules.
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F igure 1.1 Schematic illustration of the preparation and the principle of glucose- 
responsive control of the permeation through the gating membrane (adapted from Chu 
ffwA,2004).

1.4.1.2.2 Competitive B inding

The principle of competitive binding was first presented by Brownlee et al, (who 

utilised the unique carbohydrate-binding properties of concanavalin A (Con A) for the 

fabrication of glucose-sensitive delivery vehicles. Glycosylated insulin binds to the 

major binding sites of Con A, a lectin possessing four binding sites. The glycosylated
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insulin which is biologically active is displaced from the Con A by glucose in response 

to, and proportional to the amount of glucose present which competes for the same 

binding sites (Brownlee, 1983).

Lectins, which are carbohydrate-binding proteins, interact with glycoproteins 

and glycolipids on the cell surface and induce various effects, such as cell agglutination, 

cell adhesion to surfaces, and hormone-like action e.g. endoplasmic reticulum 

associated degradation of glycoprotein. The unique carbohydrate-binding properties of 

lectins are very useful for the fabrication of glucose-sensitive systems and some 

researchers have focussed on the glucose-binding properties of Con A to develop 

glucose responsive insulin delivery systems (Miyata et al, 2002).

Kim et al. (2001) have developed glucose-sensitive hydrogel membrane by 

mixing glucose-containing polymers and Con A grafted with polyethylene glycol 

(PEG). Glucose was incorporated into the polymer backbone by copolymerization of 

allyl glucose with comonomers, such as 3-sulfopropylacrylate, potassium salt (SPAK), 

N-vinyl pyrrolidone (VP), and aery 1 amide (AM). PEGylated Con A was found to have 

improved aqueous solubility and stability (Kim and Park, 2001a). Responsive release of 

insulin through the glucose-sensitive membrane was conducted in a Franz diffusion cell 

with two chambers. The donor chamber contained insulin while the receptor chamber 

was supplied with varying concentration of glucose. As the glucose concentration was 

increased from 1 to 4 mg/ml, the rate of insulin release into the receptor chamber 

increased fourfold from 0.1 to 0.4 pg/cm^/h. The insulin release decreased as the 

glucose concentration was reduced to 1 mg/ml. Thus modulated insulin release could be 

achieved using the glucose-sensitive membrane (Kim and Park, 2001b).

Pai et al (1992) developed insulin delivery system based on the competitive

2 2



binding of glucose and p-succinylamidophenyl-a-D-glycopyranoside-insulin (SAPG- 

insulin) to glutaraldehyde-crosslinked Con A microspheres. The microspheres prepared 

by a water-in-oil emulsion technique had binding constants of 1.25 x 10̂  M'* for 

glucose and 1.28 xlO'^M'^ for SAPG-insulin. The crosslinked Con A microspheres had 

similar binding properties to Con A monomer. To establish glucose-responsive insulin 

release, Con A microspheres loaded with SAPG-insulin was enclosed in a heat-sealed, 

surface-modified, porous poly(vinylidene difluoride) membrane pouch placed in a flow 

cell. To attain pulsatile release of SAPG-insulin from the microspheres, the flow cell 

was pumped with glucose solution (50-500 mg/dm^). This system showed a pulsatile 

release pattern for SAPG-insulin with a short lag time in response to changes in glucose 

concentrations. The free glucose molecules having higher affinity for the binding sites 

on Con A compete with SAPG insulin on ConA and thus the glycosylated insulin is 

desorbed from the Con A host in the presence of fi*ee glucose in the microspheres. 

When glucose is added to the external medium, the concentration of glucose in the 

pouch equilibrate with the level of glucose in the medium and then respond to changes 

in the level of glucose in the external medium. This explains the initial lag time 

observed in SAPG-insulin release from the microspheres in response to increasing 

concentration of glucose (Pai et a l, 1992). Such self-responsive system has the potential 

to be used as implant which can release insulin in response to higher glucose 

concentration in vivo (Pai et al, 1984).

Shuji et al (1984) found that glycosylated insulin is biologically active and 

more stable against aggregation than commercial insulin. Soe et al (1985) implanted 

conjugated insulin (succinylamidophenyl-a-D-mannopyranoside; SAPM-insulin) 

complexed with Con A, entrapped in a cellulose membrane, in the peritoneal cavity of
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pancreatectomized dogs. In an intravenous glucose tolerance test, the blood glucose 

level in the pancreatectomized dogs with implants was found to be similar to the normal 

dogs. In addition, the blood glucose profile over a period of 2 days demonstrated that 

diabetic dogs implanted with the self- regulating insulin delivery system were capable 

of maintaining acceptable glucose levels for the best part of the experiment duration. 

The controlled release of SAPM-insulin in response to changes in blood glucose levels 

was based on the mechanism of the competitive and complementary binding properties 

of SAPM insulin and glucose to Con A.

1.4.1.3 P r o t e in  R espo n siv e  D e liv e r y  Sy st e m s

Recently novel hydrogels which respond to changes in the concentration of 

physiological compounds e.g. enzymes and antigens, have been developed. The 

swelling/deswelling characteristics of hydrogels are affected, which results in the 

release of active compounds (Kikuchi and Okano, 2002).

1 .4 .1 .3 .1  E n z y m e - s e n s i t i v e  H y d r o g e l s

Biodegradable polymers have gained increasing attention in the formulation of drug

delivery systems. Some biodegradable polymers can be digested by specific enzymes.

Thus hydrogels prepared from such biodegradable polymers can be enzyme-sensitive

and specific enzymes in specific organs have become useful signals for site-specific

drug delivery. The enzyme-sensitive hydrogels are promising candidates as enzyme
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sensors and enzyme-sensitive drug delivery systems (Miyata et al, 2002).

The bioavailability of therapeutic peptides and protein following oral 

administration is very low (< 1%). This is because the molecules undergo degradation 

in the gut, there are barriers to gastrointestinal absorption, and a substantial portion of 

the amount absorbed is removed and metabolised by the liver (Lee and Yamamoto, 

1989). Colon specific drug delivery systems can be used in the treatment of local 

disorders in the colon and for the delivery of peptide and protein drugs via the oral 

route. The colon is less acidic and contains relatively low levels of proteolytic enzymes 

capable of destroying the peptides and protein drugs (Ikesue et a l, 1993). The residence 

time of materials passing though the gut is also longest in the colon (about 80% of the 

total gastrointestinal transit time) (Davis, 1990). Moreover the colon is highly 

responsive to absorption enhancers (Tanigucbi et al, 1980). The microbial enzymes that 

are predominantly present in the colon can be used as triggers for site-specific delivery 

of drugs to the colon. Hovgaard et al (1995) first established that colon-specific drug 

delivery can be achieved using dextran hydrogels which can only be degraded by 

dextranase, a microbial enzyme present in the colon. Dextran hydrogel was prepared by 

crosslinking with diisocyanate. The release of a model drug, hydrocortisone, from the 

dextran hydrogel in acetate buffer (pH 5.4) in the presence and in the absence of 

dextranase showed that 100% percent of the drug was released in 2h in the presence of 

the enzyme while only 30% was released in its absence. The release of the drug in 

control experiment (i.e. absence of dextranase) was mainly diffusion-controlled while in 

presence of the enzyme it was diffusion as well as degradation controlled. In vivo 

degradation of the hydrogel was determined by implanting hydrogel disks in the 

stomach and cecum of rats. After 3 days of incubation, gels implanted in the cecum
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degraded completely with total disappearance of the gel. Gels implanted in the stomach 

did not degrade at all suggesting that the cecum contain the enzyme, dextranases, 

necessary for the degradation. Degradation of the hydrogel was also conducted in the 

human colonic fermentation model and the hydrogel was found to degrade completely 

after 72 h. The results indicate that dextran hydrogels are promising as drug carriers for 

colon-specific drug delivery (Hovgaard and Brondsted, 1995).

Azoreductases, enzymes produced by the microbial flora of the colon have also 

been used for colon-specific drug delivery. Colon-specific deliver)  ̂ is attained by using 

hydrogels containing pH-sensitive monomers and azo-moiety bearing crosslinker or 

monomers which are acted upon by the azoreductase in the colon leading to the 

swelling of the hydrogels and subsequent release of therapeutics. Shantha et al. (1995) 

prepared colon-specific hydrogels by coplymerisation of varying concentrations of 

methacryloyloxy azobenzene (MAB) and hydroxyethyl methacrylate (HEMA). In vitro 

release of the model drug, 5-fluorouracil (5-FU) from hydrogels was carried out in 

cultures of intestinal flora containing azoreductase. Hydrogels with highest 

concentration of MAB, released 99% of the drug while those with lowest concentration 

of MAB released 80% of entrapped drug in 4 h. Such release pattern might be attributed 

to the higher concentration of azo polymer in the copolymeric gel. The more azo groups 

present in the gel, the greater the degradation of the matrix by azoreductase resulting in 

faster and enhanced release of entrapped drug (Shantha et al, 1995). Yeh et al (1995) 

and Akala et al. (1998) prepared pH responsive hydrogel containing acidic comonomer 

such as acrylic acid and crosslinker containing aromatic azo bonds which are 

degradable by azoreductase activity in the colon. At the low pH range of the stomach 

(pH < 3), the hydrogels have low equilibrium degree of swelling and thus can protect

26



the peptide and protein drugs against digestion by the proteolytic enzymes. During the 

transit through the gastrointestinal tract, the hydrogels swell as the pH increases due to 

the ionisation of the carboxylic acid groups leading to electrostatic repulsion between 

them which cause swelling of the hydrogel matrix. Upon arrival in the colon, a degree 

of swelling is reached that makes the crosslinks accessible to azoreductase activity 

(figure 1.2). Subsequently, the hydrogel network is progressively degraded via the 

cleavage of the crosslinks, and the drug entrapped is thus released. Brondsted and 

Kopecek, 1992; Yeh, 1995; Ghandehari, 1997 and Akala, 1998, have also developed 

such pH responsive systems that utilise combination of enzyme sensitivity along with 

pH sensitivity to attain colon-specific drug delivery.

Castro-intestinal 
transport

★

Stomach and small intestine 

In the figure.

Colon

★  = drug m olecule 

—  =  azo-crosslink

F ig u r e  1.2 Degradation of azo-crosslinked pH responsive hydrogel in the colon 
(adapted from Akala et al, 1998)
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1 .4 .1 .3 .2  A n t i g e n - s e n s i t i v e  H y d r o g e l s

Antibodies are a type of protein that are produced by the immune system in response to 

foreign substances such as, chemicals, virus particles, spores, or bacterial toxins that 

may be a threat to the body. These foreign substances are called antigens. Each antibody 

has unique recognition site to bind with specific antigen through multiple non-covalent 

bonds. Thus, the specific antigen-recognition function of an antibody can be utilised to 

prepare antigen-sensitive hydrogels that undergo swelling changes in response to 

specific antigen (Miyata et a l, 2002).

Miyata et al (1999) have prepared antigen-sensitive hydrogels by using antigen-

antibody bonds at crosslinking points in the hydrogels. Both rabbit IgG (antigen) and

goat anti-rabbit IgG (GAR IgG; antibody) were chemically modified by coupling them

to N-succinimidylacrylate (NSA) to produce a vinyl-antigen and a vinyl-antibody. The

resultant vinyl-GAR IgG was copolymerized with acrylamide (AAm) to create a

polymerized GAR IgG that acted as the linear chain in a semi-interpenetrating (IPN)

hydrogel. The antigen-antibody semi-IPN was prepared by copolymerization of the

vinyl-rabbit IgG, AAm, and N, N’-methylenebisacrylamide (MBAA) as a crosslinker in

the presence of the polymerized GAR IgG. The linear polymerized antibody

interpenetrated the antigen-containing network, resulting in an antigen-antibody semi-

IPN hydrogel. The linear polymerized antibody did not leak out of the semi-IPN

hydrogel because it was entangled "with the network. Hydrogel swelling was triggered in

the presence of free antigens that competed Avith the polymer-bound antigen, leading to

a reduction in the crosslinking density due to the dissociation of the antigen-antibody

bonds in the presence of the free antigen (figure 1.3). Consequently, the antigen-
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antibody semi-IPN hydrogel was able to recognize a specific antigen and induce 

structural changes. The permeation of a model compound, haemoglobin through a 

membrane fabricated from the antigen-antibody semi-IPN hydrogel membrane was 

investigated in the presence and absence of rabbit immunoglobulin (IgG) as a free 

antigen. Permeation experiment was conducted in a glass cell of two parts separated by 

the hydrogel membrane. One chamber was filled with 0.2 M phosphate buffer (pH 7.4) 

solution containing haemoglobin (model solute) while the other chamber was filled with 

phosphate buffer solution into which the antigen concentration was changed. In 

presence of rabbit IgG (the free antigen), the semi-IPN hydrogel membrane swelled 

which enabled the permeation of haemoglobin through it. But in the absence of IgG, the 

semi-IPN membrane remained densely cross-linked and impeded the permeation of 

haemoglobin. The semi-IPN hydrogel swelled in the presence of a free antigen, due to 

the dissociation of the antigen-antibody bonds, acting as crosslinking points. In the 

swollen semi-IPN hydrogel, polymerized antibody could not leak out of the hydrogel as 

it was trapped in the network containing grafted antigen. Therefore, the hydrogel was 

able to shrink reversibly in the buffer solution without free antigen, because the 

complex between the polymerized antibody and grafted antigen was able to form again. 

Consequently, the antigen-antibody semi-IPN hydrogel exhibited a reversible antigen- 

sensitive behaviour. Thus, the antigen-sensitive hydrogel is a promising candidate for 

the fabrication of an intelligent device to modulate release of therapeutics in response to 

a specific antigen.
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F igure 1.3 Diagrammatic representation of a suggested mechanism for the swelling of 
an antigen-antibody semi-interpenetrating hydrogel in response to a free antigen 
(Miyata, 1999).

1 .4 .1 .4  p H  R ESPO N SIV E D e l i v e r y  S y s t e m s

Variations of pH occur at several sites in the body e.g. the gastro-intestinal tract, vagina 

and blood vessels, and this variation provides a suitable base for pH-responsive drug 

release. In addition, local pH changes in response to specific substrates can be generated 

and used for modulating drug release. pH-responsive drug release has been investigated 

for controlled oral drug delivery and for taste-masking of bitter drugs (Gupta et al., 

2002). The pH-responsive hydrogels are made up of chemically or physically 

crosslinked polymeric backbones which bear ionic pendant groups. In aqueous media of 

appropriate pH and ionic strength, the pendant groups ionize and fixed charges are 

developed on the polymer network, generating electrostatic repulsive forces responsible 

for pH-dependent swelling or deswelling of the hydrogel thereby controlling the drug
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release (Kost, 1999). At low pH, polyacidic polymers (usually containing carboxylate or 

sulphonate groups) will be unionised, uncharged and unswollen. With increasing pH, 

the polyacid polymer will ionise, the charged groups will repel each other and the 

polymer will swell. The opposite holds for polybasic polymers (usually containing 

amine groups) which swell in acidic pH due to the protonation of the amino groups. But 

increasing the pH causes deionisation of the functional groups resulting in deswelling of 

the network. Thus drug release from reservoir or matrix devices made from these 

polymers will display release rates that are pH dependent (Kost and Langer, 2001). 

Figure 1.4 shows the pH-responsive swelling of anionic and cationic hydrogels.
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F igure 1.4 Effect of pH on (A) polyacidic and (B) polybasic hydrogel (adapted from 
Gupta et a i, 2002).

Patel et al (1996) prepared polycationic hydrogels by crosslinking chitosan and
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poly(ethylene oxide) in a blend to form semi-interpenetrating network. These hydrogels 

swelled in acidic conditions and released 65% of the entrapped amoxicillin and 59% of 

metronidazole in 2 h. The swelling was due to the ionisation of the amino groups on the 

chitosan which repel each other and the polymer swells, increasing the pore size in the 

gel matrix, leading to easier diffusion of the drugs. The water soluble poly(ethylene 

oxide) also facilitated the initial hydration of the gel by creating an osmotic gradient. 

This type of hydrogels can be used to localize delivery of antibiotics in the acidic 

environment of the gastric fluid for example, for the treatment of Helicobacter pylori 

infection in peptic ulcer disease.

Bilia et al. (1996) prepared pH-responsive delivery system by dispersing 

granules of interpenetrating network of poly(acrylic acid) and poly(ethylene oxide) into 

1-mm thick silicone discs. The pH-responsive release of several model drugs 

(salicylamide, nicotinamide, clonidine hydrochloride and prednisolone) having different 

aqueous solubilities and partitioning properties were correlated with the pH-dependent 

swelling pattern of the gel. At pH 1.2, the carboxyl groups of the poly(acrylic acid) 

were unionised and the network swelling was low and the release was limited to an 

initial burst due to the drug diffusion from the granules in contact with matrix surface 

and due to the drug partitioning and diffusion in the silicone matrix. At pH 6.8, the 

carboxyl groups of the poly(acrylic acid) were ionised and higher swelling resulted in 

increased release by diffusion. Using the semi-IPN granules in silicone matrix it was 

possible to achieve similar rate of release for drugs with different aqueous solubilities 

and partitioning properties.

Hydrogels prepared from poly (N-isopropylacrylamide) (PNIPAAm) and 

poly(methaacrylic acid)(PMAA) /poly (acrylic acid) (PAA) have been found to be pH
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as well as thermo-responsive. When a small amount of anionic monomer, such as 

acrylic acid or methacrylic acid is incorporated into a thermo-responsive polymer, such 

as PNIPAAm, the lower critical solution temperature (LCST) of the hydrogel depends 

on the ionization of the pendant carboxyl groups and hence on the pH of the medium. 

As the pH of the medium increases, the carboxyl groups of polyanions are protonated, 

LCST shifts to higher temperatures due to the increased hydrophilicity and charge 

repulsion making the hydrogel swell (Dong and Hoffman, 1990). Pulsatile release of 

streptokinase (antithrombotic agent) has been possible from a lightly crosslinked 

PNIPAAm and PMAA hydrogel in response to pulsatile changes in temperature from 

36 to 33 °C and in pH from 5 to 6. The hydrogel swell at 33 °C and pH 6 due to the 

swelling of NIPAAm at its LCST (32 °C) and PMAA swelled at pH 6 due to the 

protonation of the carboxylic groups on the polymer. As the gel swell the release of 

streptokinase was enhanced while the release was halted at 36 °C and pH 5 due to the 

deswelling of the gel. Such responsive vehicle can be used in the treatment of coronary 

thrombosis and stroke in patients by delivering the antithrombotic agents directly to the 

site of the blood clot reducing the chances of over-dosing and frequency of 

administration. The system will release the drug due to the small physiological changes 

in blood pH and temperature at the site of the clot (Brazel and Peppas, 1996).

1.4.2 Externally  Reg ulated  Delivery  System s

Externally regulated systems are open-loop delivery systems that require externally 

generated environmental changes to initiate drug delivery. These can include magnetic
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fields, ultrasound, electric fields, temperature, light, and mechanical forces. Open-loop 

delivery systems may be coupled to biosensors to obtain devices that automatically 

initiate drug release in response to the measured physiological demand (Qiu and Park, 

2001; Sershen and West, 2002).

1.4.2.1 M a g n e t ic a l l y  M o d u lated  D e liv e r y  Sy st e m s

Release of drug from a polymer matrix in response to an oscillating magnetic field was 

the first methodology investigated to achieve an externally controlled drug delivery 

system (Sershen and West, 2002). Saslawski et al. (1988) evaluated magnetically 

triggered delivery of insulin from alginate microspheres containing magnetic beads. 

When a magnetic field was applied to the system, the release rate of insulin was about 

50 times higher than in the absence of magnetic field.

Kost et al. (1987) prepared poly(ethylene-co-vinyl-acetate) matrix containing 

magnetic steel beads and insulin. The hydrogel was implanted subcutaneously in the 

abdomen of diabetic rats. When the diabetic rats were exposed to an oscillating 

magnetic field, the blood glucose levels decreased by nearly 30%. Every time the 

magnetic field was applied, a drop in the blood glucose level was observed. The 

enhanced release of insulin in oscillating magnetic fields might be due the micro

movement of the magnetic beads within the polymer matrix which produced ‘micro

cracks’ in the implant resulting in the efflux of the drug. Histopathological analysis 

(after a 51-day implantation period) showed that the implant was surrounded by a 

relatively thin fibrous membrane, indicating a minimum tissue reaction. The authors
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proposed that such systems might provide an alternative to current modes of therapy 

using programmable implantable infusion pumps.

1.4.2.2 U l tr a so n ic a l l y  M o d u lated  D e l iv e r y  Sy st e m s

Ultrasound-stimulated drug delivery has received considerable attention in the recent 

past. Usually very fast (within 2 min) drug release can be observed following exposure 

of biodegradable polymers to ultrasound. The response to an ultrasonic trigger is 

reversible. The release extent may be regulated by intensity, frequency and/or duty 

cycle of the ultrasound (Lavon and Kost, 1998). Miyazaki et al. (1988) used external 

ultrasound irradiation to release insulin from ethylene vinyl alcohol hydrogel implanted 

subcutaneously in the lower abdomen of diabetic rats. 2 h after implantation, ultrasound 

was applied to the implant site at 1 W/cm^ for 30 min. After implantation, the blood 

glucose levels were not affected for the first 2 h, but a sharp drop in blood glucose 

levels was observed after ultrasound irradiation indicating a rapid rate of insulin release 

from the implanted site. The authors speculated that the application of ultrasound 

caused increase in temperature in the delivery system, which might have facilitated the 

insulin diffusion out of the matrix. Kost et al. (1989) further demonstrated the feasibility 

of in vivo ultrasound-mediated drug release. Gels composed of polyanhydride polymers 

loaded with /?flra-aminohippuric acid were implanted subcutaneously in the back of 

catheterised rats. When the implant site was exposed to ultrasound (5 W/cm^ for 20 

min), a significant increase in the drug concentration in urine was detected. The 

increased drug release was attributed to the effect of cavitation of the polymer matrix
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which took place in the acoustic field. Cavitation, and its consequence, acoustic 

streaming, were believed to add a convective term to mass transport of drug by 

diffusion. Histological examination of the ultrasound treated area after an exposure of 1 

h at 5 W/cm^ did not reveal any differences between treated and untreated skin, 

indicating a low irradiation potential of the ultrasonic conditions used. These in vivo 

studies show the feasibility of ultrasonic controlled polymeric delivery systems to 

deliver biologically beneficial peptide drugs in a pulsatile manner.

1.4.2.3 Th e r m o -r e spo n siv e  D e liv e r y  Sy st e m s

Temperature-sensitive hydrogels are probably the most studied class of environmentally 

sensitive polymer systems in drug delivery research. Thermo-responsive systems can be 

classified into two main groups; namely those that shrink (negative temperature 

dependent) and those that swell (positive temperature dependent) upon increasing 

temperatures.

1 .4 .2 .3 .1  S y s t e m s  w i t h  a  n e g a t i v e  t e m p e r a t u r e  d e p e n d e n c y

In this case, hydrogels become insoluble or shrink in water above a certain temperature

called the lower critical solution temperature (LCST) (Ichikawa and Fukumori, 1997).

Poly(N-isopropyl acrylamide) (PNIPAAm) is one of the most widely studied thermo-

responsive polymers which undergoes phase separation at around 32°C. This polymer is

water-soluble and hydrophilic, and exists in an extended chain form below its LCST,
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undergoing a reversible phase transition to an insoluble and hydrophobic aggregate 

above the LCST. This phase transition occurs within a narrow temperature range and is 

reversible (Schild, 1992). Hoffrnann et al. (1986 a,b) demonstrated the thermo- 

responsive release of vitamin Bl, myoglobin and chymotrypsin from hydrogels 

containing PNIPAAm or N-isopropylacrylamide-methacrylic copolymers crosslinked 

with methylene-bis-acrylamide (MBAAm), which exhibit an LCST. The authors 

proposed the thermo-responsive release of the model compounds at high temperature 

(50 °C) due to ‘sqeezing effect’ where the solutes are squeezed out with tlie water when 

the gels deswell. Bae et al (1991) showed pulsatile release of indomethacin from 

interpenetrating polymer networks (IPN) of PNIPAAm and polytetramethylene. The 

‘on-off release profile of indomethacin from the hydrogel was achieved with ‘on’ at 

low temperature (20 °C) and ‘off at high temperature (30 °C) by the formation of ‘skin 

layer’ on the gel above its LCST. When the temperature was changed suddenly above 

the LCST of the gel, a shrunk ‘skin layer’ was formed due to the faster collapse of the 

gel surface than the interior. This dense and less permeable surface layer of gel acts as a 

barrier which hindered water and drug movement from inside the gel into the external 

environment. Thus below the LCST, drug diffusion can easily take place while above 

the LCST, the ‘skin layer’ hindered the drug release which explained the ‘on-off 

release pattern observed between 20 °C and 30 °C.

Drug delivery vehicles with stimuli-sensitive polymeric membranes can act as 

sensors for the detection of internal or external stimuli or as rate controllers for drug 

release. Chu et al, (2001) prepared a thermo-responsive polyamide microcapsule with a 

porous membrane containing PNIPAAm polymer chains as ‘gates’. The microcapsule 

shells were prepared from ethylenediamine and terephthaloyl dichloride by interfacial
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polymerization and linear PNIPAAm was grafted into the pores of the porous 

membrane by plasma-graft pore-ftlling polymerization. The release of a model 

compound, vitamin B12 from the microcapsules could be positively as well as negatively 

controlled depending on the graft yield. Microcapsules with low graft yields released 

more vitamin at 40 °C than that at 25 °C, while those with high graft yields released 

more vitamin B12 at 25 °C than that at 40 °C. Above the LCST, the PNIPAAm chains 

are shrunk, the pores in the membrane of the microcapsules with low graft yield are 

open, and solute diffusion can take place through the pores. Thus at high temperature, 

more vitamin was released compared to at low temperature. In contrast, at a high graft 

yield, an excess of PNIPAAm in the pores mean that the pores are not open even at high 

temperatures (above the LCST); in other words the pores are ‘choked’ and the drug 

release is low above LCST. Below the LCST, the grafted-PNIPAAm is highly 

hydrophilic and water-soluble and diffusion of the water-soluble solute can occur within 

the water-filled regions in the spaces between the PNIPAAm networks. This explains 

the enhanced release of the vitamin from the microcapsules at low temperatures (below 

the LCST) than that at high temperatures (above the LCST) (figure 1.5).
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F ig u r e  1.5 A schematic representation of the thermo-responsive release principle of 
core-shell microcapsules with a porous membrane and thermo-responsive polymeric 
gates (adapted from Chu el al, 2001).

Li and D’Emanuele (1991) prepared a thermo-responsive composite membrane 

by crosslinking NIPAAm with methylene-bis-acrylamide in situ to form hydrogels 

within the pores of sintered glass filter disks. The disks were placed between the donor 

and the receptor cells of a two-cell permeation chamber, and the transport of bovine 

serum albumin (BSA) and salicylic acid across the filter was recorded as function of the 

temperature of the cells. The rate of BSA and salicylic acid transport across the 

composite membrane increased significantly when the temperature of the chamber was 

raised from 20 to 40 °C, due to the hydrogel collapsing above the LCST and the pores 

of the filters being opened. The thermoresponsive composite membrane disc was
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proposed to be useful as a temperature-sensitive gating mechanism to control drug 

release from a reservoir.

1 .4 .2 .3 .2  S y s t e m s  w i t h  a  p o s i t i v e  t e m p e r a t u r e  d e p e n d e n c y

In this case, the hydrogels become insoluble or shrink in water below a certain

temperature, and swell at higher values. This temperature is called the upper critical

solution temperature (UCST). The change in temperature can be regulated externally as

well as internally (e.g. temperature of body). Katano et al. (1991) showed that

interpenetrating polymer network (IPN) of poly-(acryIic acid) (PAAc) and

polyacrylamide (PAAm)-co-butyl methacrylate (BMA) have a positive temperature

dependency of swelling in response to step-wise temperature changes, with higher

swelling ratio at high temperatures (20 °C, 30 °C, 40 °C) and lower swelling ratio at

lower temperature such as, 10 °C. The positive temperature dependency was suggested

to be linked to the formation and dissociation of intermolecular complexes between

PAAc and PAAm with temperature changes (figure 1.6 A). At lower temperature, AAc

and AAm form intermolecular complexes by hydrogen bonding which results in

insolubility of PAAc and PAAm chains leading to the low swelling. At higher

temperatures, the polymer complex dissociates leading to higher swelling of the IPN

(figure 1.6 B). A stepwise release of a model drug, ketoprofen, from this monolithic

device was also observed with temperature changes between 10 °C and 30 °C, being

highest at 30 °C i.e. when the IPN was most swollen and drug diffusion was highest.

Such a positive controlled release pattern, i.e. high drug release at high temperature and

low drug release at lower temperature is useful when the delivery vehicle is designed to
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respond to an increase in the body temperature resulting from diseases, such as 

inflammation or cancers etc (Zhang et al, 2002).
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poly (acrylamide). (B) A schematic representation of thermo-reversible swelling changes 
induced by polymer complex formation and dissociation (adapted from Katono et al,
1991).
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1.4.2.4 Ph o t o -r e spo n siv e  d e l iv e r y  sy stem s

The interaction between light and a material has been used to modulate drug delivery. 

Light- responsive vehicles consist of a chromophore that absorbs light at a specific 

wavelength and a material that uses energy from the absorbed light to initiate drug 

delivery (Sershen and West, 2002). It has been suggested that light-responsive 

hydrogels may have advantages over other responsive delivery devices due to the fact 

that light stimulus can be imposed instantly and delivered in specific amounts with high 

accuracy. This is in contrast to the sensitivities of temperature- responsive hydrogels 

and pH-responsive hydrogels which are rate limited by thermal and hydrogen ion 

diffusion respectively. Photo-responsive hydrogels can be separated into those that are 

sensitive to ultraviolet (UV) and those that respond to visible light. Visible light has the 

advantage over UV light in that it is readily available, is inexpensive, safe, clean and 

can be easily manipulated (Qiu and Park, 2001).

The isomerization of azobenzene moiety upon UV irradiation has been utilised 

to formulate photo-responsive hydrogels. When UV (300 nm < A, < 360 nm) is 

irradiated, azobenzene undergoes reversible transformations from the more stable trans 

form to the less stable cis form. The light induced trans-^cis isomerization changes the 

dimension of the azobenzene group from 9 Â {trans) to 5.5 Â {cis) (Kumar, 1989) 

(figure 1.7). Utilising this concept, Tomer et al (1993) demonstrated photo-responsive 

release of caffeine and poly (styrene sulfonic acid) from N-isopropylacrylamide 

hydrogels containing photo-reactive azobenzene moieties either as pendant groups (4- 

methacryloylamino-azobenzene) or within the polymer backbone by using 4,4'- 

di(methacryloylamino) azobenzene as crosslinker. It was found that UV irradiation of
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hydrogels with azobenzene pendant groups resulted in increased drug release from the 

matrix, while irradiation of hydrogels with azobenzene crosslinkers resulted in a 

decreased drug release. The azobenzene of the pendant groups, 4-methacryloylamino- 

azobenzene exists in trans (elongated) form which increases the internal hydrophobic 

forces forming a compact structure. The formation of cz5-isomer upon UV irradiation 

reduces the dimension of the azobenzene pendant groups which in turn reduces the 

hydrophobic forces inside the hydrogel and the network expands at micro level allowing 

easy diffusion of the drugs. In hydrogels with azobenzene crosslinker (4,4- 

di(methacryloylamino) azobenzene) changing the trans isomer to cis form by UV 

irradiation reduces the crosslink length brought about by reduction in dimension of the 

azobenzene groups. The dimension change reduces the free volume inside the network, 

leading to lower diffusion of the drugs from the hydrogel.

9 A
UV

VIS
5.5 A

F ig u r e  1.7 The dimensional change o f  the aromatic azo chromophore upon UV 
irradiation (Ri and R2 are the aromatic substituted groups) (Tomer et al, 1993).
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Mamada et al (1990) prepared UV-sensitive hydrogels by introducing a leuco- 

derivative molecule, bis(4-dimethylamino)phenylmethyl leucocyanide, into the 

polymer. TriphenyImethy 1 leuco derivatives dissociate into ion pairs under UV 

irradiation producing triphenyImethy 1 cations and cyanide anion (figure 1.8). Upon UV 

irradiation at constant temperature, the hydrogels discontinuously swelled in response to 

UV irradiation but shrank when the UV light was removed. The formation of cyanide 

ions upon UV irradiations caused an increase in osmotic pressure within the gel 

resulting in discontinuous swelling.

CHCH,

CHH ,c

H,C

III
N

hv
____

heat

CHCH.

CH3

CH

N = C

F ig ur e  1.8 Formation of cyanide anion upon UV irradiation of hydrogels prepared 
from bis(4-dimethylamino)phenylmethyl leucocyanide (Mamada et al, 1990).

Suzuki et a l  (1996) prepared visible light-sensitive polymer by introducing a 

chromophore e.g. trisodium salt of copper chlorophyllin as a pendant group into a 

crosslinked copolymer network of N-isopropylacrylamide and sodium acrylate.When 

visible light (e.g. 488 nm) was applied to the hydrogel, the chromophore absorbed light, 

which was dissipated locally as heat increasing the ‘local’ temperature of the hydrogel. 

This temperature increase altered the swelling behaviour of poly (N-iso

propylacrylamide) hydrogels, which are thermo-sensitive. This temperature increase

was proportional to the light intensity and the chromophore concentration. With the
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addition of an ionisable functional group such as polyacrylic acid to the polymeric 

backbone, the photo-responsive hydrogels were also responsive to pH changes. This 

type of hydrogel can be activated (i.e. induced to shrink) by visible light and can be 

deactivated (i.e. induced to swell) by increasing pH. The above examples of photo

sensitive hydrogels can find use in the development of artificial muscles, switches and 

memory devices (Suzuki and Tanaka, 1990).

1.4.2.4 El ec t r ic  st im u l i-r e spo n siv e  sy stem s

Electric current is the rate of flow of negatively charged electron usually through a

metal wire or some other electrical conductor. It is another external stimulus that can be

used to simulate drug release (Sershen and West, 2002). Advantages of electric current

as a stimulus include the possibility of precise control over drug delivery, the

availability of equipment and the available experience with the application of electric

current which has been used for iontophoresis and electroporation in the field of dermal

and transdermal drug delivery. Electro-responsive hydrogels are made of

polyelectrolytes which are polymers containing relatively high concentrations of

ionisable groups on the backbone chain. Thus hydrogels prepared from polyelectrolyte

can be responsive to pH as well as to electric current. Most of the polymers studied have

been polyanions, but polycations and an amphoteric polyelectrolyte have also been

used. Synthetics as well as naturally-occurring polymers, separately or in combination,

have been used. Examples of naturally-occurring polymers include hyaluronic acid,

chondroitin sulphate, agarose, carbomer, xanthan gum and calcium alginate. The

synthetic polymers are mostly acrylate and methacrylate derivatives such as partially
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hydrolysed polyacrylamide, polydimethylamino propylacrylamide (Murdan, 2003).

1.4.2.5.1 R e spo n se  of  H y d r o g e l  t o  a n  E l e c t r ic a l  St im u l u s

Poly electrolyte hydrogels swell, deswell or bend in response to an electric field. The 

response of a hydrogel to an electrical stimulus is often governed by the experimental 

set-up used in the study. Figure 1.9 shows the different set-ups that have been used to 

investigate in vitro electro-responsiveness of hydrogels. The gels may or may not be 

placed in an electro-conducting medium such as water, physiological saline or buffer. 

One or both electrodes (e.g. carbon, platinum) may be in contact with the gel (figure 1.9 

la l, la2, lb. Id). When electrodes are not in contact with gel, the latter is placed in 

conducting medium (figure 1.9 .Ic). When electrodes are in contact with the gel, release 

medium may not be used (figure 1.9.Id) (Murdan, 2003).

Depending on the experimental set-up and the composition of the gel, the latter 

may swell, deswell or erode in response to an electric field. The different responses of 

hydrogels to an applied current are discussed below.
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F ig u r e  1.9 (a)-(d) showing different experimental set-ups that have been used to study 
electro-responsive drug delivery from hydrogels (Murdan, 2003).

1.4.2.5.1.1 E l e c t r o - in d u c e d  G el  D esw ellin g

Deswelling in response to an electric current is the most common phenomenon 

observed in polyelectrolyte gels. When a gel experiences an electric field above a 

threshold value, it contracts, leading to syneresis. The expulsion of water results in gel 

deswelling. Anionic gels deswell at the anode while cationic gels deswell at the cathode 

(Tanaka et a i, 1982; Ramanathan and Block, 2001). When the electric field is removed, 

the gels swell by absorbing some syneresed fluid (if experiential set-up figure 1.9.Id is 

used) or some conducting medium (if the experimental set-ups figure 1.9. la-c are used).
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Thus sequential swelling/deswelling can be obtained by ‘on-off application of an 

electric field. The magnitude and the degree of reversibility of a gel response is 

influenced by several factors, such as the experimental set-up, the gel formulation 

(charge on the polyelectrolyte, degree of gel swelling, type and hydrophilicities of the 

crosslinks, type of monomers and pendant groups on the polyelectrolyte backbone 

(Kaetsu et al., 1992; Gong et al, 1994; Yang and Engberts, 2000; Ramanathan and 

Block, 2001; Sutani et al, 2001). The type of conducting medium and the presence or 

absence of electrolyte in the medium also affects deswelling (Tanaka et al, 1982; Osada 

and Hasebe, 1985). The charge and size of the drug or solute entrapped in the hydrogel 

govern its release kinetics in response to electric current (Jensen et al, 2002). Thus no 

general trend in deswelling have been observed in the published works on electro

induced gel deswelling due to the variation in one or more of the governing factors. 

Deswelling of hydrogels in response to an electric field has been explained in terms of 

three different mechanisms namely: (i) establishment of a stress gradient in the 

hydrogel, (ii) changes in the local pH around the electrode and (iii) electroosmosis of 

water coupled to electrophoresis. These different mechanisms of gel response are 

discussed in the following sections.

1 .4 .2 . 5 . 1 . 2  E le c t r o - in d u c e d  e s ta b l is h m e n t  o f  a  s t r e s s  g r a d i e n t  in
HYDROGEL

Tanaka et al (1982) explained deswelling of an anionc gel in terms of ion movement 

towards the oppositely charged electrodes which creates a stress gradient. When a 

partially hydrolysed polyacrylamide hydrogel was electro-stimulated by placing the 

hydrogel in contact with one electrode (experimental set-up figure 1.9.1b), the gel
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contracted at the anode. The positively charged mobile counterions, moved towards 

the cathode while the negatively charged immobile acrylate groups on the polymer 

backbone were pulled towards the anode. This creates a stress gradient along the axis of 

the gel, the stress being maximal at the anode and minimal at the cathode (figure 1.10). 

This stress gradient leads to anisotropic gel deformation. When the gel is not in contact 

with electrodes, the immobile ions on the polymer are attracted to the anode which can 

result in translational movement of the gel towards the anode (Tanaka et al, 1982).

Cathode

-  C O  - Counter ions 

m P  - Matrix

Anode

- N egative charge

- Stress

F ig ure  1.10 Formation of stress gradient under the influence of electric field in a 
polyelectrolyte gel (Tomer et al, 1995).

1 .4 .2 .5 .1 .3  E l e c t r i c a l l y - i n d u c e d  c h a n g e s  i n  l o c a l  p H  a t  e l e c t r o d e s

When an electric current is passed through an aqueous solution, electrolysis of water 

takes place which affects the local pH at the electrodes.

Electrolysis of water at the anode: 2 H2O (i) O2 (g) + 4H^ (aq) + 4e
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Electrolysis of water at the cathode; 4 H2O (i) + 4e 2 H2 (g) + 40H" (aq)

Water is oxidised at the anode; the release of protons (HT) lowers the pH at the anode. 

The reduction of water at the cathode leaves an excess of hydroxyl (OH^ ions in the 

vicinity of the electrode thereby increasing the local pH around the cathode. The pH at 

different positions of electro-stimulated conducting medium was measured by Yuk et 

al. (1992). Around the anode the pH was found to be ~2.1 while around the cathode it 

was 7.9 and 3.8 between the two electrodes. H^ generated at the anode affects the gel in 

the vicinity of the electrode. The negatively charged immobile ions in a polyanionic 

hydrogel are protonated and thus neutralised. Alteration of the inherent charge of the 

immobile ions leads to reduction in (i) charge density, (ii) repulsion between the 

polymer chains and (iii) dehydration of the polymer and the gel deswells at the anode. 

Similarly, formation of 0H“ at the cathode results in deswelling of an electro-stimulated 

cationic hydrogel at the cathode due to deprotonation and neutralisation of the 

positively charged immobile ions in the vicinity of the electrode (Murdan, 2003).

1 .4 .2 . 5 . 1 . 4  E l e c t r o - o s m o s i s  c o u p l e d  t o  E l e c t r o p h o r e s i s

When a polyelectrolyte gel is electro-stimulated, the hydrated mobile counter ions

usually involved in neutralising the charge on the polymer backbone move towards the

oppositely charged electrode along with associated water molecules. In anionic

hydrogels, deswelling is observed at the anode end, as the positively charged

counterions move to the cathode resulting in concurrent flow of water from the anode to

the cathode. In experiments where anionic gels were in contact with the electrodes with
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no conducting medium (experimental set-up figure 1.9.Id), the entrapped fluid was 

found to ‘drip-out’ at the cathodic end, indicating a mass bulk solvent flow towards the 

cathode (Osada and and Hasebe, 1985; Kwon et a l, 1994a; Hsu et al, 1996). With 

cationic hydrogels, deswelling is observed at the cathode due to the solvent flow from 

the cathode to the anode, accompanying the movement of the negatively charged 

counterions towards the anode (Ramanathan and Block, 2001). Electro-osmosis coupled 

to electrophoresis is the most important mechanism for gel deswelling in an 

experimental set-up where the electrodes are in contact with the gel and where no 

conducting medium is used as the water movement away from one end of the gel cannot 

be replenished from the environment.

1 .4 .2 .5 .1 .5  E l e c t r o - i n d u c e d  G e l  S w e l l i n g

Sawahata et al (1990) observed asymmetric swelling of polymethacrylic acid (PMMA) 

and poly(di-methylaminopropylacrylamide) (PDMAPAA) hydrogels in response to an 

electric field. Hydrogels prepared from weak polyacidic polymers such as, PMMA and 

polybasic polymers such as PDMAPAA, when placed in water or salt solution between 

electrodes at a certain distance from the gel (figure 1.9.1c) swelled at the anode and 

cathode respectively. The electro-induced anisotropic gel swelling was explained in 

terms of ion transport process where the mobile cations in the aqueous medium migrate 

towards the cathode by electrophoresis, penetrating the swollen PMAA gel on their 

way. This induces ionisation of carboxyl groups on the polymer backbone and causes 

part of the gel facing the anode to swell as the carboxyl groups get hydrated. A 

polybasic PDMAPAA hydrogel swelled at the cathode in response to electric field.
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Allions from the conducting medium travel towards the anode by electrophoresis and 

ionise the amino groups of the gel leading to swelling of the part of the gel facing the 

cathode. Electro-induced anisotropic gel swelling has been observed with acrylacid- 

acrylamide hydrogels when placed at a fixed position away from two electrodes (figure 

1.9.1c) (Shigna and Kurauchi, 1990).

1 .4 .2 . 5 . 1 . 6  E l e c t r o - i n d u c e d  G e l  E r o s i o n

Unlike gel swelling/deswelling, gel erosion in response to an electric field is an 

irreversible process. Erosion leads to gradual disintegration of the bulk hydrogel, thus 

unlike deswelling /swelling bulk hydrogel do not reform on removal of the electric 

field. Kwon et al. (1991a and 1994b) prepared hydrogels which erode in response to 

electric field. When two water-soluble polymers e.g. poly(ethyloxazoline) (PEO) and 

polymethacrylic acid (PMAA) solutions were mixed, an insoluble polymer matrix was 

formed by complexation due to intermolecular hydrogen bonding between the 

carboxylic and oxazoline groups. The complex was only formed at pH below 5, when 

the carboxylic groups are unionised. The complex dissolved above pH 5.4 due to the 

ionisation of the carboxylic groups which caused disruption of hydrogen bonding which 

held the polymers together. When the gel immersed in phosphate buffer saline (pH 

7.4) was electro-stimulated by clipping it to the cathode while the anode was placed 1 

cm away from the cathode (figure 1.9.1b), the polyelectrolyte gel surface near the 

cathode dissolved by the dissociation of the interpolymer complex. The authors 

explained such erosion due to the change in pH on the gel matrix. The electrolysis of
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water generated hydroxyl (OH ) ions at the cathode which led to increase in the local pH 

at the cathode. Increase in pH caused the dissociation of hydrogen bonding in the 

polymer complex resulting in its disintegration into two water-soluble polymers. The 

loss of gel mass followed zero-order kinetics until 80% of the gel mass had been lost 

and the gel matrix lost its shape. Such rate kinetics implied that the mass loss occurred 

though erosion of the surface facing the cathode as zero order kinetics are 

characteristics of surface erosion in slab-type polymer matrix. When ‘on-off step 

function of electric current was used, a step-wise weight loss was also observed until 

80% of the total weight was lost (Kwon et a l, 1991a). An insoluble polyelectrolyte 

complex formed by mixing polycationic poly(allylamine) and polyanionic heparin also 

exhibit erosion in response to an electric field. The complex was formed via ionic 

bonding between the positively charged amino (-NHg^ groups on the poly(allylamine) 

and the negatively charged carboxylic (-C00 ) and sulfite (-SO3') groups in heparin. 

The hydrogel complex could be obtained over a pH range 3-10 and the resulting 

complex dissociated below pH 2 and above pH 11 due to the deionisation of the 

carboxylic and sulphate groups and deionisation of the amino groups respectively. The 

deionisation of the charged groups causes disruption of the ionic bonds, which is in turn 

responsible for the dissociation/degradation of the gel complex. Electro-responsive 

study on the gel immersed in 0.9% saline solution was conducted using the same 

experimental set-up (figure 1.9.1b) as with the POE/PMAA hydrogel. Gel erosion 

observed at the cathode was attributed to the neutralisation of the -NHg  ̂groups by the 

OH' ions produced at the cathode by electrolysis of water. Such pH changes leads to 

disruption of the ionic bonds between the poly(allylamine) and heparin resulting in gel 

erosion (Kwon et al, 1994b).
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1.4.2.S.2 E l e c t r o -r e spo n siv e  D r u g  R e l e a se  fr o m  H y d r o g e l s

Electro-stimulated release of a variety of small and large, charged and uncharged guest 

molecules has been demonstrated. In most cases, drug is released when an electric field 

is applied and release is stopped or reduced when the electric stimulus is removed, 

which in some cases, the opposite occurs (Murdan, 2003). Electrical stimulus may cause 

changes in a gel such as gel collapse, syneresis, etc., that can influence subsequent drug 

release (Ramanathan and Block, 2001). The main mechanisms of drug release are 

forced convection of drug out of the gel along with syneresed water, diffusion, 

electrophoresis of charged drugs and liberation of drugs upon erosion of electro- 

erodible gels (Murdan, 2003). Electro-stimulated drug release might be due to one or 

more of these mechanisms. These different pathways of electro-stimulated drug release 

are discussed in the following sections.

1.4.2.5.2.1 Forced  convection  of drug  as gel desw ells

The release of drug as the gel deswells and synereses upon electrical stimulation is the 

most important mechanism of drug release. When hyaluronic acid/poly (acrylamide) 

hydrogel was electro-stimulated in absence of a conducting medium with electrodes 

touching the gel (experimental set-up figure 1.9.Id), the anisotropic gel deswelling at 

the anode was suggested as the main mechanism of electro-responsive of the model 

drug, d-chlorpheniramine maleate, from the matrix. In hydrated hyaluronic 

acid/poly(acrylamide) gel, the Na^ ions and the polyanion remain dissociated (from
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sodium hyaluronate). When an electric field was applied, the Na^ ions moved towards 

the cathode and reacted with the OH' ions (from the electrolysis of water) and increased 

the pH at the cathode (to pH 11) due to formation of sodium hydroxide (NaOH). The H  ̂

(from the electrolysis of water) lowered the local pH of the anode (to pH 2) and 

naturalised the poly anions on the polymer network. As a result, the charge density, 

polymer chain-chain repulsion and polymer hydration were reduced and the gel 

deswelled at the anode releasing the entrapped drug. When electric current was 

switched off, the gel absorbed water from the syneresed liquid and swelled due to the 

relaxation and equilibrium swelling of the gel, thereby inhibiting the drug release. Thus 

pulsatile release of d-chlorpheniramine maleate was obtained using ‘on-off electric 

field (Sutani et a l, 2001).

In later studies, Kagatani et al (1997) using poly (di-methylaminopropyl- 

acrylamide) (PDMAPAA) hydrogels conducted the first and so far the only published in 

vivo study in rats. They studied the electro-stimulated release of insulin from 

subcutaneously implanted PDMAPAA hydrogel. Upon exposure to pulses of an 

externally-applied electric field of 0.36 mA/cm^, a decrease in blood glucose levels was 

observed, presumably following insulin release from the gel. The first drop in blood 

glucose was measured at 0.5 h after a 1-min application of current at 0 h and the second 

drop occurred at 3h after a 10 min application of current at 2 h. PDMAPAA hydrogel is 

a weak basic polymer with partially ionised amino groups on the polymer backbone and 

hydroxyl ions as counterions. When electric field is applied, the hydrated hydroxyl ions 

migrate to the anode dragging water molecules and solvated insulin. The solvated 

insulin is expected to diffuse out of the gel quickly with the outflow of solution from the 

gel near the anode. In an earlier study by Sawahata et al (1990) on electro-stimulated
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release of insulin from PDMAPAA gel, it was found insulin could only be released once 

the applied current was sufficiently high to cause dimensional changes in the gel. A lag 

time of a few minutes between the application of the electric field and drug release from 

the gel was observed showing that the release only occurred when the gel had 

deswelled. In the in vivo study, Kagatani et al. (1997) calculated that after the two 

electrical stimulations, 0 .1 2 % of the loaded insulin had been released and that 

consequently, it should be theoretically possible to achieve 1670 pulsatile releases of 

insulin fi-om the gel, assuming a linear electro-release profile from the gel. The protocol 

of electric stimulation (0.36 mA/cm^ for 1 min, then for 10 min 2 h later) did not result 

in any apparent skin irritation.

1 . 4 . 2 . 5 . 2 . 2  D ru g  d if fu s io n  o u t  o f  t h e  g e l

The diffiision of drug out of a gel upon electro-stimulation is another important

mechanism of drug release (Murdan, 2003). As mentioned in section 1.4.2.5.1.5, some

gels swell when an electric field is applied. In such a case, Sawahata et al. (1990)

reported pulsatile release of insulin when pulses of electric current was applied to the

gel which swelled, allowing drug diffusion out of the gel. The experimental set-up

consisted of the gel immersed in deionsed water and where the electrodes were not in

contact with the gel (figure 1.9.1c). With the application of the electric field, the ions

(formed by the electrolysis of water) migrate to the cathode and induce ionisation of the

carboxyl groups on the polymeric network and causes part of the gel facing the cathode

to swell. The swelling is associated with expansion of the polymeric network which led

to easier drug diffiision out of the gel. When the current was switched off, release of
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insulin was stopped as the gel shrank and the tighter polymeric network inhibited 

diffusion of the macromolecule out of the gel. A pulsatile release of insulin was thus 

demonstrated when the electric field was switched ‘on’ and ‘off sequentially. The 

response of the gel was sharp and no leakage of insulin occurred during the “off 

periods due to electrostatic interactions between the largely ionised insulin and the 

amino groups of the PDMAPAA polymer.

Diffusion was also important for the release of negatively charged 

macromolecules poly-(styrene sulphonic acid) (PS SA) and poly (glutamic acid, tyrosine) 

(PGT) from hydrogels prepared from hyaluronic acid sodium salt. The hydrogels 

deswelled upon electrical stimulation in an experimental set up where the gel was 

immersed in water with electrodes at fixed distance from each other (figure 1.9.1c). 

When electro-stimulated, the sodium (Na^) counterions in the gel migrate towards the 

cathode resulting in partial shielding of the carboxylate (-C0 0  ) groups on the polymer. 

The ionic interaction between the Na"̂  and COO ' ions reduced the extent of hydration 

of the gel resulting in deswelling in the part of the gel facing the cathode. Deswelling of 

the gel led to a reduction in the reticular size of the polymer network which resulted in a 

more tortuous pathway for drug diffusion out of the gel. The large size of the guest 

molecules, in relation to the “pore” size of the polymeric network might have hindered 

their expulsion from the gel when the latter syneresed. A pulsatile release of the model 

compounds was achieved, with the drug released when the current was switched off. In 

the absence of an electric field, the gel swelled and the diffusion of the drug could take 

place unhindered (Tomer et a l, 1995).

Diffusion also governed the release of hydrocortisone from a calcium 

alginate/polyacrylic acid composite that was electro-stimulated by placing the gel in
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sodium chloride solution, and where two electrodes were placed at fixed position from 

the gel (figure 1.9.1c). In such experimental set-up, electric field is first felt at the gel 

surface, which deswelled while the bulk of the gel remained swollen. This results in the 

formation of a ‘skin’ around the bulk hydrogel. The skin has a small reticular size which 

inhibits drug movement out of the gel. Thus, hydrocortisone release was inhibited when 

an electric current was applied. On removal of the electric field, release of the drug from 

the matrix occurred as diffusion could take place unhindered. A pulsatile drug release 

pattern was observed upon application of step-wise ‘on-off electric current (Yvk et ai,

1992).

1 . 4 . 2 . 5 . 2 . 3  D ru g  e le c t r o p h o r e s is

Electro-simulated release of drugs fi*om hydrogels can also be due to the migration of 

charged drugs towards the electrode bearing the opposite charge. In addition to electro

stimulated drug release by diffusion, syneresis, forced convection etc., electrophoresis 

has significant effects on the amount of drug that is electro-released (Murdan, 2003).

The possibility of drug instability by electrolysis due to oxidation and reduction 

should also be taken into account when studying drug electrophoresis. For example, the 

electrochemical oxidation of 6 -mercaptopurine riboside at a pyrolytic graphite electrode 

in aqueous solutions (pH range 2.2-9.5) yields a free radical, which instantaneously 

dimerises to give the corresponding disulfide. The disulfide formed was found to be 

unstable and decayed in a pseudo-first-order reaction with essentially similar 

dissociation constants in the presence and absence of an inert atmosphere. The product
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of electro-oxidation of 6 -mercaptopurine riboside was found to be 6-suifopurin-9-yl 

riboside and 6-sulfenopurin-9-yl riboside. A small amount of the starting material was 

also detected (Goyal et al, 2001). Trabelsi et al, (2004) have found that electro

oxidation of caffeic acid at a lead dioxide electrode led to the formation of formic, 

oxalic and maleic acids whose degradation produced carbon dioxide; the degree of 

caffeic acid incineration can be determined from the total organic carbon value. Thus 

the stability of the electrophoresed drug under the electric conditions should be analysed 

using techniques such as, a combination of electrochemistry (cyclic voltammetry and 

controlled potential electrolysis) and in situ spectroscopy (ultraviolet-visible-near 

infrared, Fourier transform infrared, electron paramagnetic resonance and nuclear 

magnetic resonance) analysis (Williams and Webster, 2004). The presence of water in 

the electrolytic medium is found to have important implications on the chemical 

stability of electro-generated species. For example, the electro-oxidation of vitamin E 

(a-tocopherol) at a glassy carbon electrode in pH 7.4 hydro-alcoholic 1:1 (v/v) solution, 

generated three oxidation products while only one product was observed in organic 

solvents e.g. methanol/acetate buffer solution (Giacomelli et al 2004). Thus conditions 

to minimise water electrolysis should be established.

Although electrophoresis of a charged drug can result in its instability; several 

researchers have successfully demonstrated electrophoresis to be the main mechanism 

of drug release from electro-stimulated hydrogels. Kwon et al (1991b) showed that the 

release of positively charged edrophonium ion from the anionic poly(2 -acrylamido-2 - 

methylpropane sulfonic acid- co-n-butylmethacrylate) (AMPS/BMA) gel was one order 

of magnitude higher than the release of a neutral drug, hydrocortisone which could only 

be released via diffusion. When the gel immersed in deionised water and with two
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electrodes placed 1 cm apart (figure 1.9.1al), was electro-stimulated with pulsatile 

electric current, an ‘on-off release pattern was observed with no apparent drug release 

in the absence of electric field. Upon electrical stimulation, the positively charged drugs 

were displaced from their interactions with the negative charges on the polymer 

network by ions generated from water electrolysis at the anode. Subsequently, the 

‘free’ edrophonium ions electrophoresed towards the cathode and diffused out of the 

gel. By increasing the applied voltage, the amount of drug release was increased, but not 

linearly, drug release per charge decreased with increasing voltage. It was suggested 

that at higher voltages, the ions produced could migrate faster towards the cathode 

resulting in a lower proportion of which could be exchanged with the polymer- 

bound edrophonium ion. This might explain why the amount of drug release increased 

with increasing voltage but not in a linearly proportional manner.

D’Emanuele and Staniforth (1993) investigated feedback controlled drug 

delivery based on the electrophoresis of an ionic drug. A pair of platinum electrodes 

placed on either side of a rate controlling polymeric hydrogel membrane was used to 

attain a feedback controlled electrophoretic device. The release of propranolol 

hydrochloride through a crosslinked poly(2-hydroxyethyl methacrylate) membrane was 

positively or negatively controlled by the reversible polarity of the applied electric field. 

The transport of propranolol hydrochloride for a period of eight hours was possible 

using the feedback control system. The authors proposed the possibility of linking such 

electronic modulation of delivery with a biosensor to produce artificial glands.

Ramanathan and Block (2001) reported electro-stimulated release of neutral 

(hydrocortisone), anionic (benzoic acid), and cationic (lidocaine hydrochloride) drug 

molecules from low molecular weight chitosan hydrogels. The hydrogels loaded with
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the model drugs were electro-stimulated by placing the two electrodes in contact with 

the gel in the absence of any conducting medium. The release of the model drugs from 

the gel matrix was in the order benzoic acid>hydrocortisone>lidocaine hydrochloride. 

The electro-stimulated release of neutral hydrocortisone from the gel might be the result 

of electroosmosis and diffusion. The release of negatively charged benzoic acid, 

involved both electrophoresis and electroosmotic flow. Under the influence of electric 

field, benzoic acid migrates towards the anode. The electrorepulsion between hydroxyl 

ions (produced at the cathode by electrolysis of water) and the negatively charged solute 

enhanced its migration towards the anode. The negatively charged hydrated mobile 

counterions in the gel network also migrate towards the anode resulting in bulk flow of 

water towards the anode. The deswelling at the cathode resulted in the drug being 

‘squeezed’ out of the gel and enhanced drug release. In the case of the positively 

charged lidocaine hydrochloride, its electrophoresis drove it towards the cathode while 

electroosmosis (water movement in the direction of the anionic counterions) drove it 

towards the anode. Since the two forces are oppositely directed, the net release of the 

drug from the gel matrix was restricted. It was concluded that the greater electro

stimulated release of benzoic acid might be due to the fact that both electrophoresis and 

electroosmosis acted in the same direction (towards the anode) leading to the 

cumulative drug release being greater than those of the positively charged and the 

neutral model drugs.
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1.4 .2 .5 .2 .4  D r u g  liberatio n  w h en  gel  ero des

Some gels erode upon electrical stimulation as discussed in section 1.4.2.5.L6; gel 

erosion is accompanied by the liberation of entrapped drugs (Kwon et al, 1991a; Kwon 

et a l, 1994b), Unlike diffusion-controlled electro-responsive drug release which 

depends on gel swelling/deswelling (a slow process) gel erosion and subsequent drug 

release is a fast process. Kwon et al (1991a) prepared a poly (ethyloxazoline)- 

poly(methacrylic acid) gel complex containing insulin. When the gel matrix attached to 

a cathode was electro-stimulated by applying an “on-off’ step-fimction of electric 

current, a pulsatile release of insulin was observed until 70% of the insulin load had 

been released. When the current was switched off, insulin release was halted as the gel 

disintegration could not take place. In later studies, Kwon et al (1994b) studied the 

release of heparin from a polymer complex formed due to ionic bonds between heparin 

and poly(allylamine). Upon electrical stimulation of the polymer complex, the ionic 

bonds between poly(allylamine) and heparin are disrupted which led to the 

disintegration of the polymer complex at the cathode resulting in the release of the 

heparin. Thus the release was mainly governed by surface erosion of the polymer 

matrix.
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1.5 Implants

A significant amount of progress has been made towards the development of pulsatile 

drug delivery systems that can effectively treat diseases with non-constant dosing 

therapies. The development of stimuli-sensitive polymeric systems that are small 

enough to be implanted unobtrusively has greatly increased the feasibility of this 

method of therapy.

An implant is a single-unit drug delivery system that has been designed to 

deliver a drug moiety at a therapeutically desired rate, over a prolonged period of time. 

Implants are most commonly used for sustained parenteral administration, including 

ocular and subcutaneous drug delivery. Many different forms of implants are available. 

They can be made of polymers, which can be biodegradable or non-biodegradable. 

They are available in various shapes (rods, cylinder, ring, film, microparticles, 

nanoparticles etc.) and sizes. They can be moulded into mini-pumps, which can be 

powered by osmotic or mechanical mechanisms (Hongkee and Chien, 2001).

1.5.1 A dvantages of Im plantation  Therapy

Implants are designed to deliver drugs by zero-order controlled release kinetics. Such 

release mechanism helps to (i) avoid the peaks (risk of toxicity) and troughs (risk of 

ineffectiveness) of conventional therapy; (ii) reduce the dosing frequency and (iii) 

increase patient compliance (Hongkee and Chien, 2001). Typical examples are steroid
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releasing reservoirs for contraception (Implanon® releases progesterone at a constant 

rate for 3 years and Progestasert® releases progesterone over the course of 1 year) and 

there is a host of new implant systems for the treatment of cancer e.g. Gliadel® for 

recurrent malignant glioma, Zoladex®, Decapeptyl® and Lupron Depot® for prostate 

cancer (Park and Park, 1996; Fung and Saltzman, 1997). Implants provide improved 

patient compliance by allowing a reduction, or complete elimination of patient-involved 

dosing. Periodical refilling of medication is required for some implants, but despite this 

factor, patient has less involvement in delivering the required medication. Furthermore, 

improved drug delivery is achieved with implants. When an implant system is used, the 

drug is delivered locally or to the systemic circulation with minimal interference by 

biological or metabolic barriers. For example, the drug moiety bypasses the 

gastrointestinal tract and the liver. This bypassing effect is beneficial to drugs which are 

either absorbed poorly or easily inactivated in the gastrointestinal tract and/or the liver 

before systemic distribution (Hongkee and Chien, 2001).

1.5.2 D isadvantages of  Im plantatio n  Therapy

Implantation therapy requires a major or minor surgical procedure. This may be 

traumatic, time-consuming, can cause some scar at the site of implantation and may also 

result in surgery-related complications (Hongkee and Chien, 2001). To increase patient 

compliance, extensive research is being carried out to formulate microparticulate 

implant systems that can be injected into the body using conventional needles and 

syringes. Leutenising hormone-releasing hormone (LHRH) - analog loaded poly(lactic- 

co-glycolic acid) (PLGA) microspheres (Lupron Depot®) and LHRH-agonist loaded
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PLGA microspheres are a few commercially available injectable implant systems (Fung 

and Saltzman, 1997).

At the end of the treatment, non-biodegradable polymeric implants such as those 

made from synthetic polymers such as silicone elastomers, poly(ethylene-co-vinyl 

acetate) and polyacrylates (e.g. polyisobutylcyanoacrylate, polyisohexylcyanoacrylate 

and poly(methyl methacrylate) must be surgically retrieved (Fung and Saltzman, 1997). 

Thus, to reduce patient discomfort and improve patient compliance, biocompatible 

polymeric materials that are biodegradable are considered for implant formulations. 

Biodegradable polymers are generally defined as macromolecular materials that can be 

converted into less complex products through chemical reactions, such as simple or 

enzyme catalysed hydrolysis over a reasonable period of time. Such chemical changes 

usually result in the dissolution of the previously insoluble material and involve either 

alterations in polymer side groups or destruction of the macromolecular backbone into 

shorter chain segments and low-molecular-mass products. The most desirable 

biodegradable system is probably a completely degradable system, which leaves no 

residual polymer following the release of the drug in a reasonable period of time 

(Andrianov and Payne, 1998). Natural, biodegradable macromolecules such as proteins 

(albumin and heparin) and polysaccharides (chitosan,cellulose, chondroitin sulfate and 

starch) and synthetic polymeric materials such as, polyesters [e.g. poly(lactic acid), 

poly(lactic-co-glycolic acid)] and polyanhydrides (e.g. poly[bis(p- 

carboxyphenoxy)propane-co-sebacic acid] and poly(fatty acid dimer-co-sebacic acid) 

have been investigated as biodegradable implant systems (Fung and Saltzman, 1997).

Major drawbacks to implantation therapy are the short or long term toxicity that 

might be associated with an implant. Implants may also cause acute or chronic
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inflammatory reactions. An ideal implant is one without any toxic, carcinogenic, 

immunogenic, and inflammatory side effects (Hongkee and Chien, 2001) 

Biocompatibility is the ability of a material to elicit an appropriate biological response 

in a specific application (Williams, 1999). Appropriate host response varies depending 

on the type of materials implanted and their intended use. The desirable host response 

may be total inertness and no interaction with tissues surrounding the implanted 

materials or positive interaction resulting in active participation of the cells surrounding 

the materials. Biocompatibility is a dynamic two-way process that involves the time- 

dependent effects of the host on the material and of the material on the host (Park and 

Park, 1996). Principal factors depending on the host are (i) the species, (ii) the genetic 

inheritance, (iii) the site of implantation, and (iv) the microenvironment, while the main 

factors depending on the material are (i) shape, (ii) size, (iii) surface chemistry and 

roughness, (iv) design, (v) morphology and porosity, (vi) composition, (vii) sterility, 

(viii) contact duration and (ix) degradation (Fournier et a l, 2003).

1.5.2.1 F o r eig n  B o d y  R e a c t io n  t o  a n  Im pla n t

Once a foreign material is implanted, the body’s immune system initiates inflammatory 

processes consisting of a complex series of reactions which tend to prevent the ongoing 

tissue damage, isolate and destroy the foreign material and activate the repair processes. 

The early immune response constitutes the acute phase response which aims to destroy 

the implanted system or lead to a chronic inflammation phase and/or granulation tissue 

development. Figure 1.11 shows the acute and chronic foreign body reaction to a 

implant.
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The acute response is a generalised tissue response to a foreign body. Following 

implantation a blood-material interface is immediately created due to the non-specific 

adsorption of blood tissue fluid proteins on the whole surface of the implant (Williams, 

1987). This leads to alterations in the serum levels of several plasma proteins such as 

serum amyloid A, C-reactive protein, fibrinogen or alpha-1-antitrypsin (Rihova, 1996). 

Acute phase also brings about vasodilation of the blood vessels at the implant site to 

ensure blood flow to the injured tissue (Sieminski and Gooch, 2000). With blood 

contacting the foreign body, the blood cells adhere to the latter and adhesion of platelets 

initiates the blood coagulation cascade. The blood starts to clot and both blood proteins 

and tissue fluid proteins such as, immunoglobulins, complement components, 

antithrombin III, transferrin, fibronectin, laminin, albumin, growth factors, etc cover the 

implant (Rihova, 2000). A thin layer of 200 or more proteins cover the implant and 

provide a direct contact of the inflammatory cells to the foreign body (Ratner, 2002). In 

parallel, the host innate immune system infiltrates (especially leukocytes) in the 

interstitial tissue in response to cell-derived cytokines and chemokines and substances 

resulting from the activation of the coagulation cascade (Babensee et a l, 1998). 

Leukocytes are white blood cells critical to body defence. There are five major types of 

leukocytes but neutrophils are the most representative cells of the acute phase since 

neutrophils are the most abundant of the leukocytes and are rapidly recruited to the 

inflammation site. Neutrophils along with monocytes (in small numbers) remove 

foreign materials and microbial organisms from the injured site by phagocytosis 

(Ratner, 2002). Following neutrophil attachment, macrophages derived fi*om the 

circulatory monocytes migrate to the foreign body and forms non-specific protein layer 

on it. The protein layer leads to the spreading of inflammatory cells that migrate from
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the blood vessels towards the site of implant (figure 1.11 a,b). The monocytes, 

macrophages, fibroblasts and endothelial cells produce cytokines, interleukin-1 (IL-1), 

interleukin- 6  (IL-6 ) and tumor necrosis factor- (TNF-a) which are the main mediators 

of the acute phase and aid to intensify the inflammation. When acute inflammation is 

unresolved, it can enter a chronic inflammatory phase (Rihova, 1996).

Chronic inflammation involves macrophages and fibroblast growth factor. 

Macrophages that fail to engulf the foreign material fuse to form multinucleated foreign 

body giant cells. Foreign body giant cells accumulate, spread onto the implant and 

release growth factors such as fibroblast growth factor and transforming growth factors. 

These growth factors also cause the proliferation of endothelial cells, smooth muscle 

cells and fibroblast surrounding the implant (Ratner, 2002). Fibroblasts synthesize 

collagen and proteoglycans in order to encapsulate the implant in a fibrous capsule 

(figure 1.11 c,d) (Babensee et al, 1998). Capsule formation does not necessarily lead to 

non-biocompatibility of the implant; it can even be considered as a normal response but 

an ideal implant should not experience cell adhesion to its surface and subsequent 

capsule formation. Collagenous capsule represents a barrier for an encapsulated drug to 

diffuse into the surrounding tissue, and for oxygen and nutrients of the 

microenvironment to supply encapsulated cells (Rihova, 2000).

If an implant releases chemicals that are immunogenic to the body, the 

inflammatory response can not be resolved and leads to the formation of a granuloma 

which is the accumulation of activated macrophages and lymphocytes with numerous 

foreign body giant cells on the implant. Granuloma is associated with severe 

inflammation, oedema and pain. If the foreign body is toxic for the macrophages, they 

fail to digest what they have engulfed. Macrophages die and release enzymes in the
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surrounding tissue leading to tissue damage (Anderson and Shive, 1997). The ultimate 

stage of non-biocompatility is cell death leading to necrotic tissue (Williams, 1987).
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F i g u r e  1.11 Graphic representation of the acute and chronic steps of the foreign body 
(FB) reaction, (a) Adsorption of blood (■) and tissue fluid (□) proteins; (b) migration of 
white blood cells; (c) macrophage and fibroblast proliferation; (d) tissue fibrosis 
formation around the synthetic foreign material (Fournier et al, 2003).

1.6 C h it in  AND C h it o s a n

One of the present trends in the formulation of implantable drug delivery systems is the

use of natural biomaterials as carriers. Natural polymers have been shown to promote

healing at a faster rate and exhibit greater compatibility with humans (Khor and Lim,

2003). Chitin and its derivative, chitosan (figure 1.12) are among the many candidate
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biomaterials available from nature that promise to provide biocompatility and 

biodegradability to implant systems. These polymers have found their uses in 

orthopaedic/ periodontal implants, tissue engineering, wound healing and drug/gene 

delivery applications.

Chitin is one of the most abundant organic materials, being second only to 

cellulose in the amount produced annually by biosynthesis. It occurs in animals, 

particularly in crustaceans, molluscs and insects where it is an important constituent of 

the exoskeleton, and in certain fimgi where it is the principal fibrillar polymer in the cell 

wall (George, 1992) Chitin is a high molecular weight linear homopolymer of N-acetyl- 

D-glucosamine (N-acetyl-2-amino-2-deoxy-D-glucopyranose) units linked by p-D- 

(1-4) bonds with a three-dimensional a-helical configuration stabilised by 

intramolecular hydrogen bonding (George,1992; Kas, 2004). The principal derivative of 

chitin is chitosan produced by partial deacetylation of chitin. Thus chitosan is a 

copolymer of glucosamine and N-acetyl glucosamine, which is also naturally present in 

some microorganisms and fungi such as yeast, but its occurrence is much less 

widespread than that of chitin (George, 1992). The term ‘chitosan’ is used to describe a 

series of chitosan polymers with different molecular weights (50-200 kDa), viscosity 

and degree of deacetylation (40% - 98%) (Ilium, 1998).
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F ig ure  1.12 Chemical structure of (A) chitin and (B) chitosan.

1.6.1 P r o p e r t ie s  o f  C h ito sa n

NHCOCH,NHCOCH3 HOFLÇ

Chitosan is a weak base with a pKa value of the D-glucosamine residue of about 6.2-7.0

and therefore, is insoluble at neutral and alkaline pH. However, it does form salts with

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

acetic acid. In acidic medium, the amine groups of the polymer are protonated resulting

in a soluble, positively charged polysaccharide with a high charge density (one charge

for each glucosamine unit) (Singla and Chawla, 2001). Chitosan has three types of

reactive functional groups, an amino group as well as both primary and secondary

hydroxyl groups at the C-2, C-3 and C- 6  positions respectively. The amino and the

hydroxyl groups help to chemically modify chitosan to attain acylation, N-

phthaloylation, tosylation, alkylation, Schiff base formation, reductive alkylation, O-

carboxymethylation, N-carboxyalkylation, silylation, and graft copolymerization
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(Keisuke, 2001). Such chemical modifications of chitosan give rise to materials that can 

be tailor-made to suit a specific application (Sandford, 1989; Shahidi et al, 1999). The 

chemical and biological properties of chitosan are summarized in table 1 .1 .

T a ble  1.1 Chemical and biological properties of chitosan (Kumar et a l, 2001; Hejazi 
and Amiji, 2003)

C h em ic a l High molecular weight linear polyelectrolyte

High charge density at pH <6.5

Adheres to negatively charged surfaces

Forms gels with polyanions

Cationic polyamine

Viscosity-high to low

Chelates certain transition metals

Amenable to chemical modifications

Reactive hydroxyl/amino group

B io lo g ica l Natural polymer 

Biocompatible

Biodegradable to normal body constituents 

Safe and non-toxic

Hemostatic, bacterostatic, and fungistatic

Spermicidal

Anticholesteremic

Versatile
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1.6.2 Uses OF Chitosan

In recent years, chitosan has been extensively used in the fields of agriculture, industry 

and medicine. Many of the uses of chitosan are dependent on its cationic nature. In 

agriculture, chitosan has been described as a plant antiviral agent, is a multi-component 

liquid fertilizer and it has also been investigated as metal-recovering agents in 

agriculture and industry. Chitosan has been noted for its application as a film-forming 

agent in cosmetics, a dye-hinder in textiles and strengthening additive in paper (Valerie 

and Vilivalam, 1998). Properties such as biodegradability, lo^v toxicity and good 

biocompatibility make chitosan suitable for biomedical uses. A few examples of 

biomedical applications of chitosan are:

(i) Hypocholesterolemic effects; chitosan carries a positive charge on the acetyl 

moieties and, when solubilised in an acid environment, it binds to negatively charged 

molecules such as fats and lipids. Chitosan is not hydrolysed by human digestive 

enzymes and behaves as a dietary fibre. Orally administered chitosan binds fat in the 

intestine, blocking the latter’s absorption, and has been shown to lower blood 

cholesterol and fat level (Trautwein et al, 1997; Ormrod et al, 1998).

(ii) Antiulcer effect; chitosan dissolved in the stomach’s gastric contents has the 

gel-forming properties like those of mucus glycoprotein, and may protect gastric 

mucosa from acid and pepsin. In addition chitosan may form polyvalent bridges 

between its positively charged amino groups and the negatively charged sulphated 

mucin or glycosaminoglycans formed on the ulcer floor and may protect gastric mucosa 

and the ulcerated area (Ito and Ishihara, 2 0 0 0 )

(iii) Ophthalmic applications; the antimicrobial and wound healing properties
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along with an excellent film forming capability of chitosan have prompted its use in 

ophthalmology. Chitosan has been suggested as the biopolymer of choice for the 

development of contact lenses. It has also been used as ocular bandage lenses used as a 

protective device for acutely or chronically traumatized eyes. By virtue of its excellent 

ocular compatibility and its ability to interact with the negatively charged conjunctiva 

and cornea, chitosan has raised increasing interest as a component of ophthalmic 

preparations. It helps to increase comeal residence time of a drug (Felt et a l, 1999).

(iv) Artificial kidney membrane; chitosan membranes have been investigated as 

artificial kidney membranes because of their high permeability and high tensile 

strength. Chitosan derivative, chitosan-poly(ethylene) oxide membrane has been 

investigated as artificial kidney membranes and have been shown to improve the 

permeability of toxic metabolite such as urea, creatinine, glucose, vitamin B12 and 

vitamin B2. In haemodialysis instrument, surface-induced thrombosis and serum 

complement activation are the most serious clinical consequences of blood-membrane 

interaction. The chitosan-poly(ethylene) oxide membrane has been found to reduce the 

thrombogenicity for haemodialysis (Amiji, 1995).

(v) Wound dressing; as wound dressing materials chitosan facilitate wound 

healing by stimulating granulation tissue formation and re-epithelialisation (Ueno et a l , 

2001).

1.6.2.1 D r u g  D e liv e r y  Sy st e m s  o f  Ch it q sa n

In addition to its agricultural, biomedical and industrial uses, chitosan has a variety of 

promising pharmaceutical uses and is presently considered as a novel carrier material in

74



drug delivery systems, as indicated by the large number of studies published over the 

last few years (Valerie and Vilivalam, 1998). Among pharmaceutical applications, 

chitosan has been used as a drug carrier for sustained release preparations in the form of 

directly compressed tablets (Mura et a l, 2003) and binder (Sinha and Kumria, 2002; 

Nunthanid et a l, 2004). The film forming abilities of chitosan has been used to coat 

conventional solid dosage forms, such as tablets (Phaechamud et al, 2000; Ofori- 

Kwakye et al, 2004). Furthermore, its gel-and matrix-forming abilities make it useful 

for solid dosage forms, such as granules (Sakkinen et a l, 2004), microparticles, etc 

(Valerie and Vilivalam, 1998; Felt et a l, 1998; Singla and Chawla, 2001). Chitosan has 

also found uses as carriers for gene, vaccine and peptides (Davis, 1999; Borchard, 2001; 

Janes et al, 2001), and for bioadhesion and transmucosal transport (Janes et a l, 2001; 

Singla and Chawla, 2001 ; Hejazi and Amiji, 2003).

The biocompatibility and biodegradibity of chitosan has made it a very popular 

candidate for implant systems. Hydrogels, microspheres and membranes of chitosan 

have been investigated as implants. Jameela et al (1995) prepared, mitoxantrone loaded 

chitosan microspheres crosslinked with glutaraldehyde. When incubated in phosphate 

buffer, only 25% of the drug was released in 36 days in vitro. To establish in vivo 

biocompatibility and biodegradability, the microspheres were implanted in the gluteal 

muscle of rats. Histological analysis showed that the microspheres were well tolerated 

by the living tissue. However, no significant biodégradation of the material was noticed 

over a period of 3 months in the rat skeletal muscle. The authors also investigated long

term delivery of progesterone fi'om chitosan microspheres crosslinked with 

glutaraldehyde. Following implantation in the skeletal muscles of rabbits, the 

microspheres released the drug at a constant rate of 1-2 ng/ml for up to 5 months
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(Jameela fl/., 1998).

Song et al. (1996) found that N-succinyl-chitosan-mitomycin C (suc-chitosan- 

MMC) implanted subcutaneously (in tablet form) was able to supply mitomycin C 

gradually over one week. In the subcutaneous implant, the amount of MCC decreased 

with a pseudo-first order kinetics and its decrease rate was 1.9 times faster than that of 

the conjugate tablet in phosphate buffer saline. Zhao et al. (2002) developed chitosan- 

gelatin films incorporating danshen, a herbal extract to be used as implants in the 

abdominal cavity for the promotion of anastomosing and healing on the muscles and 

tissues at the incision sites. A film (0.5cm^) was implanted in the abdominal cavity of 

rats and degraded completely in rats over 28 days and the animals’ wounds of 

abdominal incision healed well. In other studies, genipin, a naturally occurring 

crosslinking reagent W2is investigated as crosslinker (instead of glutaraldehyde which is 

toxic at high concentrations) to prepare chitosan microspheres. The microspheres were 

implanted in the skeletal muscles of rats. Histological study showed a smaller 

inflammatory reaction to genipin-crosslinked microspheres compared to the 

glutaraldehyde-crosslinked counterparts. At 12 weeks following implantation, 

glutaraldehyde-crosslinked microspheres had degraded into a loose and porous structure 

while genipin-cross-linked chitosan microspheres were stable without any significant 

degradation even after 20 weeks of implantation. Thus injectable implant with superior 

biocompatibility and slower degradation rate has been possible with chitosan (Mi et al, 

2002). From these studies, chitosan appears as a promising drug carrier for controlled 

delivery over long periods.
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1.6.3 Pr e pa r a t io n  o f  Ch it o sa n  H y d r o g e l s

Chitosan hydrogels have been prepared by a variety of techniques. Covalently

crosslinked chitosan hydrogel can be obtained by crosslinking chitosan with

dialdehydes such as, glyoxal (Patel and Amiji, 1996; Khalid et al, 1999) and

glutaraldehyde (Nakatsuka and Andrady, 1992; Denkbas et a l, 2000) (figure 1.13a).

Other components such as, additional polymers (e.g. gelatin or silylating agent such as,

(CHgO)] Si-R-NHz where, R= -(CH2)3NH(CH2)2NH(CH2)2-, -(CH2)3NH(CH2)2- and

-(CH2)3~) can also be used to form hybrid polymer network (figure 1.13b). These

polymers bear reactive amine groups that are crosslinked via glutaraldehyde with the

amine groups of chitosan (Airoldi and Monteiro 2000; Yin et a l, 2000). Covalently

crosslinked hydrogel can also be obtained by adding a non-reacting polymer to the

chitosan solution before crosslinking with a chemical crosslinker. This results in

hydrogel with semi-or full-interpenetrating networks. In semi-interpenetrating

polymeric network (semi-IPN), the non-reacting polymers are entrapped in the

crosslinked chitosan network (figure 1.13c). Full-interpenetrating polymeric network

(fiill-IPN) is obtained when the additional polymer is further crosslinked in order to

produce two entangled crosslinked networks (figure 1.13d) (Wang et al, 2001).

Poly ether (Yao et a l, 1998; Lee et al, 2000), poly(vinyl pyrrolidone) (Risbud et al,

2000), poly(vinyl alcohol) polyethylene oxide (Khalid et a l, 1999), silk fibroin (Chen et

al, 1997), poly(N-isopropylacrylamide) (Wang et a l, 2000), poly (ethylene glycol)

(Lee et al 2000) have been added as additional polymers to obtain semi-IPN. Full-IPN

of chitosan have been obtained by using polyethylene glycol and poly(N-

isopropylacrylamide) (Lee et al 2000;Wang et a l, 2001). Reaction of these polymers
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with glutaraldehyde forms the basis of full-IPN formation. Chitosan can be crosslinked 

with metallic anions such as molybdenum (VI) ion (Draget et al, 1992), platinum (II) 

(Brack et al, 1997) and tripolyphosphates (Sezer and Akbuga, 1995; Mi et al, 1999a) 

to form ionically crosslinked chitosan network (figure 1.13e). Hydrogels can also be 

prepared by direct interactions between polymeric chains without the addition of a 

crosslinkers e.g. complexation with polyanionic polymer to give polyelectrolyte 

complexes (figure 1.131) or by aggregation after chitosan grafting (figure 1.13g) (Berger 

et al, 2004a). Alginate (Kim et al, 1999), K-carrageenan (Park et al, 2001), hyaluronic 

acid, pectin (Chang and Lin, 2000), collagen (Thacharodi and Panduranga, 1995; Zhang 

et al, 1997), carboxymethyl cellulose (Argüelles-Monal, 1993) are a few examples of 

polyelectrolytes that have been used to produce polyelectrolyte complexed chitosan 

hydrogel. Grafting of chitosan allows the formation of functional derivatives by 

covalent binding of a molecule (the graft) onto the chitosan polymer backbone. Alkyl 

(Uchegbu, 2000), aldehyde (Ono et a l, 2000), palmitic acid (Noble et al, 1999), 

carboxymethyl (Tasker et al, 1998), 2-hydroxyethyl-methacrylate (Singh and Ray, 

1999), and ethylenediaminetetraacetic acid (Bemkop-Schnurch et a l, 1997) are a few 

examples of grafted groups that have been used to produce grafted chitosan. The 

intermolecular interactions between different polymeric chains induced by grafted 

groups lead to aggregation and when the density of these interactions is large enough, 

hydrogel is formed (Berger et al, 2004a). Chitosan formed by ionic crosslinking, 

complexation or aggregation give rise to physical hydrogels formed by various 

reversible links. Therefore, such hydrogels are labile and lack mechanical stability due 

to a highly pH-sensitive swelling. Thus these systems are not suitable for use as long 

term, sustained release drug delivery systems (e.g. implants). Covalently crosslinked
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hydrogels are formed by irreversible covalent links (chemical hydrogels) and are 

characterised by a permanent network. Thus these systems exhibit good mechanical 

properties which are suitable for use as implants. However, most of the crosslinkers 

used are relatively toxic in high concentrations. Acétylation of chitosan to form 

hydrogels is another method (the one used in this thesis) that might be suitable for use 

as long-term drug delivery systems. The mechanism of gel formation by N-acetylation 

is not exactly known. It is assumed that when chitosan is dispersed in acetic acid, the 

amino groups of chitosan get cationized, forming an amide salt and chitosan dissolves. 

The inter- and intramolecular electrostatic repulsions between protonated amines make 

chitosan molecules adopt a disordered conformation. With the addition of acetic 

anhydride, the positively charged amine groups are acetylated which decreases the 

repulsion between the polymer strands. The acétylation also brings about 

conformational changes in chitosan molecules and molecular aggregation begins to 

produce the three- dimensional structure of a gel (Kristi et a l, 1993). The chemical 

reactions that lead to the N-acetylation of chitosan is shown in figure 1.14.
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(a) Chitosan crosslinked with itself (b) Hybrid polymer network

(c) Semi-interpenetrating network (d) Full-interpenetrating network

0

+ 0

(e) Ionic crossJinking of chitosan (f) Poly electrolyte complex of chitosan

(g) Grafted chitosan

In the figures,
 is chitosan,
—  is additional polymer;
+ is positive charge o f chitosan,
0  is charged ionic crosslinker,

is ionic crosslinking,
is negative charge on the additional polymer, 

I I is covalent crosslinker, 
is the graft.

F ig u r e  1.13 Structure of chitosan hydrogels formed by (a) chitosan crosslinked with 
itself; (b) hybrid polymer network; (c) semi-interpenetrating network; (d)full- 
interpenetrating network; (e) ionic crosslinking; (f) polyelectrolyte complexation and 
(g) grafting (Berger et al, 2004a and 2004b).
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F ig u r e  1.14 N-acetylation of chitosan

1.6.4 P r e pa r a tio n  o f  Ch ito sa n  M ic r o sph e r e s

The hydrophilic nature of chitosan requires it to be crosslinked for chitosan 

microspheres to be used as long-acting, controlled drug delivery systems. The positively 

charged chitosan is usually crosslinked with a controlled amount of multivalent anions 

in acidic, basic or neutral environments. Various processing techniques for the 

preparation of chitosan microspheres have been developed; the most widely used being:

(i) lonotropic gelation with an oppositely charged polyelectrolyte, such as 

sodium tripolyphosphate (Mi et a l, 1999a), calcium alginate (Pandey and Khuller,

2004).

(ii) Solvent evaporation of a water-in-oil or oil -in-water emulsion. The aqueous 

solvent is evaporated at reduced pressure leaving a suspension of microspheres which is
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later filtered, washed and dried (Bogataj et al, 2000; Lim et al, 2000).

(iii) Coating preformed microspheres of poly (e-caprolactone) and ethylcellulose 

with chitosan-acetic acid solutions (Takishima et al, 2002; Lin and Kang, 2003).

(iv) Crosslinking with agents such as, glutaraldehyde, formaldehyde and 

genipin. Various techniques have been used to chemically crosslink chitosan e.g. 

emulsion crosslinking method, multiple emulsion method and precipitation-chemical 

crosslinking. In emulsion crosslinking, a water-in-oil emulsion is formed by adding a 

solution of chitosan (in acetic acid) to liquid paraffin containing a surfactant, following 

which a chemical crosslinker is added; the concentration of the crosslinker can be varied 

depending on the crosslinking density required (Jameela et a l, 1998; Denkbas et al, 

1999). Multiple emulsion technique has been utilised to increase the entrapment 

efficiency of water insoluble drugs. In this method, a primary oil-in-water emulsion 

(with the hydrophobic drug dissolved in chitosan solution) is produced which is then 

added to an external oily phase to form oil-in-water-in-oil emulsion. The crosslinking 

agent is then added to the multiple emulsion followed by the evaporation of organic 

solvent to obtain microparticles (Pavanetto et al, 1996). Precipitation of chitosan with 

sodium sulphate followed by crosslinking has also been used to produce microspheres 

(Berthol, 1996).

(v) Spray drying which involves the atomization of a liquid feedstock into a 

spray of droplets and contacting the droplets with hot air in a drying chamber to form 

dry particles. In the preparation of chitosan microspheres using spray drying, the 

chitosan may be crosslinked before (He et al, 1998 and1999) or after spray drying (Mi 

et a l, 2002) with formaldehyde or glutaraldehyde. These techniques have resulted in the 

production of particles with a wide range of particle size distributions (Sinha et al,
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2004).

In recent years, spray-drying technique has been favoured over other techniques 

for the production of microparticles. This is mainly because other techniques such as 

emulsification/solvent evaporation involve many different steps while spray drying is a 

single step process that involves only the preparation of a solution containing drug, 

polymer and surfactants or crosslinker (if required). The formulation is reproducible and 

easy to scale up. Furthermore, particle size of the microspheres can be controlled to a 

certain extent. For these advantages, in this thesis, chitosan microspheres were prepared 

by crosslinking chitosan solution with glutaraldehyde, followed by spray drying. 

Multivalent anions have not been widely used as crosslinker in sustained release 

chitosan microsphere formulations; this might be due to their fast degradation and low 

mechanical strength which is associated with ionic crosslinking and highly pH-sensitive 

swelling. In contrast, chitosan microspheres produced by covalent crosslinking e.g. as 

obtained by glutaraldehyde, are suitable as implants for long-term drug delivery. These 

were not found to biodegrade completely, even after 1 year, in rat muscle (Jameela et 

al, 1994). Although glutaraldehyde in high concentration is cytotoxic, low 

concentrations have shown no adverse immunological responses (Jayakrishnan and 

Jameela, 1996). In addition, the cytotoxicity of glutaraldehyde at high concentration has 

not limited its use as a crosslinking agent for the preparation of bioprostheses such as 

heart valves, vascular grafts, elastic cartilages, tendon xenografts and artificial skin, for 

fixation of cells, for immomobilizing enzymes and for cross-linking proteins and 

polysaccharides in controlled drug delivery applications. In this thesis, glutaraldehyde 

has been used to crosslink chitosan microspheres since it is fairly inexpensive, is readily 

available and is highly soluble in aqueous solution.
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C h a pt er  2

F o r m u la tio n  a n d  Ch a r a c t er isa tio n  
OF Ch it o sa n  H y d r o g els
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2.1 Introduction

The interesting properties of chitosan e.g. its cationic nature, its gel-forming properties, 

biocompatibility and biodegradability make it an ideal polymer to be investigated for 

electro-responsive drug delivery. The ability of hydrogel to respond to an external 

stimulus, its mechanical strength and biocompatibility make it an ideal drug carrier. 

Moreover, hydrogels can be fabricated into rods, disks, films, and microparticles etc 

depending on the intended site of application.

In this chapter, our attempts to formulate chitosan hydrogels are discussed. The 

charge on the drug affects its electro-stimulated and passive release from the hydrogels 

(Laursen et a/., 2001; Ramanathan and Block, 2001). Thus a cationic drug, metformin 

hydrochloride, and an anionic drug, diclofenac sodium have been used as model drugs 

to establish the electro-responsiveness of chitosan hydrogel. The chitosan hydrogels 

were characterised in terms of their swelling, drug loading efficiency and the in vitro 

passive and electro-stimulated drug release.

2.1.1 D ic l o fen a c  So d iu m

Diclofenac sodium (DFNa) is a new generation non-steroidal anti-inflammatory agent,

which is widely used in the long-term therapy of chronic musculoskeletal pain and

chronic inflammatory conditions like rheumatoid arthritis and osteoarthritis. DFNa [2-

[(2 , 6 -dichlorophenyl)amino]benzeneacetic acid monosodium salt] is a white or slightly

yellow crystalline powder having a molecular weight of 318.1 g/mol (figure 2.1). It is

sparingly soluble in water, freely soluble in alcohol, slightly soluble in acetone and

practically insoluble in ether. It has a melting point of 280 °C. DFNa is a weak acid with
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a single dissociation constant (pKa) of 4 at 25°C in water and the octanol /water 

partition coefficient is 13.4 (British Pharmacopoeia Commission, 2007).

CH^COONa 
N

F ig ure  2.1 Chemical structure of diclofenac sodium.

2.1.2 M etfo r m in  H y d r o c h lo r id e

Metformin hydrochloride (Met HCl) is a biguanide hypoglycaemic agent used in the 

treatment of non-insulin dependent diabetes mellitus. Met HCl (N-1,1- 

dimethylbiguanide hydrochloride) is a white hygroscopic, crystalline powder having a 

molecular weight of 165.6 g/mol (figure 2.2). It is fi-eely soluble in water, is sparingly 

soluble in ethanol and is practically insoluble in chloroform, ether, acetone and 

methylene chloride. It has a melting point of 222-226°C. The dissociation constant 

(pKa) of Met HCl is 12.4 at 32°C (British Pharmacopoeia Commission, 2003).

Met HCl reduces elevated blood glucose concentrations in patients with 

diabetes, but it does not increase secretion of insulin, and does not cause 

hypoglycaemia. Target tissues for the antihyperglycaemic effect of Met HCl include 

liver, where gluconeogenesis is reduced, the small intestine, where glucose absorption is 

inhibited and glucose utilisation is increased, and insulin-sensitive peripheral tissues 

such as skeletal muscle and adipose tissue, where glucose uptake and oxidation are
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increased. Met HCl causes gastro-intestinal adverse effects including anorexia, nausea, 

diarrhoea and heartburn (Setter et al., 2003).

,  N  C — N H  C — N H ,, HCl
I I  I I
NH NH

F ig u r e  2 .2  Chemical structure of metformin hydrochloride.

2.2 A im  and  objectives of the w ork  described  in this
C H A PT E R

2.2.1 A im

The aim of this chapter was to prepare and characterise electro-responsive chitosan 

hydrogel.

2.2 .2  O b jec t iv es

The objectives of the work carried out in this chapter are listed below:

(i) To prepare DFNa and Met HCl-loaded chitosan hydrogel by N-acetylation of 

chitosan.

(ii) To establish the optimal storage conditions of chitosan hydrogels.

(iii) To determine the equilibrium swelling of chitosan hydrogels.

(iv) To evaluate the loading efficiency of chitosan hydrogels for DFNa and Met HCl.
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(v) To establish the electro-responsive and passive release of model drugs from chitosan 

hydrogels in vitro.

2.3 Materials & M ethods

2.3.1 M a t er ia ls

Chitosan low molecular weight (IMr; Mr ~ 150,000) , medium molecular weight (mMr; 

Mr ~ 400,000) and high molecular weight (hMr; Mr ~ 600,000) were obtained from 

Fluka, Germany. The polymers were supplied as dry flakes with the degree of 

deacetylation of different grades of chitosan being -85%. Met HCl was obtained from 

Lipha Pharmaceuticals, UK. DFNa and acetic anhydride were obtained from Sigma- 

Aldrich Co. Ltd, Dorset, UK. All other chemicals were of analytical grade. Double 

distilled water was used.

2.3.2 M eth o d s

2.3.2.1 P r e pa r a tio n  o f  Ch it o sa n  H y d r o g e l s

Chitosan hydrogels have been prepared by a variety of techniques as discussed in 

chapter 1 (section 1.6.3). In this thesis, N-acetylation of chitosan has been used to 

prepare hydrogels. The chemical reactions that leads to the formation of chitosan
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hydrogels have been shown in figure 1.14 (Chapter 1).

E x pe r im e n t a l

Chitosan gels were prepared at room temperature (25 °C) by N-acetylation of chitosan, 

following a method modified from Kristi et al. (1993) and Ramanathan et al 

(2001).Chitosan (IMr, mMr and hMr) at a concentration of 0.5% (w/v), was dissolved in 

4 ml of 10% (v/v) aqueous acetic acid solution. The viscous chitosan solution was 

diluted with 6  ml of ethanol. N-acetylation was induced with the dropwise addition of 

0.50-0.90 mmol acetic anhydride and constant stirring. The mixture was then 

transferred into a Teflon mould (radius = 2.52 cm, height = 0.5 cm, volume of the 

mould =10 cm^) and left undisturbed overnight at 25°C, to allow gelation to proceed. 

The temperature during gelation was maintained at 25°C by using a custom-made, 

temperature-controlled incubator. Different formulations that were prepared are listed in 

table 2.1. All the gels syneresed except for the ones prepared with medium- and high- 

molecular weight chitosan and 0.70 mmol acetic anhydride. These were used for further 

investigations.
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T able  2.1 Summary of chitosan hydrogel formulations explored; ‘+’ means gelation 
occurred; (S) means gel syneresed.

Chitosan Acetic anhydride Gel formation

mmol lAl

Low
molecular 

weight (IMr)

0.50 47 + (S)

0.60 57 + (S)

0.70 66 + (S)

0.80 75 + (S)

0.90 85 + (S)

Medium 
molecular 

weight (mMr)

0.50 47 + (S)

0.60 57 + (S)

0.70 66 +

0.80 75 + (S)

0.90 85 + (S)

High 
molecular 

weight (hMr)

0.50 47 + (S)

0.60 57 + (S)

0.70 66 +

0.80 75 + (S)

0.90 85 + (S)

2.3.2.2 Sta bil it y  o f  Chttosan  h y d r o g e ls

The storage conditions are directly related to the shelf-life of a formulation. After 

preparation of a stable formulation, the conditions of storage need to be investigated as 

the preparation conditions might be completely different to its storage conditions. Thus 

it was essential to establish the optimal storage conditions of hydrogel in an effort to
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increase its shelf-life.

E x pe r im e n t a l

Chitosan hydrogels (mMr and hMr, 70 mmol acetic anhydride formulation) when 

exposed to the atmosphere were found to lose weight. Thus it was important to establish 

the time taken by the gels to attain constant weight. The gels were prepared according to 

the protocol described in section 2.3.2.1. For the ease of weighing, the gels were 

prepared in screw-top glass vials instead of Teflon moulds. After overnight gelation in 

air-tight glass vial, 3.07± 0.03 g of mMr hydrogel and 2.99 ± 0.06 g of hMr gel were 

left exposed to the atmosphere. The weight of the gels was recorded at different time 

intervals. The experiments were conducted in triplicate and the mean was obtained.

2.3 .2 .3  Sw e ll in g  R a t io

When a hydrogel is brought in contact with water, the hydrophilic macromolecular 

chains swell to a solvated network structure. When the thermodynamic swelling force is 

equal to the contractive force of the cross-linked network, equilibrium swelling is 

reached (Peppas, 1986). The water content of a hydrogel at equilibrium is a very 

important parameter that needs to be characterised as it affects different properties of 

the hydrogel e.g. solute permeability, mechanical properties, surface properties, and 

biocompatibility. The degree of swelling can be expressed by:

• volume degree of swelling = (volume of swollen gel / volume of native gel).

• mass degree swelling = (mass of swollen gel / mass of native gel)

91



• equilibrium water content = (mass of water absorbed by native gel/ mass of 

swollen gel) x 100 (Gehrke and Lee, 1990).

• modification of mass degree swelling = (mass of swollen gel - mass of native 

gel)/mass of native gel (Kim et a l, 1992; Kwon et al, 1991b).

In this study, the swelling ratio of chitosan hydrogel is expressed as a percentage 

of mass degree of swelling and is calculated using the following equation:

swelling ratio (%) = (mass of swollen gel - mass of native gel) / mass of native 

gel X100 as calculated by Minfeng and Zhengping (2004) and Yang et al (2004).

E x pe r im e n t a l

Gels from the Teflon mould were cut into slabs of approximately Ixlx 0.5 cm. Three 

cubes fi*om the same gel sample were weighed, placed in separate vials containing 25 

ml double distilled water and allowed to swell to equilibrium. The pH of the deionised 

water (5.13 ± 0.45) was determined using Hanna® pH 211 pH/mV/°C microprocessor 

meter (Hanna® Instruments MI, USA). At regular time intervals, the swollen gels were 

removed from the vial, blotted dry and weighed. The experiments were performed three 

times on gels prepared on different days and the mean was obtained.

2.3 .2 .4  L o a d in g  o f  m o d e l  d r u g s  in t o  c h ito sa n  h y d r o g e l s

Drugs can be loaded during the syntheses of hydrogel or after the gel is produced 

(during the gel hydration process). Dispersed systems can be obtained by incorporating 

drug during formation of hydrogel, or by precipitating drug molecules dissolved in the 

matrix. Dissolved systems can be prepared by soaking the native gel in drug solution,
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resulting in equilibrium absorption. Entrapment efficiency is governed by the charge 

and size of the drug (Jensen et al, 2002). Loading efficiency of a hydrogel can be 

predicted on the basis of charge on the polymer backbone and on the drug, size of the 

drug and on the crosslinking density.

In this study, the loading of Met HCl and DFNa into mMr and hMr chitosan 

hydrogels was investigated. The size of the drugs was not expected to affect the loading 

efficiency due to the small molecular weight of the drugs (Mr of Met HCl is 165.6 

g/mol and Mr of DFNa is 318.1 g/mol). In contrast, the charge on the drug was expected 

to affect the amount of drug loaded in the hydrogels. DFNa being negatively charged 

would be ionically bonded to positively charged chitosan leading to higher loading 

while Met HCl being positively charged would be repelled by the positively charged 

polymer resulting in lower drug loading.

Met HCl is insoluble in ethanol or acetic acid (excipients used during chitosan 

hydrogel formation) and therefore, it was loaded after chitosan gel formation, during the 

gel hydration process. In contrast, DFNa being soluble in ethanol was loaded as part of 

the reaction mixture that is, during gel formation. The loading of DFNa during gel 

formation might N-acetylate the 3 ° amino groups on DFNa. The occurrence of such 

reaction can be investigated by techniques such as, attenuated total reflectance Fourier 

transform infrared (ATR/FT-IR) Spectrometry and nuclear magnetic resonance (NMR) 

spectroscopy.

In this study, the effect of (i) molecular weight of chitosan, (ii) the charge on the 

drug and (iii) the starting drug concentration on drug entrapment in the gels were 

investigated.
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2.3.2.4.1 U l t r a v i o l e t - V i s i b l e  (UV/VIS) s p e c t r o s c o p y

In this chapter and in the next chapter, the amount of drug loaded in the 

hydrogels and microspheres and their subsequent release from the systems were 

quantified using ultraviolet-visible (UV/VlS) spectroscopy. UV-VIS spectroscopy is the 

measurement of the wavelength and intensity of absorption of near-ultraviolet (380- 

200nm) and visible (-400-700 nm) light by a sample. UV and visible light are energetic 

enough to promote outer electrons of inorganic molecules, ions or complexes to higher 

energy levels. This electronic transition is a result of absorption of UV/VIS light by a 

chromophore at specific wavelength. The method is used in a quantitative way to 

determine concentrations of an absorbing species in solution, using the Beer-Lambert 

law as expressed by equation (i):

A = logIq/I = € x L X c  (i)

where A is the measured absorbance expressed as log ( 1q/1), 1q is the intensity of the 

incident light, 1 is the intensity of light transmitted through the sample, e is a 

wavelength-dependent absorptivity coefficient (extinction coefficient), L the length of 

the sample path, and c the concentration of the absorbing species. A UV/VIS 

spectrophotometer does experimental measurements in terms of transmittance (T), 

which is defined by equation (ii):

T = l /Io  (ii)

The relationship between A and T is expressed by equation (iii):

A = -log T = -log (I/ lo) (Hi)

In a single-beam UV/VIS spectrophotometer as used in this experiment, 

the light only passes through the sample (figure 2.3). It is usually equipped with a

deuterium lamp for UV measurements and a tungsten lamp for visible measurements.
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The wavelengths of these continuous light sources are selected with a wavelength 

separator such as a prism or grating monochromator. Spectra are obtained by scanning 

the wavelength separator and quantitative measurements can be made from a spectrum 

or at a single wavelength.

Sample
Monochromator
(prism or grating)

Light source 
tungsten — ►Visible 
deuterium ► UV

Slit

Detector
photomultiplier 

tube

K I o

Difference is absorbed

Recorder

Figure 2.3 Schematic diagram of a single beam UV/VIS spectrophotometer.

E x p e r i m e n t a l

DFNa was loaded in chitosan hydrogels during gel preparation. Gels were

prepared as described in section 2.3.2.1, except for the addition of DFNa which was

dissolved (at 0.1-0.6 % w/v) in the ethanol component of the reaction mixture prior to

the addition of acetic anhydride. The gels that subsequently formed were cut into slabs

(~lx 1x0.5 cm) and were hydrated by immersion in deionised water (25 ml) for 30 min.

Drug content in the aqueous solution in contact with the gel during the hydration

process was determined using Ultraviolet-Visible (UV/VIS) spectrophotometer (DU* -̂

62 Spectrophotometer, Beckman Instruments, Inc, CA, USA) at 280 nm. This value

was then subtracted from the original quantity of drug in the unhydrated gel slab to

95



determine the residual amount of drug present in the hydrated gel

Metformin was loaded in chitosan gels following gel preparation described in 

section 2.3.2.1.L The drug was loaded in the gels by hydrating the gel slabs (Ix 1x0.5 

cm) for 3 h in 25 ml of aqueous solution of Met HCl containing G.2-0.4 % (w/v) of 

drug. A small magnetic flea was used to stir the drug solution throughout the hydration 

process. The UV absorbance of the aqueous drug solution was measured before and 

after immersion of the gel using the UV/VIS spectrophotometer at 232 nm. The mass of 

the gel before and after hydration, and volume of the drug solution after hydration were 

used to calculate the amount of drug incorporated per gram of hydrogel. The loading 

experiments were conducted in triplicate and the mean obtained.

2.3.2.S In  v it r o  E l e c t r o -r e spo n siv e  Re l e a se

As discussed in Chapter 1 (section 1.4.2.5.1), different experimental set-ups (e.g. 

position of electrodes with respect to the gel, the presence or absence of an electro

conducting medium) have been employed to establish the electro-responsive release of 

model compounds from polyelectrolyte hydrogels. In this work, attempts were made to 

conduct the release experiments with both the electrodes in contact with the gel and 

with no electro-conducting medium (Chapter 1; figure 1.9.Id). However, with frequent 

sampling requirements of the experimental set-up, it was not possible to obtain 

sufficient syneresis fluid which would enable quantification of the amount of drug 

released. Therefore, experiments were conducted where the gel was in a conducing 

medium but where the carbon electrodes were not in contact with the gel, but were 

placed in the conducting medium (Chapter 1; figure 1.9.1c).
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Ex pe r im e n t a l

The passive and electro-responsive release experiments were conducted at room 

temperature in deionised water (pH 5.13 ± 0.45 ) using a custom-made release chamber 

made from Perspex (methyl methacrylate) as shown in figure 2.6. The drug-loaded gel 

slab ( I x l x  0.5 cm) was placed in 10 ml of water (receptor medium) in the release 

chamber between two carbon electrodes, which were 2 cm apart. Carbon electrodes 

were used for the study as they offered the desired conductivity and had the property of 

inertness, not allowing electrolysis of water which causes pH changes. Pulses of electric 

current (0.4 mA, 30 min on, 30 min off) were applied using a constant current source of 

0.5 mA with a maximum driving voltage of 12 volts. The receptor fluid was stirred at 

400rpm throughout the experiment, using a magnetic flea controlled by an external 

magnetic stirrer; this improved mixing efficiency of the drug released in the receptor 

chamber. The drug release was followed for 6 h by taking samples of the receptor 

medium (100 pi) every 30 min. The samples were replaced by adding an equal volume 

of water to the release chamber. The passive release experiments were conducted in the 

same way except that no current was applied.

Although the release chamber could be used as ‘flow-through’ system by 

connecting to a peristaltic pump, in this work such a system was not adopted. The 

equilibrium mixing obtained by a ‘flow-through’ system was compensated for by 

stirring the receptor medium with a magnetic flea. Measuring the pH of the release 

medium at different positions in the release chamber would have helped to deduce if 

drug release from the hydrogels had also been assisted by anisotropic deswelling of the 

gel due to changes in the local pH at the electrodes (Chapter 1, section 1.4.2.5.1.3). In
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future work, pH measurements should be made.

The release profiles of DFNa and Met HCl from different gel formulations were 

determined in triplicate and the mean was obtained.

Release Chamber

Carbon Electrodes

F igure 2.4 A photograph of the custom made release chamber for hydrogels.
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2.4 Results and  D iscussion

2.4.1 FORMATION OF CHITOSAN HYDROGELS

Chitosan hydrogels were produced following a method modified from Kristi et al 

(1993) and Ramanathan et al (2001). The different concentrations of acetic anhydride 

that were used to produce N-acetyIchitosan hydrogels are shown in table 2.1. Low 

molecular weight (IMr) chitosan hydrogels were homogenous and transparent but very 

fragile and all the gels syneresed after standing overnight. Syneresis is defined as the 

separation of fluids from the gel during ageing or hardening due to the shrinking of the 

gel. Kristi et al (1993) were successful in obtaining stable, but fragile IMr chitosan 

hydrogels using 0.26 and 0.42 mmol of acetic anhydride but they suggested that these 

gels would not be suitable as sustained release preparations. In contrast, Ramanathan et 

al (2001), successfully prepared stable IMr chitosan hydrogels (using 0.70-0.90 mmol 

of acetic anhydride) which were subsequently used as electro-responsive systems. The 

molecular weight of chitosan used was 2 million Dalton and the degree of deacetylation 

was ~80 %. In this study, failure to achieve stable IMr hydrogels might be due to the use 

of a different grade of IMr chitosan, whose molecular weight was 1.5 million Dalton 

and degree of deacetylation was ~ 85%.

Like Kristi et al (1993), we produced stable chitosan hydrogels using high 

molecular weight (hMr) chitosan. We were also successful in producing stable hydrogel 

of medium molecular weight (mMr) chitosan. mMr and hMr chitosan gels were 

homogenous, transparent, and colourless but hMr gels were firmer to the touch than
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mMr gels. Except for 0.70 mmol acetic anhydride formulation, all the other 

formulations syneresed after standing overnight. It could be speculated that, syneresis 

was attributed to the addition of either too little or too high concentrations of acetic 

anhydride. Low concentrations of acetic anhydride might lead to incomplete N- 

acetylation which would reduce polymer aggregation into a gel. Too high 

concentrations of acetic anhydride might completely N-acetylate the amino groups on 

the polymer backbone; however the presence of excess acetic anhydride in the 

formulation might restrict polymer aggregation leading to syneresis. The formation of 

stable mMr and hMr gels when acetylated to the same degree might be due to the use of 

mMr and hMr chitosan with similar degree of deacetylation. The same number of amino 

groups is acetylated initiating the polymer aggregation but hMr chitosan having longer 

polymeric chain produces firmer hydrogels compared to mMr chitosan. The longer 

chain length enables greater polymer chain entanglement during gel formation leading 

to a more compact polymeric network. hMr and mMr chitosan N-acetylated with 0.70 

mmol acetic anhydride were considered for further studies.

2.4.2 W eig h t  lo ss  of  Ch it o sa n  h y d r o g e ls  w it h  tim e

Chitosan gels were found to lose weight following preparation. The weight lost by hMr

and mMr chitosan hydrogels as a function of time is shown graphically in figure 2.5.

The weight loss of the gels was most probably due to the evaporation of the volatile

solvents such as, unreacted acetic hydride, acetic acid and ethanol in the formulations.

The hydrogels lost weight in an exponential fashion with an initial loss of -50% of the

total weight in two and a half days, followed by less rapid weight loss between 3 and 6

days. Slower weight loss was observed when most of the solvent had evaporated
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explaining that it was harder for the solvent initially bonded to the polymer to leave. In 

12 days mMr and hMr formulations lost on average 99.28% and 99.55% of their 

respective masses. As evident from the graphs, both mMr and hMr had similar weight 

loss patterns. At the end of the experiment, gels were like transparent plastic sheets. 

This experiment established that solvent evaporation takes place continuously from the 

chitosan gels until all the solvents have evaporated which has helped to set up the 

storage conditions for the gels, i.e. the native gels need to be stored in airtight 

containers.

3.5

I
I

3.0
hMr gels 

mMr gels2.5

2.0

1.5

1.0

0.5

0.0
0 1 2 3 4 5 6 7 8 9 10 11 12

Time (days)

F igure 2.5 Weight loss of mMr and hMr native chitosan gels when exposed to 
atmosphere. Data are mean ± STDEV (n=3).
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2.4.3 S w e l l i n g  r a t i o  o f  c h i t o s a n  h y d r o g e l s

Following chitosan gel preparations, the gels were hydrated by placing them in 

deionised water. The gels incubated for 30 h in water absorbed water and swelled with 

time (figure 2.6). The swelling ratio of mMr chitosan hydrogel after 30 h incubation in 

water was 164.42 ± 11.70 % and that of hMr hydrogels was 169.63 ± 50.59 %. The 

swelling ratios were not significantly different from each other (Student’s t-test; p > 

0.05). After 30 h, the swollen gels were mechanically fragile and were not suitable for 

ftirther use. From figure 2.6, it was evident that water absorption into the gels occurred 

rapidly and most water was absorbed in the first 6 h of the incubation. Experiments 

showed that gels incubated for 6 h in deionised water gave considerable high swelling 

ratios (figure 2.7); for mMr formulations, swelling ratio was 114.73 ± 14.85 % and for 

hMr formulations it was 122.02 ± 37.87 %. The swelling ratios were not significantly 

different from each other (Student’s t-test; p  > 0.05). Moreover the gels were not fragile 

after 6 h incubation in water. Results showed that maximum swelling was obtained in 3 

h as there was no significant weight gain after 3h incubation.

The swelling property of chitosan hydrogels affects the diffusion of drugs 

through the matrix. A relatively high swelling ratio allows drug molecules to go through 

the polymer matrix more easily in the swollen state. The swelling characteristics of the 

hydrogel also govern the responsiveness of the gel to an electrical stimulus. Chitosan 

hydrogels, like other hydrogels, can imbibe large amounts of water. Part of this water is 

tightly bound to the hydrophilic groups of the network (the amino groups and the 

hydroxyl groups) and the rest is present as free water (De Angelis, 2001). The degree of 

swelling is governed by the composition and the environment of the gel. Crosslinking of
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the hydrogel is an effective method of altering the swelling behaviour of chitosan 

hydrogel; in effect the physical and mechanical properties of the hydrogel can be altered 

(Li, 1997). Swelling behaviour of chitosan gel is also affected by the degree of 

deacetylation of the polymer (Wan et a l, 2003). In this study no significant difference 

in the swelling ratios of hMr and mMr chitosan hydrogels were observed. The similar 

degree of acétylation in medium and high molecular weight chitosan resulted in similar 

swelling and contraction forces of the network, such that the swelling ratios were 

similar.
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F i g u r e  2.6 Mass of mMr and hMr chitosan hydrogels upon 30 h incubation in deionised water. Data are mean ± STDEV (n=3).
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2.4.4 L o a d in g  o f  D ic l o f e n a c  S o d iu m  a n d  M e t f o r m in  
H y d r o c h l o r id e  in t o  C h it o s a n  H y d r o g e l s

0.1-0.6% (w/v) of DFNa was added to the reaction mixture during chitosan gel

formation. It was found that concentrations of DFNa higher than 0.2 % (w/v) caused

syneresis of both mMr and hMr gels after overnight standing. Following formation of

DFNa-loaded chitosan hydrogels, the latter have to be hydrated before release

experiments can be conducted. However, during hydration, some DFNa release occurs.

The amount of DFNa released during the initial incubation shows how tightly the drug

is ‘held’ within the chitosan gel. This will be referred to as the actual drug loading

within the gel. When incubated in deionised water, DFNa-loaded chitosan gels swell

considerably in 1 h. Considering that the release experiments were to be conducted in

water, if the gel had already been allowed to swell into fragile gels, release experiments

would not have been accomplished. Therefore, the drug loaded unhydrated gels were

hydrated in 25 ml of water for 30 min only. The drug content in the hydration solution

was measured, and then subtracted from the drug content in the unhydrated gel slab to

obtain the actual loading concentration. The percentage of drug loaded in mMr and hMr

hydrogels with different starting concentrations of DFNa are shown in figure 2.8 (A).

The figure shows that upon incubation, a significant amount of the original drug loaded

was lost from the gel as the drug diffused out of the gel along its concentration gradient

into the incubation medium. Similar amounts were lost from the mMr and hMr gels. A

higher starting drug concentration in the gel resulted in a smaller percentage loss in 30

min. The loading of DFNa is almost doubled when the drug concentration in the

reaction mixture was doubled. The amount of DFNa loaded into hMr gels was higher

than in mMr gels for 0.1% DFNa (Student’s t-test; p  < 0.05). This is related to the fact
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that the hMr gel has more positively charged groups to ionically bond with the 

negatively charged drug. Surprisingly, at higher DFNa concentration (0.2%), the 

percentage of drug loaded in hMr and mMr gels was statistically not different 

((Student’s t-test;p > 0.05).

Met HCl was loaded in chitosan gels during the gel hydration process. When 

chitosan hydrogels were placed in drug solution greater than 0.4 or 0.6 % (w/v),the gels 

deswelled as water diffused out of the gel into the drug solution along its concentration 

gradient. mMr hydrogels deswelled in drug solution greater than 0.6 % (w/v) while hMr 

deswelled in drug solution greater than 0.4% (w/v). Therefore, to be able to compare the 

amount of drug loaded into mMr and hMr hydrogels, they were hydrated in equal 

concentrations of Met HCl which were 0.2-0.4% (w/v). Loading of different 

concentrations of Met HCl hydrogels were calculated after 3 h incubation and are 

shown in figure 2.8 (B). The amount of Met HCl loaded in chitosan hydrogels increased 

with increasing concentration of drug in the hydrating solution as more drug diffused 

along the higher concentration gradient. However, the percentage of drug loaded from 

the hydrating medium did not double with doubling the drug concentration from 0.2% 

(w/v) to 0.4% (w/v) in the hydrating solution. The percentage of drug loaded in mMr 

and hMr hydrogels were not significantly different fi*om each other (Student’s t-test; p  > 

0.05).

The charge on the drug and the method of loading are major factors governing 

the actual loading of drug into the gel. The results shown in figure 2.8 (A) and (B) were 

arrived at in different ways. The percentage of DFNa loaded into chitosan hydrogels is a 

result of drug loss from the gel upon hydration while for Met HCl, it is a result of drug 

diffusion into the gel from the hydrating medium. This could have led to the higher
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loading of DFNa compared to Met HCl that was observed. The ionic interaction 

between DFNa and chitosan is probably a more important factor in the higher loading of 

DFNa compared to Met HCl. The latter being positively charged is repelled by the 

positively charged chitosan while the negatively charged DFNa is attracted to the 

chitosan polymer backbone.

108



(A) Loading of DFNa in mM r and hM r
chitosan hydrogels

€

I
9.
I■s
"S'

I

80 - 

70 

60 

50 

40 

30 

20 

10 

0

(B) Loading of Met HQ in mMr and hMr 
chitosan hydrogels

i
I■s

&I

60

50

40

30

20

10

0

L

: S

§
 ̂ 1

i ^ j
%

F igure 2.8 Loading of (A) diclofenac sodium and (B) metformin hydrochloride into 
mMr and hMr chitosan hydrogel. For graph (A), y-axis shows the percentage of drug 
originally added that was present in the hydrated gel, following gel preparation and 
hydration in water for 30 min. For graph (B), y-axis shows the percentage of drug 
originally present in the hydrating solution. Data are mean ± STDEV (n=6).
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2.4.5 P a s s iv e  a n d  e l e c t r o -s t im u l a t e d  r e l e a s e  o f  m o d e l  d r u g s

FROM CHITOSAN HYDROGELS

The release of the model drugs, DFNa and Met HCl from chitosan hydrogels was 

conducted in deionised water. A custom-made release chamber with 2 carbon electrodes 

which were not in contact with the gel was used for electro-responsive release study. 

Pulses of electric current (0.4 mA, 30 min on, 30 min off) from a constant power source 

were used to investigate the pulsatile release of model drugs in vitro. The passive 

release (control) experiments were done without the application of electrical pulses. The 

amount of drug loaded in the gel and the amount released at the end of electro- 

responsive and passive release experiments are shown in table 2.2.

P a s s iv e  R e l e a s e  o f  DFNa a n d  Met H C l: Both drugs were released under 

passive conditions due to diffusion along a concentration gradient and the amount of 

drug released increased with time as shown by graphs (A) of figures 2.9, 2.10, 2.12, 

2.13, 2.17, 2.18, 2.20, 2.21. A burst drug release was observed during the first 30 

minutes; this can be seen in graphs (B) of 2.9, 2.10, 2.12, 2.13, 2.17, 2.18, 2.20, 2.21, 

which show the rate of drug released at different time periods over the duration of the 

experiment. At the end of the 6 h experiments, -40 % of DFNa and -70% of Met HCl 

had been released from chitosan hydrogel. This shows that the release was also affected 

by the charge on the drug. DFNa, being negatively charged, could ionically bond with 

the positively charged chitosan and thus diffusion out of the gel was limited. In contrast. 

Met HCl, being positively charged, was repelled by the positively charged chitosan, 

leading to easy diffusion of drug from the polymer matrix.

The actual loading of DFNa or Met HCl in the gels affected the amount of drug 

released from the hydrogels; the more drug in the gels, the greater the cumulative
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release as shown in figures 2.11, 2.14, 2.19 and 2.22, along the greater concentration 

gradient.

The passive release of the drugs from high and medium molecular weight 

chitosan hydrogels were not significantly different from each other (Student’s t-test;p > 

0.05) as shown in figures 2.15, 2.16, 2.23 and 2.24. This might be due to the similar 

swelling behaviour of hMr and mMr hydrogels; the hMr and mMr hydrogels imbibed 

similar amounts of water leading to similar diffusion patterns.

E l e c t r o - s t i m u l a t e d  r e l e a s e  o f  DFNa: The electro-stimulated release of 

DFNa from chitosan hydrogels was greater than the passive release for both drug 

loadings and for both medium and high molecular weight hydrogels (figures 2.9, 2.10, 

2.12 and 2.13). From all the formulations, electro-stimulated hydrogels released -70% 

of DFNa by the end of the 6 h experiment, while -40 % of the drug was released during 

"passive release" study (Student’s t-test; p  < 0.05). The increased drug release by 

electro-stimulation could be due to the movement of DFNa out of the gel and into the 

receptor medium as the negatively charged drug electrophoresed towards the oppositely 

charged electrode (anode) that was placed in the receptor medium and did not contact 

the gel. Electrophoresis would not however explain the increased rate of drug release 

that was also seen during the pulse ‘off periods in the electro-stimulated experiments. 

The additional and the most important pathway of drug release is therefore likely to be 

forced convection of drug out of the gel as the latter deswelled, as a result of pH 

changes due to the electrolysis of water and/or due to the electro-osmosis of water 

accompanying the migration of the mobile counterions towards the oppositely charged 

electrodes. In contrast, diffusion along a concentration gradient, between the hydrogel 

and the receptor phase is expected to be the only mechanism of drug release under
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passive conditions. During the current ‘off periods, the concentration gradient of drug 

between the release medium and the hydrogel led to diffusion of drug out of the gel and 

thus a definite pulsatile ‘on-off was not observed. The fact that some drug was released 

during the ‘off periods, but was less than the amount released during pulse ‘on’ 

periods, gives a hint of a pulsatile profile. This can be observed in graphs (B) of figures 

2.9, 2.10, 2.12 and 2.13, where the rate of drug release during each pulse ‘on’ and ‘off 

period has been calculated. The rate of release during the first pulse ‘off periods was 

however statistically higher than the corresponding rate in the passive experiments 

(Student’s t-test; p  < 0.05). This indicates that the application of the first electric pulse 

resulted in changes in the gel that were not fully reversed during the following pulse 

‘off periods.

The higher the concentration of drug loaded in the gel, the higher the release of 

DFNa from the hydrogel, due to the higher concentration gradient (figures 2.11 and 

2.14). Once again, as for passive release, the electro-stimulated release of DFNa from 

hMr and mMr hydrogels was not significantly different from each other (Student’s t- 

test; p  > 0.05) (figures 2.15 and 2.16).

E l e c t r o - s t i m u l a t e d  r e l e a s e  o f  Met H C l: The electro-stimulated release 

of Met HCl was higher than the passive release as shown by graphs (A) of figures 2.17, 

2.18, 2.20 and 2.21. Under the influence of electric field, the positively charged Met 

HCl electrophoresed at the cathode and diffused out of the gel. The mutual repulsion 

between the positively charged Met HCl and positively charged chitosan matrix 

prevents ionic interaction between them. Thus the drug could easily diffuse out when 

the current was switched off. ~90 % of Met HCl was released by the electro-stimulated 

hydrogels at the end of the experiment while 70% of the drug was released by the end of
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passive release study (Student’s t-test; p  < 0.05). The high amount of drug release might 

be attributed to the charge on the drug and the swelling of the hydrogel in the release 

medium, both factors led to the expulsion of Met HCl from the hydrogel matrix

The more drug loaded in the hydrogels (0.4% vs 0.2%), the greater the extent of 

release, due to the higher concentration gradient between the gel and the release 

medium (figures 2.19 and 2.22).

In contrast to the similar release profiles of DFNa from hMr and mMr 

hydrogels, the hMr hydrogels loaded with Met HCl were more sensitive to electric 

current than mMr hydrogels and released more Met HCl than mMr gels (Student’s t- 

test; p < 0.05) (figures 2.23 and 2.24). This might be due to the greater number of 

positive charges on hMr hydrogels compared to mMr hydrogels which create a greater 

repulsion of drug.

The electro-stimulated release of DFNa or Met HCl from chitosan hydrogels 

was higher than in control experiments. A hint of pulsatile ‘on-off release pattern was 

evident from some of the hydrogels loaded with DFNa while release of Met HCl did not 

show any pulsatile profile. This might be due to the experimental set-up used to conduct 

the release experiments. The use of a release medium into which the gel was placed, led 

to swelling of the hydrogels when the current was switched ‘off. This allowed diffusion 

of drug out of the gel matrix. The ‘on-off pulsatile release might become evident if the 

experiments were conducted in the absence of any release medium where the effect of 

swelling can be eliminated. Such experimental set-up was investigated but failure to 

obtain sufficient syneresis fluid to calculate the amount of drug released led to the use 

of release medium. Deswelling of a polyelectrolyte gel under the influence of electric 

current is one of the methods of drug expulsion from the gel matrix. In this study, gel
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deswelling was not evident due to the use of the release medium. The gels swelled in 

deionised water and gained weight throughout the experiment.

T a ble  2.2 Amount of drug loaded in chitosan hydrogels and the amount of drug 
released at the end of electro-responsive and passive release studies. Data are mean ± 
STDEV (n=3).

Formulation Amount of 
DFNa in the 

gel
(iJ-g)

Amount of 
Met HCl in 

the gel
(Fg)

Amount of Drug 
Released 

at the end of 6 h release 
experiment 

(lAg)

Percentage of Drug 
released at the end of 
6 h release experiment 

(%)

Electro-
responsive

Passive Electro-
responsive

Passive

0.1%
DFNamMr

39.0 ± 
6.84

- 31.6 ± 
3.71

15.7 ± 
5.2

72.41 ± 
10.06

47.09 ± 
5.27

0.2%
DFNA_mMr

72.16 ± 
8.85

- 37.7 ± 
1.835

25.86 ± 
1.48

51.79 ± 
10.65

37.02 ± 
1.28

0.1% 
DFNa hMr

46.20 ± 
6.40

- 35.49 ± 
7.27

9.75 ± 
1.85

78.07 ± 
16.34

23.56 ± 
9.67

0.2%
DFNahMr

69.89 ± 
5.89

52.65 ± 
27.09

27.09 ± 
5.74

75.78 ± 
13.9

38.03 ± 
8.03

0.2%
Met HCl_mMr

- 28.42 ± 
2.78

25.58 ± 
0.35

20.78 ± 
0.33

90.06 ± 
1.23

72.51 ± 
2.98

0.4%
Met HCl mMr

32.02 ± 
6.68

28.23 ± 
0.50

20.56 ± 
0.19

88.41 ± 
1.06

64.89 ± 
5.54

0.2%
MetHCl_hMr

33.89 ± 
2.31

30.30 ± 
1.165

22.67 ± 
1.342

89.0 ± 
2.99

66.85 ± 
2.03

0.4%
Met HCl_hMr

41.23 ± 
3.06

36.49 ± 
0.84

23.99 ± 
2.260

89.0 ± 
2.56

59.26 ± 
5.03
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Figure 2.9 (A) Cumulative release of DFNa from mMr hydrogels loaded with 0.1% 
drug with time and (B) rate of drug release during each period of time as shown in 
graph A. ‘E’ = electro-responsive and ‘P’ = passive release experiments. Data are mean 
± STDEV (n=3).
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F ig u r e  2.10 (A) Cumulative release of DFNa from mMr hydrogels loaded with 0.2% 
drug with time and (B) rate of drug release during each period of time as shown in 
graph A. ‘E’ = electro-responsive and ‘P’ = passive. ‘P’ is passive release experiments. 
Data are mean ± STDEV (n=3).
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F igure 2.11 Cumulative release o f DFNa from mMr hydrogels loaded with 0.1% and 0.2% drug with time. ‘E’ = electro-responsive and ‘P ’
passive release experiments. Data are mean ± STDEV (n=3).
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F igure  2.12 (A) Cumulative release of DFNa from hMr hydrogels loaded with 0.1% 
drug with time and (B) rate of drug release during each period of time as shown in 
graph A. ‘E’ = electro-responsive and ‘P’ = passive release experiments. Data are mean 
± STDEV (n=3).
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F ig u r e  2.13 (A) Cumulative release of DFNa from hMr hydrogels loaded with 0.2% 
drug with time and (B) rate of drug release during each period of time as shown in 
graph A. ‘E’ = electro-responsive and ‘P’ = passive release experiments. Data are mean 
± STDEV (n=3).
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F i g u r e  2 . 1 4  Cumulative release o f DFNa from hMr hydrogels loaded with 0.1% and 0.2% drug with time. ‘E ’ = electro-responsive and ‘P ’
passive release experiments. Data are mean ± STDEV (n=3).
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F i g u r e  2 .1 5  Cumulative release o f DFNa from mMr and hMr chitosan hydrogels loaded with 0.1% drug. ‘E ’ is electro-responsive and ‘P ’ is
passive release experiments. Data are mean ± STDEV (n=3).
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F i g u r e  2 .1 6  Cumulative release of DFNa from mMr and hMr hydrogels loaded with 0.2 % drug with time. ‘E ’ is electro-responsive and ‘P’ is
passive release experiments. Data are mean ± STDEV (n=3).
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graph A. ‘E’ = electro-responsive and ‘P’ = passive release experiments. Data are mean 
± STDEV (n=3).
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0.4% drug with time and (B) rate of drug release during each period of time as shown in 
graph A. ‘E’ = electro-responsive and ‘P’ = passive release experiments. Data are mean 
± STDEV (n=3).
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F igure  2.21 (A) Cumulative release of Met HCl from hMr hydrogels loaded with
0.4% drug with time and (B) rate of drug release during each period of time as shown in 
graph A. ‘E’ = electro-responsive and ‘P’ = passive release experiments. Data are mean
± STDEV (n=3).
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2 .5  Conclusion and Future W ork

2.5.1 C o n c lu s io n

N-acetylation of mMr and hMr chitosan with 0.70 mmol of acetic anhydride produced 

clear, transparent and stable hydrogels. hMr gels were firmer to the touch than mMr 

gels. The hydrogels lost weight when exposed to the atmosphere due to evaporation of 

the volatile solvent in the formulations. Thus it was established that the native gels need 

to be stored in air-tight containers prior to further characterisation e.g. swelling ratio and 

in vitro passive and electro-responsive release pattern. The hydrogels reached 

equilibrium swelling in 3 h, but did not have very high swelling ratios in deionsed 

water, swelling ratios of mMr and for hMr gels being 164.42 ± 11.70% and 169.63 ± 

50.59% respectively. The model drugs, DFNa and Met HCl were loaded in different 

manners into the gels. The amount of DFNa loaded into the gels was a result of drug 

loss from the gels upon hydration while for Met HCl, it was due to drug diffusion into 

the gels. Actual drug loading was influenced by starting drug concentrations as well as 

the nature of the charge on the drug. The loading of the anionic drug, DFNa was higher 

than the loading of an equal starting concentration of the cationic drug. Met HCl into 

the oppositely (positively) charged hydrogel. The molecular weight of the chitosan 

polymer did not seem to have an influence on drug loading.

The cumulative electro-responsive release of the model drugs, DFNa and Met 

HCl was higher than release under passive conditions; ~70% of DFNa and -90% of Met 

HCl being released by electro-stimulation compared to -40% of DFNa and -70% of 

Met HCl in the control experiments. However, a clear pulsatile ‘on-ofP drug release

was not observed due to the drug diffusion out of the gel during the ‘off periods.
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Nevertheless, more drug was released during the ‘on’ periods than the preceding and 

succeeding ‘off periods in some of the experiments and a hint of a pulsatile release 

profile was observed. Increased initial drug loading in the gel resulted in increased drug 

release at the end of the 6  h experiment. In contrast to the release of DFNa, which was 

similar from both mMr and hMr gels; release of Met HCl was higher from hMr gels 

compared to mMr gels.

2.5 .2  F u t u r e  W o r k

The following experiments would strengthen investigation into chitosan hydrogel as 

electro-responsive delivery vehicle:

(1) The degree of deacetylation of chitosan used in this work was provided by 

the supplier (-85%). It would be helpful to investigate the degree of deacetylation of the 

chitosan using first derivative UV spectrophotometry as described by Muzzarelli et al, 

(1985). Infrared spectroscopy has also been employed by Sabnis e. a l, 1997 to 

determine the degree of deacetylation. Kristi et al., (1993) have used potentiometric 

titration to measure the degree of deacetylation.

(2) The permeability of the solute, mechanical strength and overall performance 

of a hydrogel is related to its structure and the state of water within its network. Positron 

annihilation lifetime spectroscopy is a powerful technique to estimate the size and 

distribution of free volume cavity in hydrogels. This technique has been used by Yao et 

al, (1998) and Cheng et ah, (1998) to measure the dynamic behaviour of water in 

crosslinked chitosan hydrogels. From this, the free volume of the hydrogel available to 

accommodate water is calculated, and this is a direct indication of the pore size in the

132



hydrogel. The pore size would provide a better understanding into the diffusion 

characteristics of solutes from hydrogels

(3) Crosslinking density of a hydrogel affects its release kinetics. Thus 

covalently crosslinked chitosan hydrogels e.g. glutaraldehyde crosslinked hydrogel or 

hydrogels obtained from semi-or full-interpenetrating polymers can be investigated as 

electro-responsive systems. Such system might not release any drug under passive 

conditions which would improve the pulsatile release profile.

(4) Increasing the magnitude of electric current has been found to increase the 

drug release from polyelectrolyte hydrogels (Sawahata et a l, 1990; Kwon 1991b; Hsu 

et al, 1996; Ramanathan and Block, 2001). Experiments should be conducted to 

investigate the effects that current greater than 0.4 mA have on the drug release pattern 

and the gel behaviour (swelling/deswelling).
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Ch a pt er  3

Fo r m u la tio n  a n d  C h a r a c t er isa tio n  
OF Ch ito sa n  M ic r o sph er es
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3.1 In t r o d u c t io n

Having investigated the electro-responsiveness of chitosan hydrogels, studying the 

electro-responsiveness of chitosan microspheres seemed a logical follow-up. 

Microspheres have several advantages over hydrogels e.g. microspheres have large 

surface area to volume ratio which is available for adsorption, drug diffusion etc. The 

small volume of microparticles may help them to respond quickly to a stimulus. This 

feature is essential to obtain pulsatile, “on-off’ release pattern of drugs. The total dose 

of the medication and kinetics of drug release profile may be manipulated by varying 

molecular weight and concentration of polymer. In addition, through crosslinking and 

the use of additives, the particle matrix can be modified and the release of an 

encapsulated agent may be controlled. Furthermore, microspheres are ideal as implants, 

as they can be injected and do not require surgery for implantation, in contrast to 

hydrogels. The in vivo suitability of chitosan microspheres as implants has already been 

established by Jameela et al. (1994 and 1995) and Mi et al. (2002).

In this part of the thesis, the work on glutaraldehyde-crosslinked drug-loaded 

chitosan microspheres is described. The microspheres were produced by spray-drying 

and were characterised in terms of morphology, size, charge, drug encapsulation, 

physical state of the drugs and in vitro electro-responsive drug release.
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3.2 Aim  and objectives of the w ork  described in
THIS CHAPTER

3.2.1 A im

The aim was to prepare and characterise drug-loaded chitosan microspheres.

3.2.2 Objectives

The objectives were:

(i) To prepare Met HCl and DFNa- loaded chitosan microspheres using spray 

drying technique.

(ii) To visualise surface morphology and size distribution of the particles using 

scanning electron microscopy.

(iii) To measure size and polydispersity of the particles using low angle laser 

light scattering.

(iv) To measure the surface charge or zeta potential of the particles using laser- 

doppler velocimetry.

(v) To determine the drug encapsulation efficiency of the microspheres.

(vi) To establish the chemical reaction between chitosan and the crosslinker 

using infra-red spectroscopy.

(vi) To determine the physical state of encapsulated drugs using differential 

scanning calorimetry and X-ray powder diffraction.

(vii) To determine the equilibrium swelling of chitosan microspheres.
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(vii) To investigate the electro-stimulated and passive release of model drugs 

from microspheres in vitro.

(viii) To determine the stability of chitosan microspheres in deionised water (pH 

5.18) and in phosphate buffer saline (pH 7.4).

3 .3  M aterials and Methods

3.3.1 M a t e r i a l s

Glutaraldehyde solution (50% in water) was obtained from Sigma Aldrich Co.Ltd, 

Dorset, UK. The other chemicals were obtained from sources, as described in Chapter 2.

3.3.2  M e t h o d s

3.3 .2 .1  P r e pa r a t io n  OF Ch it o sa n  M icr o sph e r e s

Chitosan microspheres were prepared by crosslinking chitosan solution with

glutaraldehyde followed by spray drying. As discussed in Chapter 1 (section. 1.6.4),

spray drying is favoured over other methods of microsphere preparation because (i) it is

a single step process; (ii) the formulation is reproducible and easy to scale up and (iii)

the particle size can be controlled to a certain extent.

Prior to spray drying, chitosan solution was chemically crosslinked with

glutaraldehyde. The crosslinker is (i) fairly inexpensive; (ii) readily available and (iii)

highly soluble in aqueous solution. Glutaraldehyde (1,5 -pentanedial) is a fairly small

molecule with two aldehyde groups, separated by a flexible chain of three methylene
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bridges (figure 3.1 A). It has a molecular weight of 100.11 g/mol. It has a density of 

1.01-1.02 g/cm^, a boiling point of 187 °C and has freezing point of -21 °C. It is acidic 

with a pH of 3.2-4.2. It is freely soluble in water, alcohol, benzene and ether. A 50% 

aqueous solution of glutaraldehyde is a clear yellowish liquid (British Pharmacopoeia 

Commission, 2003). In aqueous solution glutaraldehyde polymerises to give oligomers 

of variable sizes having a backbone with a number of pendant aldehyde groups (figure 

3.IB). The aldehyde groups (-CHO) can react with primary amino group (-NH2) of 

chitosan to form a Schiffs base or imine via condensation reaction. The reaction is 

reversible and with so many aldehyde groups on the polymeric glutaraldehyde reacting, 

resonance stabilised Schiffs bases are produced which results in crosslinking of 

chitosan polymeric network (Kieman, 2000) (figure 3.1C).
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F ig u r e  3.1 (A) Different representations of a molecule of monomeric glutaraldehyde. 
(B) Polymerisation of glutaraldehyde in aqueous solution. (C) Reaction of polymerised 
glutaraldehyde with primary amino groups on chitosan.
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3.3.2.1.1 S p r a y  D r y i n g

Spray drying is the process of drying a fluid feed mixture by spraying into a hot dry air 

stream to obtain a dried product in the form of a powder, granulate or agglomerate. The 

fluid mixture may be a solution, suspension, dispersion or emulsion, but may only be 

spray-dried successfully if the final product behaves as a non-sticky, flowing powder. 

The physical properties of the final product depend to a certain extent on the physical 

and chemical properties of the feed material and the design and operation of the spray 

drier employed.

Pharmaceutically, spray drying is favoured as a method of optimising properties 

such as particle shape, size, density, porosity, moisture content, stability, flowability and 

fiiability. Physicochemical properties affected by the spray drying process include 

melting point, solubility, dissolution rate and crystal habit. Spray-dried material is often 

in the glassy or amorphous phase, i.e. in a high energy state (Masters, 1991; Corrigan, 

1995).

The main advantage of the spray-drying process over émulsification and solvent 

evaporation techniques commonly used for the production of chitosan microspheres is 

its potential for scale-up to mass production. This method of production of dry powder 

is now well established, facilitating the transfer of the technology to industrial-scale 

manufacture. The spray-drying process is a single-step closed system where products 

may be kept sterile, and the manufacturing process parameters can be easily and 

precisely controlled, monitored and validated to ensure reproducibility. Sterility of the 

product can be preserved, and Good Manufacturing Practice (GMP) can be strictly 

adhered to, hence this method of particle formulation is pharmaceutically more
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acceptable than others (Masters, 1991). However as with every technique, there are 

some drawbacks; the process requires large amounts of both polymer and drugs to attain 

a good yield. This is a technical drawback in the laboratory, as formulation excipients 

may either not be readily available, or be too costly during the initial stages of 

formulation development. The yield may, however, be controlled to some extent by a 

reduced rate of feed.

In s t r u m e n t a t io n

A Mini Spray Dryer B-191 (Büchi®, Switzerland), was employed to produce chitosan 

microspheres. Figure 3.2 shows a simplified diagrammatic representation of Buchi® 

mini spray drier showing the direction of airflow through the system. The product to be 

spray-dried is fed through the nozzle and atomised by high velocity air (more than 800 

Nl/h) which is supplied separately into the nozzle. The resulting spray is instantaneously 

dried as it is introduced into the heated drying chamber where the drying temperature 

may be as high as 200 °C. It is during this stage of the process that the solvents (both 

organic and aqueous) are lost by a rapid two-stage evaporation; initially the solvent 

within the droplet replenishes that lost at the surface by rapid evaporation; the constant 

solvent diffusion maintains saturated surface conditions, and evaporation occurs at a 

constant rate. This is the first period of drying. When the rate of solvent loss fi*om the 

surface of the particle is higher than the rate of replenishing from within the droplet, 

surface saturation cannot be maintained and a dried shell or crust forms at the droplet 

surface. At this point the thickness of the dried surface shell increases with time, 

causing a decrease in the rate of evaporation. This is the second period of drying. By 

this mechanism of drying, the shape of the dried product may be disrupted depending on
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the characteristics of the fluid being spray dried. Figure 3.3 shows a simplified diagram 

of the possible shapes of dried particles produced by spray drying. Particles may 

expand, collapse, fracture or disintegrate, and either porous or irregularly shaped 

particles may be formed. The product is not subjected to the heat of evaporation, and it 

is the outlet temperature which determines the temperature to which the product is 

transiently exposed during transfer from the drying chamber to the cyclone unit (figure 

3.2). The main parameters for the formation of spherical particles appear to be the 

choice of polymer, its concentration and the nature of the organic solvent (Masters, 

1991).

Spray
nozzle

Air flow

Drying
chamber

To aspirator

Cyclone
unit

-Collection
vessel

F igure  3.2 Simplified diagram of the Büchi® mini spray-drier. The arrows indicate the 
direction of heated airflow, provided by the aspirator. The cross-linked chitosan 
hydrogel is mixed with high-velocity air which is simultaneously but separately fed into 
the nozzle (1) to produce atomised droplets. The droplets are sprayed into the drying 
chamber (2), concurrent with a heated mass of air and rapidly dried to produce particles, 
which are separated by the cyclone unit (3), and deposited into the collection chamber 
(4) (adapted from Conte and Giunchedi, 1995).
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F igure 3.3 Mechanisms of droplet drying illustrated in a simplified manner. The 
droplets may dry to single, misshapen and agglomerated particles (adapted from 
Masters, 1991).

Ex p e r im e n t a l

Chitosan microspheres were prepared by a method modified from He et al. (1999). Low 

molecular weight chitosan was crosslinked with different concentrations of 

glutaraldehyde and spray drying was performed to obtained microspheres. 0.5% (w/v) 

chitosan solution was prepared by dissolving low molecular weight chitosan free base in 

acetic acid (0.5 g of chitosan in 100 ml of 2% (v/v) acetic acid). Complete dissolution of 

chitosan in acetic acid was attained by stirring the solution overnight. Dissolving 

chitosan free base in acetic acid produced the chitosan acetate salt. Prior to the addition 

of cross-linker, the chitosan solution was filtered through sintered glass filter to get rid 

of extraneous materials that might be present due to the use of impure form of chitosan.
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The cost of high purity grade chitosan impaired its use at this level of formulation 

development. 2 ml of 2%, 4%, 8 %, 16% and 25% (v/v) of glutaraldehyde solution was 

added drop-wise to crosslink 100 ml of chitosan solution. The resulting solution was 

subsequently spray dried using a Mini Spray Dryer B-191, with a standard 0.5 mm 

nozzle at a feed rate of 10 ml/min. The atomizing air flow rate was 600 NL/h and the 

inlet temperature was 160 °C. Drug-loaded chitosan microspheres were prepared by 

adding an aqueous solution of DFNa or Met HCl (10% w/w; 10 ml) to the acidic 

solution of chitosan (90 ml) prior to the addition of the crosslinker; followed by spray 

drying using the same conditions as for blank microparticles. Different formulations 

were prepared to determine the effect of crosslinker on the resulting particles. The spray 

dried powder was collected from the collecting vessel and stored in a vacuum desiccator 

until characterised or used in subsequent experiments. The powder obtained was sticky 

and the colour varied from pale pink to pale yellow to deep brown with increasing 

concentration of glutaraldehyde in the formulation. Detailed description of colour of 

different formulation is shown in table 3.2.

The percentage yield of different formulations was calculated using the 

following equation:

mass of microspheres 
Percentage Yield (%) = --------------------------------------------------  x 100

(mass of chitosan) + (mass of drug)

The size, morphology, surface charge, and drug entrapment efficiency of 

the microspheres were determined by techniques described in the following sections.
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3.3.2.2 S c a n n i n g  E l e c t r o n  M i c r o s c o p y

Scanning electron microscopy (SEM) is a technique that enables the visualisation of 

particle size distribution, surface topography and texture. It can also be used to examine 

the morphology of whole particles and/or of fractured sectioned surfaces. Conventional 

light microscopes use a series of glass lenses to bend light waves and create a magnified 

image, whereas SEM creates magnified images by using electrons instead of light 

waves. The images created without light waves are thus rendered black and white. The 

SEM has a large depth of field, which allows a large amount of the sample to be in 

focus at one time. Thus SEM produces images that appear almost three-dimensional. 

The SEM also produces images of high resolution, which means that closely spaced 

features can be examined at high magnification. Preparation of the samples is relatively 

easy since SEM only requires the sample to be conductive. The combination of higher 

magnification, larger depth of focus, greater resolution, and ease of sample observation 

makes the SEM one of the most heavily used instruments in the field of microscopy. 

SEM allows the sizing of macro-(0.1-10 mm), meso-(l-100 pm) and microstructures 

(10-1,000 nm) often within the same micrograph. Thus SEM is a instrument of choice 

to determine the size distributions, morphology and crystal habits of spray-dried 

materials. However, this technique is not without limitations. It requires a high vacuum 

environment for specimen, the sample has to be electrically conductive and only the 

surface of the specimen can be visualised, unless fractured (Chescoe and Goodhew, 

1990; Keyse, 1997).
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In s t r u m e n t a t io n

A Philips L20 SEM (Philips, Eindhoven, Netherlands) was used to determine the 

surface morphology of chitosan microspheres. In such an instrument, an electron beam 

is emitted by excitation of lanthinum hexaboride crystal or heated filament. The beam is 

accelerated downward at voltages of 1-30 kV and is focussed by two successive 

condenser lenses into a beam with a very fine spot size (~3-5nm). The beam then passes 

through the objective lens, where pairs of scanning coils move the focussed beam back 

and forth across the specimen, row by row. As the primary electrons strike the surface 

they are inelastically scattered by atoms in the sample. Through these scattering events, 

the primary beam effectively spreads and fills a teardrop-shaped volume extending 

about 1 pm into the surface. Interactions in this region lead to the subsequent emission 

of electrons and X-rays, which are then detected to produce an image. Figure 3.4 shows 

a simplified arrangement of optics in the scanning electron microscope. Nearly all 

scanning electron micrographs are produced using low energy (0-50 eV) secondary 

electrons. Due to their low energy, these electrons originate within a few tenths of a 

nanometer from the surface. These electrons are counted by a detector and are sent to an 

amplifier. Before the beam moves to its next dwell point, these instruments count the 

number of interactions and display a pixel on cathode ray tube whose intensity is 

determined by this number (the more reactions the brighter the pixel). This process is 

repeated until the grid scan is finished and then repeated, the entire pattern can be 

scanned 30 times per sec. The generation of contrast (dark versus light versus grey 

areas) is based on specimen surface topography. Because the secondary electrons come 

from the near surface region, the brightness of the signal depends on the surface area 

that is exposed to the primary beam. High areas of relief e.g. steep surfaces and edges
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are contacted most directly by the primary electron beam and produce greater signal, 

therefore appearing brighter than low areas of relief, which appear darker on the 

viewing screen. Thus an image with good three-dimensional contrast is obtained using 

SEM. Using this technique, resolutions of the order of 5 nm are possible. In addition to 

the secondary electrons, backscattered electrons (essentially elastically scattered 

primary electrons) can also be detected. Due to their much higher energy 

(approximately the same as the primary beam), these electrons may be scattered from 

fairly deep within the sample, resulting in less topological contrast than for the case of 

secondary electrons. However, the probability of backscattering is a weak function of 

atomic number, thus some contrast between areas with different chemical compositions 

can be observed (Jules, 1999).

Virtual Source

First condenser Lens

Condenser Aperture 

Second Condenser Lens

O bjeetive Aperture

Sean C oils

O bjective Lens

Sample

F ig u r e  3 .4  Simplified arrangement of optics in the scanning electron microscope.
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E x pe r im e n ta l

Spray dried chitosan microspheres were mounted onto adhesive carbon discs attached to 

SEM stubs. Samples were coated with gold palladium using sputter coater, for 3 min at 

30 mA in an argon atmosphere (Emitech K550 sputter coater, Emitech, Kent, UK). In a 

sputter coater, a gold palladium cathode was used while the sample was mounted on the 

anode. Argon atmosphere was maintained in the chamber. Current was applied and the 

cathode ionized argon atoms into cations and free electrons. Argon ions accelerated to 

the negative gold cathode. Gold electrons ejected by collisions with argon ions then hit 

the sample from all angles giving even coating of 10-30 nm. The coating was performed 

to enhance conductivity and produce a greater signal. The gold coated sample was then 

placed in the vacuum column of Philips L20 SEM (Philips, Eindhoven, Netherlands) 

and scanning electron micrographs were obtained. The instrument was kept at -180 °C; 

the other variables were as follows: 10.0 keV, 2.0 spot size and 0°C tilt.

3.3 .2 .3  Pa r tic l e  size  d ist r ib u t io n

Particle size and particle distribution are critically important parameters to determine as 

such characterisation helps to establish if the formulations and the experimental 

techniques used to produce the microspheres have the potential to produce 

monodisperse microspheres which are less than 10 pm. In this thesis, laser diffraction, 

more correctly called Low Angle Laser Light Scattering (LALLS), is used to determine 

the particle size and distribution.
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Small particles in the path of a light beam scatter the light in a characteristic, 

symmetrical pattern which can be calculated using a number of theories, and depend on 

the size of the particles and their optical properties. The scatter is usually referred to as 

the diffraction of light by the particles. The laser diffraction relies on the fact that 

diffraction angle is inversely proportional to particle size. Modem Laser Diffractometers 

can size particles from approximately 0.02 -  2000 pm in size using either Mie or 

Fraunhofer calculation. Fraunhofer approximation is a simple diffraction theory which 

allows the scattering patterns to be derived for large particles without reference to the 

optical properties of the material. The theory assumes that the particles are spherical, 

non-porous and opaque and that the diameter of the particles is greater than the 

wavelength of the light employed and all particles diffract light with same efficiency, 

regardless of their size. These assumptions are not always correct for small particles and 

they can give rise to errors especially when the refractive indices of the particles and its 

medium are close to unity. Furthermore, when the particle size approaches the 

wavelength, the scatter becomes a complex function with maxima and minima. 

Consequently, Fraunhofer approximation is increasingly in error for smaller particles, 

but is useful for rapid calculations of the scattering from particles of several 

micrometers and larger. The Mie theory is the most complete theory describing the 

angular distribution of scatter from a particle of arbitrary size. It takes into account the 

diffraction and diffrision of the light around the particle in its medium. In other words, 

Mie theory assumes the volume of the particles as opposed to Fraunhofer which is 

projected area prediction. Thus to use the Mie model, it is necessary to know the 

refractive index of both the sample and that of the medium (Washington, 1992; Rawle, 

2004).
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In s t r u m e n t a t io n

The size distribution of chitosan microspheres were determined using Malvern

Mastersizer"^^ X (Malvern Instrument, Malvern, UK) laser diffraction particle analyser.

The Mastersizer operates on the principles of the Mie theory of light scattering. The

instrument uses a laser as a source of coherent intense light of fixed wavelength. He-Ne

gas lasers (X = 0.63 pm) are the most common as they offer the best stability (especially

with respect to temperature) and better signal to noise than the higher wavelength laser

diodes. The diameter of the beam emitted by the laser lamp is normally about 1 mm, so

a beam expander is used to produce a uniform parallel beam of 5 - 10 mm, to allow a

useful sample volume to be illuminated. The beam then encounters a zone plate which

allows through only the central, high intensity laser beam, removing the unwanted

scatter diffraction due to the laser optics. The refined beam then passes through the

sample in the cell. The cell is mounted at a slight angle to the beam, so that reflections

from the cell windows are not returned to the laser to be reflected. The transformer lens

takes in scattered light and produces an output image in which each scattering angle

corresponds to an annular ring in the photosensitive silicon detector plate which is made

up of a large number of discreet elements. The optical system is optimised to ensure that

the signal from each element is directly proportional to the amount of light on it.

Hundreds of thousands of particles will pass through the laser beam every second. The

light falling on to the detectors is measured and integrated 500 times each second. This

enables a statistically significant scattering pattern of the vridest distributions to be

acquired within a few seconds. The resulting scattered pattern is presented as a

approximation of the true size distribution, using the Mie theory algorithms. But

Mastersizer also uses Fraunhofer theory when particles bigger than 50 pm are
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encountered. The operation of Malvern Mastersizer is illustrated in a simplified diagram 

in figure 3.5.

Transform Lens

0 S Z  Laser

Beam Expander
f r '

Photodiode

Samp eCell
Detector

Zone Plate

F ig u r e  3.5 A schematic diagram of the operation of laser diffraction particle sizer 
(Washington, 1992).

This technique, like many others, is not a direct measurement of particle size. 

Particle size is difficult to quantify using 1-dimensional properties (e.g. weight, surface 

area, terminal velocity) since shape irregularity results in several dimensions. Several 

workers have tried to overcome this problem by defining specific linear dimensions. For 

example, Feret’s diameter is ascribed to the distance between a pair of parallel tangents 

in a fixed direction whereas Martin’s diameter is the mean chord length of the projected 

particle perimeter. Malvern instruments use the system of ‘equivalent spheres’. In this 

case the diameter of a sphere is recorded which produces the same scattering intensities 

as the measured particle. This approximates to a sphere of equal volume. For example, a 

size quoted as 2.5|im would be the diameter of a sphere, which has an equivalent

volume to that of the measured particle (Washington, 1992).
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E x p e r im e n t a l

Chitosan microspheres were dispersed in propan-2-ol and then analysed. Since the 

particles being analysed were less than 50 pm, the Mastersizer™ X utilised the Mie 

theory algorithm to calculate the size distribution which requires the refractive indices of 

the scatter medium and the particles analysed. The refractive index of chitosan is not yet 

established. Chitosan is structurally similar to cellulose acetate except that the C(2) 

acetate (-O-COCH3) of cellulose acetate is replaced by an amino (-NH2) group in 

chitosan. Thus the refractive index of cellulose acetate was used which was 1.46 and the 

refractive index of propane-2-ol was 1.36. Propan-2-ol was used as the medium as 

chitosan particles being hydrophilic, were found to swell when dispersed in deionised 

water. Thus it was not possible to determine the size of the spray dried particles. In 

contrast to water, no change in particle size was observed when the microspheres were 

left in propan-2-ol for 48 h. Thus, it was used as a dispersant medium for size analysis.

All sizes calculated were expressed as volume median diameter (VMD) which 

means that that half of the volume of the spray contains particles larger than VMD while 

the other half has smaller particles. Each batch of particles was measured in triplicate. 

The polydispersity of each formulation was expressed by the "span" which measures the 

width of the particle size distribution as described in the British Standards (1993). 

Hence, a small span value indicates a narrow particle size distribution. The span index 

was calculated using the following equation:

Span = [D(v,90)-D(v,10)]/ D(v,50)
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where, D(v,90), D(v,10) and D(v,50) are the equivalent volume diameters at 90, 10 and 

50% cumulative volume, respectively. The size and polydispersity of each formulation 

are shown in table 3.3 (in section 3.4.1).

3.3 .2 .4  Su r fa c e  C h a r g e  o r  Ze t a  P o t e n t ia l

Particle size is often considered as one of the most important parameters, however, as 

particle size decreases, the surface area increases significantly in comparison with the 

volume, so surface properties increasingly determine the dispersion characteristics. One 

of the significant surface properties is the surface charge. This is an important factor in 

determining the interactions between particles, and hence dispersion characteristics such 

as dispersion stability, flocculation, viscosity, film forming characteristics etc. The 

charge on the particles also affects the electrical conductivity of particles. The surface 

charge cannot be measured directly; instead the charge at a distance from the particle, 

called the zeta potential (Q is measured.

The charge on colloidal particles can arise fi'om a number of different 

mechanisms, including dissociation of acidic or basic groups on the particle surface, or 

adsorption of a charged species from the solution. The particle charge is balanced by an 

equal and opposite charge carried by ions in the surrounding liquid. The ions closest to 

the charged surface are strongly bound and are carried along with the movement of the 

particle, while the more loosely bound ions may be replaced by other particle 

movement. Thus an electrical double layer is formed in the region of the particle-liquid 

interface. The double layer (figure 3.6 A) consists of two parts: an inner region which
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includes ions bound relatively strongly to the surface (including specifically adsorbed 

ions) and an outer, or diffuse region in which the ion distribution is determined by a 

balance of electrostatic forces and random thermal motion. The two parts of the double 

layer are separated by the Stem plane found at about a hydrated ion radius from the 

surface, thus counter ions may be held at the surface by electrostatic attraction and the 

centre of these hydrated ions form the Stem plane (figure 3.6 B). The potential changes 

linearly from the surface potential to the Stem potential and decays exponentially to zero 

in the diffijse region. The Stem layer also carries solvent bound to the ions. This 

solvating layer is held to the surface and the edge of the layer, termed the surface or 

plane of shear, and represents the boundary of relative movement between the solid and 

the liquid. The potential at the plane of shear is termed as the zeta potential (Q 

(Attwood, 2001). Zeta potential is measured in mV and can be related to the energy 

needed to shear the particle and its inner layer of counter-ions away from the outer layer 

or bulk medium. The most important factor that affects zeta potential is pH and the ionic 

strength of the medium. The pH of the medium will determine the state of the ionisable 

functional groups on the particle surface, such that a positive charge for example, on the 

amino group will be reduced or neutralised at basic pH.
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F ig u r e  3 .6  (A) Schematic representation of the electrical double layer. (B ) The changes 
in the potential with distance from the particle surface (adapted from Attwood, 2001).

I n s t r u m e n t a t i o n

In this thesis, zeta potential of chitosan microspheres were measured using a Malvern 

Zetamaster^ (Malvem, UK) which employs Laser-Doppler velocimetry (LDV)
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combined with electrophoresis for direct, automated measurement of particle mobility in 

an electric field, fi*om which the zeta potential is derived. LVD measures the rate of 

migration of dispersed particles under the influence of an electric field. The observed 

velocity (v), divided by the strength of the applied electrical field (£), is a direct measure 

of the electrophoretic mobility (fiÈ) of the particles examined, which is given by 

equation (i):

//£  = ---- -------- - ----------------------------- (i)
E

The sample dispersed in a liquid is placed in an electrophoresis cell. It comprises 

a quartz glass capillary 50 mm long, cross section 5 mm by 2 mm, with electrodes at 

both ends. The capillary is sealed by valves to form a closed tube. In a Laser-Doppler 

velocimetry setup (figure 3.7), a laser beam is first split and then interferes in the 

measurement zone located in the stationary layer of a capillary containing the sample. 

When particles following the electrical field move across this interference pattern, they 

cause a scattering of the laser light. This is frequency-shifted against the non-scattered 

parts of the beams (‘Doppler effect’) and is detected by a photomultiplier. From the 

frequency-shift (or Doppler frequency, fd) measured, particle velocity through the 

capillary can be calculated according to equation (ii):

2. sin (0/2)
/ ^ =  V , --------------------------------------------------------(ii)

Where, v is the velocity, X is the laser wavelength and 0/2 is the angle of detection by the 

photomultiplier. The electrophoretic mobility thus obtained is used to calculate the Zeta 

potential using the Smoluchowski equation (iii).
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^  _ 4. n->l  . fJ^

E . E
(iii)

In this approximation, the Zeta potential (0 is derived from electrophoretic mobility 

(//£) and the electric field strength {E) applied, as well as the viscosity {rj) and the 

dielectric constant (c) of the dispersion medium at a given temperature (Hunter, 1981).

Fixed Mirror

He-Ne-Laser ==f(

Modulator

Electrode

A

Electrode

Sample cell
Capillary

Photo Correlator
multiplier

Computer

F ig u r e  3.7 A schematic diagram showing the principle of Zeta potential measurement 
by Laser Doppler velocimetry as employed in Malvem Zetasizer.

E x p e r im e n t a l

5 mg of the formulation was dispersed in distilled, deionsed, water (pH 5.16) and diluted 

to obtain a sample of appropriate concentration for measuring the electrophoretic 

mobility. 10 ml of the sample suspension was injected into the electrophoretic cell using

a syringe and the measurement was carried out using the Malvern ZetaMaster In
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later studies, the electro-responsive release of model drugs from the chitosan 

microspheres would be conducted in deionised water, thus the surface charge of the 

particles were conducted in the same medium.

3.3.2.S  D e te r m in a t io n  o f  E n c a psu l a t io n  E ff ic ie n c y  o f  C h it o sa n  
M ic r o sph e r e s

To determine the entrapment efficiency of Met HCl-loaded chitosan microspheres, 10 

mg of the particles were dispersed in 40 ml of 10% (v/v) of acetic acid solution. The 

suspension was stirred using magnetic stirrer for 48 h to attain complete dissolution of 

the microspheres. Afterwards, the suspension was centrifuged at 20,000 rpm, 5 °C and 

20 min using Sorvall Ultraspeed Centrifuge (Du Port,USA). The supernatant was 

analysed for Met HCl using UV/VIS spectrophotometer (DU-62 Spectrophotometer, 

Beckman Instruments, Inc, CA, USA) at 232 nm and the concentration of drug was 

calculated based on a calibration curve. Each determination was carried out in triplicate.

To determine he entrapment efficiency of DFNa-loaded microspheres, 5 mg of 

the microspheres was added to 20 ml of methanol and stirred magnetically for 48 h. The 

microsphere suspension was then centrifuged under the same conditions as used for Met 

HCl extraction described above. The supernatant was assayed spectrophotometrically at 

280 nm and the concentration of DFNa in chitosan microspheres were calculated based 

on a calibration curve.

The results are presented as ‘entrapment efficiency’ values, which indicate the 

percentage of drug entrapped in the microspheres (actual loading) with respect to the 

total amount of drug loaded in the formulation (theoretical loading).
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3.3.2.6 I n f r a - r e d  S p e c t r o s c o p y

Spectroscopy is often used in the identification of substances, through the spectrum 

emitted or absorbed. Infi-ared (IR) spectroscopy is a type of spectroscopy that uses the 

infrared portion of the electromagnetic spectrum which lies between the visible (X = 750 

nm) and microwave (1 mm) regions. This technique is a measurement of the absorption 

of light by molecular vibrations and is most commonly used to identify the chemical 

structure of organic compounds (Jules, 1999). In this thesis, IR spectroscopy was used to 

identify the changes in the chemical structure of chitosan that took place following its 

crosslinking with different amounts of glutaraldehyde.

Infrared radiation is absorbed by organic molecules and converted into energy of 

molecular vibration. The bonds in a molecule vibrate in all directions when infrared hits 

it. Different types of vibrations require different amounts of infrared energy. The most 

useful vibrations for routine identification of organic molecules are stretches. It takes 

more energy to stretch short, strong bonds than it does to stretch long, weak bonds. 

When the radiation energy matches the energy of a specific molecular vibration, 

absorption occurs and an infrared peak is manifested. In a typical infrared spectrum, the 

wavelength (X) is plotted on the x-axis which is proportional to the energy. The highest 

energy vibrations are on the left of the spectrum. The percent transmission (%T) is 

plotted on the y-axis. Absorption of radiation energy is represented by a “trough” on the 

curve which can be attributed to the presence of individual chemical groups in the 

molecule under study and a "fingerprint" region distinctive of the individual compound; 

zero transmission corresponds to the 1 0 0 % absorption of light at that wavelength 

(Silverstein, 1991).
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There are a number of ways in which the IR technique may be used for the study 

of chemical composition of a substance. The commonly used techniques are 

transmission spectroscopy and attenuated total reflectance spectrometry (ATR). 

Transmission spectroscopy is the simplest infrared technique where an infrared beam is 

passed through the sample and the transmitted IR intensity is measured. This technique 

requires the sample to transmit light through and the path length within the sample is 

such that the incident light is neither excessively nor minimally absorbed. Thus, 

coloured or optically non-reflecting samples cannot be analysed using this technique. An 

alternative to transmission mode is attenuated total reflectance spectroscopy or internal 

reflection spectrometry. In this technique, the infrared radiation is passed through an 

infrared transmitting crystal with a high refractive index, allowing the radiation to reflect 

within the ATR element several times. The sampling surface is pressed into intimate 

optical contact with the top surface of the crystal such as zinc selenide or germanium. 

The IR radiation from the spectrometer enters the crystal and then reflects through the 

crystal and penetrates a short distance ( ~ 1  pm) from the surface of the internal reflection 

element (IRE) into the sample via the so-called “evanescent” wave. At the output end of 

the crystal, the beam is directed out of the crystal to the detector (figure 3.8). It is this 

unique physical phenomenon that produces infrared spectra of samples placed in contact 

with the internal reflection element (Jules, 1999). This technique can be used to test for 

the presence or absence of specific functional groups and can provide information 

regarding the chemical structure or conformation of the sample.
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F ig u r e  3 .8  Formation of “evanescent” wave on internal reflection element of an 
attenuated total reflectance spectrophotometer.

E x p e r i m e n t a t i o n

Fourier transformed infrared spectra of chitosan microspheres were recorded using 

Fourier Transform Infra-red spectrophotometer (Avatar 360 FTIR, Thermo Nicolet,WI, 

USA) equipped with an attenuated total reflector sampling accessory (OMNI-sampler, 

Thermo Nicolet, WI, USA). The microspheres were directly applied on the zinc selenide 

internal reflection element. Infrared radiation covering a certain frequency range 

(corresponding to wave numbers in the infrared spectrum between 400 and 4000 cm'*) is 

focussed onto the end of the IRE where the beam undergoes total internal reflection 

before exiting and arriving at a detector. The signal is Fourier transformed whereby the
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time based signal data is transformed a into a frequency domain. For each spectrum, 128 

consecutive scans at 4 cm'^ resolution were averaged.

3.3.2.7 D iffe r e n t ia l  S ca n n in g  C a l o r im e t r y

In the work described in this thesis. Differential Scanning Calorimetry (DSC) was 

employed to characterise the state of the model drugs in chitosan microspheres after 

spray drying. DSC is a thermal analysis technique which is used to measure the energy 

necessary to establish a near zero temperature difference between the sample and an 

inert reference material as the two specimens are subjected to heating or cooling at a 

constant rate. DSC can also perform precise temperature measurement. Two types of 

DSC are available, the heat flux DSC and power compensating DSC. In heat-flux DSC, 

the sample and the reference are connected by a low-resistance heat-flow path (a metal 

disc). The assembly is enclosed in a single furnace. Enthalpy or heat capacity changes in 

the sample causes a difference in its temperature relative to the reference. The 

temperature difference is recorded and related to the enthalpy change in the sample 

using calibration experiments. In power-compensation DSC, the temperature of the 

sample and the reference are controlled separately using identical furnaces, with the 

power supply to the sample heater variable so that the temperature difference can be 

maintained at zero even when a thermal transition (a chemical or physical change that 

results in the emission or absorption of heat) occurs in the sample. The difference in 

power supplied to the two heaters is exactly equivalent in magnitude to the energy 

absorbed or evolved in the transition and therefore yields a direct calorimetric
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measurement (AH) of the transition energy. This technique can be used to determine the 

temperature and the transition enthalpy of phase transitions such as solid to solid, solid 

to liquid, crystalline to liquid-crystalline and amorphous and liquid to gas. Glass 

transitions, demonstrated by a change in the heat capacity of the sample are observed as 

a change in the baseline of the temperature/heat flow graph. The sensitivity of DSC to 

detection of these transitions depends upon several parameters such as the mass of the 

sample used, the heating scan rate and the thermal history of the sample (Souillac and 

Rytting, 1999).

In st r u m e n t a tio n

In this thesis, the DSC 7 Differential Scanning Calorimeter (Perkin-Elmer Instruments, 

Beaconsfield, Bucks, UK) was used for thermal analysis of chitosan microspheres. It 

operates with a power compensation temperature null balance principle, employing 

individual sample and reference micro-fumaces which allow energetic transitions to be 

measured directly to provide true calorimetric information. According to the null 

balance principle of power compensation, if a thermal transition (one that emits or 

absorbs heat to/from the surroundings) occurs within a sample, the energy lost or gained 

by the sample is compensated for by adding or subtracting the equivalent amount of 

energy to the heater of the sample holder. This power compensation (measured in mW) 

is directly proportional to the energy of the thermal transitions taking place within the 

sample over time.

The micro-fumace facilitates very fast heating and cooling rates and rapid 

temperature equilibrium. Platinum resistance thermometers are used to make the
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temperature and energy measurements. The micro-fumaces, being made of a platinum- 

iridium alloy, are very inert and resist chemical attack. In the base of the furnace are two 

identical platinum resistance elements, one of which is used to provide power (heat) to 

the furnace, whilst the other is used to detect changes in temperature of that furnace. The 

platinum windings are distributed over the full area of the furnace base which provides 

even heat distribution and temperature monitoring at all points in the furnace. Both 

sample and reference furnaces were mounted in cavities of a large aluminium block or 

‘heat-sink’. The heat sink was kept at a constant temperature well below the temperature 

range of the experiment to ensure that the heat could be lost from the micro-fumace to 

the large heat sink very quickly. The instrument was operated by Pyris Software for 

Windows®, version 3.81 (Perkin-Elmer Instruments, Beaconsfield, Bucks, UK). Figure

3.9 shows instrumental set-up of a power compensated DSC.

Heater

Atmosphere 1  Reference Sample

Control — l i a  a
Computer

Reference/ 
sample heater Reference

thermocouple
Sample 

thermocouple

Recorder

Fig ur e  3 .9  Diagrammatic representation o f  a power compensated differential scanning 
calorimetry.
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E x p e r i m e n t a l

To achieve maximum peak sharpness and resolution, proper sample preparation was 

needed, in order to maximise the contact surface between the pan and sample, thus 

reducing the resistance of the sample to heat flow through the DSC temperature sensors. 

The samples investigated are the model drugs and the spray dried chitosan microspheres 

loaded with and without the model drugs. 5 mg of sample was weighed out using a 

Perkin-Elmer autobalance AD-4 (Perkin-Elmer Instruments, Beaconsfield, Bucks, UK). 

The powder samples were spread in a thin layer on the bottom of non-hermetically 

sealed aluminium pans (Perkin-Elmer; cat. No. 0219-0062) for optimum performance. 

The sample was sealed in the pan which ensured good thermal contact between the pan 

and the furnace. Samples were weighed using a Perkin-Elmer autobalance AD-4 

(Perkin-Elmer Instruments, Beaconsfield, Bucks, UK). The purge gas was nitrogen and 

a flow rate of 20-30 psi was used. The temperature range over which the samples were 

scanned was 25-350 °C, at a scan rate of 10 °C/min. An empty sealed aluminium pan 

was used as a reference.

C a l ib r a t io n

The DSC was calibrated using high purity metals, v^th known temperature and energy 

transitions (table 3.1). Metal standard such as indium was used for every calibration. 

The melting point of the metal fell within the temperature range to be used in subsequent 

experimentation when possible. Data for the melting transition of indium was 

determined by running a scanning experiment at the same heating rate as that to be used 

in subsequent work. The observed and expected melting transition information
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(temperature and enthalpy of fusion) was entered into the calibration software. Any 

difference between the observed and expected values was registered and taken into 

account. Calibration checks using indium were carried out regularly during normal use.

Table 3.1 The melting points and enthalpy of fusion for Indium calibrant for DSC.

M e ta l  stan da rd O n set  o f  M eltin g  P o int

r c )

E n th a l py  o f  F usion  

(j /g )

Indium 156.60 28.45

3.3.2.S X-RAY P o w d e r  D i f f r a c t i o n

In the work carried out in this thesis, X-ray powder diffi*actometry was employed to 

analyse the crystalline content of the model drugs in chitosan microspheres. X-rays are 

electromagnetic radiation with photon energies in the range of 100 eV - 100 keV. X-ray 

with short wavelength (< 0.1 Â;1 keV - 120 keV) are used in diffraction studies. The 

wavelength of X-rays being comparable to the size of atoms, X-rays are ideally suited 

for probing the structural arrangement of atoms and molecules in a wide rage of 

materials. Thus X-rays with high energy can penetrate into materials and provide 

information about their bulk structure. There are two main X-ray diffraction techniques: 

single-crystal diffractometry, in which the X-ray beam is focussed onto a single crystal, 

and powder diffractometry, in which the beam is focussed onto a single powder pellet or
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powder spread on a glass slide. The main application of single-crystal X-ray diffraction 

is to determine the arrangement of atom (e.g. symmetry, unit cell dimensions, etc.) 

within a crystalline sample. Powder diffractometry eliminates the problem of the precise 

orientation necessary in single-crystal methods. It is very valuable technique for 

identifying the crystalline solid phases by their unique diffraction patterns. X-ray 

powder diffraction is not considered an efficient technique for characterisation of 

amorphous solids as they lack three-dimensional long-range order (Skoog et a/., 1998).

In s t r u m e n t a t io n

In X-ray powder diffractometry. X-rays are generated within a sealed tube that is under 

vacuum. A current is applied that heats a filament within the tube, the higher the current 

the greater the number of electrons emitted from the filament. A high voltage, typically 

15-60 kilovolts, is applied within the tube. This high voltage accelerates the electrons, 

which then hit a target, commonly made of copper. When these electrons hit the target. 

X-rays are produced. The wavelength of these X-rays is characteristic of that target. 

These X-rays are collimated and directed onto the sample, which has been ground to a 

fine powder (typically to produce particle sizes of less than 10 pm). When X-ray strikes 

adjacent atomic planes of a crystal, the scattered rays interfere with each other as they 

leave the crystal (if the wavelength is approximately equal to the interatomic spacing). 

When certain geometric requirements are met, the X-rays scattered from the crystalline 

planes interfere constructively, producing a diffracted beam. The conditions satisfying 

this are defined by Bragg's equation (i):

nX = 2 d sin 2 9 ..............................(i)
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Where, the integer, n, is the order of the diffracted beam, A is the wavelength of the 

incident X-ray beam, d  is interatomic spacing, and 6 is the angle of incidence of the X- 

ray beam. Figure 3.10 shows the diffraction of a X-ray beam in a powder X-ray 

diffractometer. By varying the angle 0, the Bragg condition is satisfied for different d- 

spacings in polycrystalline materials. For practical reasons, the diffractometer measures 

the angle 20  ̂ the angle between the incident and the diffracted beams. Plotting the 

angular positions and intensities of the resultant diffraction peaks produces a pattern 

known as a diffractogram that is characteristic (a fingerprint) of the phase present in the 

sample. When a mixture of different crystal phases is present, the diffractogram is made 

up by the sum of the individual patterns (Skoog et ai, 1998).

X-ray source

Detector

Computer
20 (scanned)

Powdered sample ^  ^
in a holder

F igure 3.10 A diagram representing a typical X-ray diffractometer.
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E x p e r i m e n t a l

A Philips PW3 1840 X-Ray Powder Diffractometer (Philips, Cambridge, UK) was 

employed for sample analysis. The system uses a copper alpha X-ray tube with a 

compact diffractometer. Approximately 1 g of each sample was loaded into the sample 

holder, resulting in a powder bed of 2 mm thickness, and scanned at a rate of 5° 20/min. 

All measurements were taken at 45 kV and 40 mA. The experiments were carried out at 

an ambient temperature and relative humidity. The sample analysed were the model 

drugs, blank and drug-loaded spray dried chitosan microspheres.

33,2.9 S w e l l i n g  o f  t h e  M ic r o s p h e r e s

spray-dried microspheres can be considered as unhydrated hydrogel. Once hydrated, 

each microsphere is a swollen hydrogel. Similar to the bulk hydrogel, the equilibrium 

swelling of microspheres is an important parameter to determine so as to estimate the 

mechanical strength of the particles and the rate of drug release from the polymer 

matrix. The equilibrium swelling of hydrogels can be characterised by a variety of 

parameters such as mass degree swelling, volume degree swelling etc as described in 

Chapter 2 (section 2.3.2.3). In this study, degree of swelling of microspheres is 

determined in terms of volume degree swelling which is the volume of the swollen 

microspheres / volume of the unhydrated microspheres. The swelling behaviour of the 

microspheres was studied in deionised water as the latter was used as the release 

medium for in vitro release studies.
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E x p e r i m e n t a l

5 mg of the microspheres with different cross-link density was dispersed in 10 ml of 

deionised water (pH 5.15) and the suspension was stirred magnetically. At different time 

intervals, the volume median diameter of the hydrated microspheres was determined 

using Malvem Mastersizer”̂  ̂X until constant volume was attained. The change in size 

with time for each formulation was monitored and the swelling was calculated in terms 

of percentage swelling as expressed by the following equation:

(final diameter) - (initial diameter)
Percentage Swelling (%) = --------------------------------------------------x 100

initial diameter

Met HCl-loaded formulations had similar polymer concentration and crosslink 

density as those used to prepare DFNa-loaded particles. Thus microspheres loaded with 

Met HCl were expected to have similar swelling behaviour as DFNa loaded particles. 

Thus this experiment was conducted with DFNa-loaded microspheres only. Each 

determination was carried out in triplicate and the mean obtained.

3.3.2.10 In  VITRO R e l e a s e  S t u d y

Volume changes of poly electrolyte microspheres in response to an electric current have 

been used to establish the electro-responsiveness of microparticles (Sawahata et al, 

1990; Osada et al, 1991). To determine the volume change of microparticles in 

response to an electric field demands a complicated experimental set-up for example, 

placing a microsphere suspension on a microscope slide, applying an electric current 

with thin foil platinum electrodes and observing the effect of electrical pulses on the
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size of the microspheres using light microspheres. In this study, electro-responsiveness 

of chitosan microspheres in vitro was established by applying an electric field to a 

suspension of microparticles in a modified Franz-type diffusion cell and determining 

whether drug was released in response to electrical impulse. To avoid interference by 

ions in the buffer solution, deionised water (rather than a buffer) was used as the release 

medium.

In s t r u m e n t a t io n

A custom- made perspex vertical flow-through Franz-type diffusion cell was used for the 

release study. The diffusion cell had a donor and a receptor chamber (volume of the 

donor chamber was 6.06 cm  ̂ and the volume of the receptor chamber was 4 cm^) 

between which a semi-permeable membrane was sandwiched to give an exposure area 

of 2.0 cm .̂ Two carbon electrodes (3 mm diameter; Goodfellow, Huntingdon, UK) 

connected to a constant power supply were used to conduct the electric current. The 

complex set-up of the diffusion-cell connected to a power supply did not edlow the flow- 

through diffusion cell to facilitate temperature-control. Experiments were therefore 

conducted at room temperature. Figure 3.11 shows a photograph and schematic diagram 

of the release chamber.
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F igure  3.11 (A) A photograph of the custom-made Franz diffusion cell with carbon 
electrodes. (B) A schematic diagram of the diffusion cell representing various chambers 
and the set-up of the cell during the in vitro release experiment.
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E x p e r i m e n t a l

The receptor compartment of the cell was filled with distilled, deionised water and 

connected to a reservoir via a pump. The water was continuously pumped from the 

reservoir to the receptor compartment of the cell and back again using a multi-channel 

peristaltic pump at a flow rate of 5 ml/min. The receptor fluid was also stirred in each 

cell and in the reservoirs at 400 rpm throughout the experiment, using a magnetic flea 

controlled by an external magnetic stirrer; this improved mixing efficiency in both 

receptor chamber and reservoir and reduced the tendency to form a stagnant boundary 

layer adjacent to the membrane surface in the receptor chamber. The system was 

equilibrated with water for 15 min before starting. The dry membrane was rinsed and 

left immersed in water before use to remove any soluble materials, and to ensure that 

drug flux is from the microspheres into receptor phase.

5 mg of chitosan particles were hydrated in 3 ml of deionised water for 24 h 

(microspheres crosslinked with 1, 2 and 8 % glutaraldehyde) or 96 h (microspheres 

crosslinked with 16 and 25% glutaraldehyde) and then placed in the donor chamber of 

the diffusion cell. Pulses of electric current (0.4 mA, 30 min on, 30 min off) were 

applied to the donor chamber using two carbon electrodes (3 mm in diameter) and the 

drug release was followed for 6  h by taking samples of the receptor medium every 30 

min. The samples were replaced by adding an equal volume of water to the receptor 

chamber. The passive release experiments were conducted in the same way except that 

no current was applied.

The samples fî om the receptor chamber were analysed for the drug concentration 

using a spectrophotometer (DU®-62 spectrophotometer, Beckman Instrument, Inc, CA,
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USA) at 232 nm for Met HCl and 280 nm for DFNa. The amount of drug released at 

different times was calculated from standard calibration curves of Met HCl and DFNa. 

Release experiments for each formulation were performed in triplicate and the mean 

obtained.

3 .3 .2 .11  In  v it r o  S t a b il it y  o f  c h it o s a n  m ic r o s p h e r e s  in

DEIONISED WATER

The degradation of microspheres in aqueous environment in vitro can be a way of 

predicting their stability in vivo. To determine the in vitro degradation of chitosan 

microspheres, 5 mg of different particle formulations were incubated in 20 ml of 

deionised water (pH 5.18; the medium used for the in vitro release studies) and scanning 

electron microscopy was performed on the samples at different time points over ~ 3 

months.

Stability was also tested in physiological saline (pH 7.4) using the same method 

as this more closely correlates with in vivo environment.
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3.4 Result AND Discussion

3.4.1 Y ie ld ,  S iz e ,  m o r p h o l o g y ,  c h a r g e  a n d  e n t r a p m e n t  e f f i c i e n c y
OF SPRAY-DRIED CHITOSAN MICROSPHERES

Spray drying was a fast, reliable and reproducible technique for producing blank and 

drug-loaded microspheres from hydrogel forming chitosan. The spray-dried chitosan 

microspheres were not free-flowing but rather sticky. Increased concentration of 

glutaraldehyde in the formulation led to an intensification of the colour of the spray- 

dried microspheres. The spectra of colour varied from pale pink to pale yellow to brown 

to deep brown as shown in table 3.2. Such an effect of increased glutaraldehyde 

concentration on the colour of the formulation has also been observed by Monteiro Jr 

and Airoldi (1999) in vacuum-dried chitosan gels crosslinked with increasing 

concentration of glutaraldehyde. The size, zeta potential, entrapment efficiency and 

percentage yield of different formulations are shown in table 3.3.

T able  3 .2 Variation of colour in chitosan microspheres associated with increasing 
glutaraldehyde concentration in the formulation.

Chitosan

(w/v)

Glut % 
(v/v)

DFNa % 
(w/w)

Met HCl % 

(w/w)

Colour of the spray- 
dried formulation

0.5 - - white
0.5 1 % (2 ml) 1 0 % 1 0 % pale pink
0.5 2 % (2 ml) 1 0 % 1 0 % pink
0.5 8 % (2 ml) 1 0 % 1 0 % pale yellow
0.5 16% (2 ml) 1 0 % 1 0 % brown

0.5 25%(2ml) 1 0 % 1 0 % deep-brown
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Y ie l d : The yield of the spray-dried microspheres was relatively low (33-41%). 

The low yields was expected because of the small amount of material processed in each 

batch (0.55g) and because of the loss of the smallest and lightest peirticles through the 

exhaust of the spray drier as it was not equipped with a trap to recover the lighter and the 

smaller particles (Giunchedi et al., 2002). The low yield could also be due to the spray 

dried powder adhering to the cyclone wall leading to incomplete collection in the 

collection vessel. Such low yield have previously been reported by Giunchedi et at. 

(1998) who prepared ampicillin-loaded chitosan microparticles with a yield of -50%, 

and by Lorenzo-Lamosa et a/.,(1998) who produced DFNa-loaded chitosan 

microspheres with a process yield of -45%.

S iz e : The size of the microspheres produced by spray drying was established 

using Malvem Mastersizer and was expressed as volume median diameter (VMD). 

VMD of uncrosslinked particles were found to be 5.56 ± 0.49 pm. The size of the 

crosslinked microspheres decreased with increasing glutaraldehyde in the formulations 

(table 3.3); 1% glutaraldehyde-crosslinked particles had VMD of -5pm while the 25% 

glutaraldehyde crosslinked particles were -2.5pm. Encapsulation of positively charged 

Met HCl and negatively charged DFNa into the microspheres did not affect particle 

size. The scanning electron micrographs further confirmed that the particles produced 

were less than 6  pm in diameter. During the drying process, the formation of rigid 

matrix droplets with higher concentration of crosslinker is responsible for reduction in 

particle size (Agnihotri and Aminabhavi, 2004). Such reduction in size with increasing 

crosslinker concentration was also observed by He et al. (1999) and Agnihotri and 

Aminabhavi, 2004. Chitosan solution crosslinked with glutaraldehyde and subsequently

176



spray-dried produced particles <10pm as demonstrated by He et al. (1999) and Mi et al. 

(2002). Microspheres having a diameter of -10 pm can be used as injectable suspension 

as the small size of the particles allows free passage through the injection needle 

(Ramstack et al, 2003). Considering the end-use of the microspheres in this study i.e. as 

injectable implants, microspheres with small size (-3-5 pm in diameter) have been 

successfully produced. The size distribution of the microsphere formulations as 

expressed by ‘span index’ were less than 2. Such low polydispersity is indicative of 

narrow size distribution (British Standard # BS 2955, 1993). No change in 

polydispersity was observed Avith increasing glutaraldehyde in the formulations.

S u r f a c e  M o r p h o l o g y : The particles produced had good sphericity as 

revealed by scanning electron microscopy (figures 3.12 and 3.13). Non-crosslinked and 

low crosslinked microspheres had a wrinkled surface morphology which might be due to 

the low viscosity of chitosan. Spray-dried chitosan microspheres with wrinkled surface 

morphology have also been observed by He et al (1999) when microspheres were 

prepared using low viscosity grade chitosan. The wrinkled morphology was replaced by 

a smooth surface as the crosslinking density was increased. During spray drying when 

the liquid droplets are exposed to hot air, rapid solvent evaporation from the surface 

takes place. The solvent loss results in increased polymer concentration; when a critical 

polymer concentration is reached phase transition (gelation) take place on the droplet 

surface, and subsequently a thin shell (crust) is formed. The solvent within the crust 

continues to evaporate from the particles until almost all is removed and dry particles are 

obtained (Wang and Wang, 2002). In case of low viscosity or low crosslinked chitosan 

droplets, the reorganisation of the polymer chain during phase transition at the droplet
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surface might take place freely resulting in a weak gel, which, on drying, adopts a 

wrinkled morphology. In contrast, increased crosslinking in the chitosan droplets 

produces a firmer gel on the surface of the droplet which on drying, exhibits a smooth 

appearance.

S u r f a c e  C h a r g e : Zeta potential is the charge at the interface between a solid 

surface and the liquid medium it is dispersed in. It is a function of the surface charge of 

the particle, any adsorbed layer at the interface, and the nature and composition of the 

surrounding suspension medium. A large zeta potential, either positive or negative, 

promotes a stable dispersion (by causing repulsion) whereas a small zeta potential 

signifies poor stability or an unstable dispersion. A zeta potential greater than ±30 mV is 

considered sufficient to stabilise a dispersion (Greenwood, 2003). Zeta potential of 

chitosan microspheres in deionised water, as determined by the Malvem Zetamaster^^, 

was found to be 35-42 mV. Thus a suspension of chitosan microspheres was expected to 

be stable. The zeta potential of chitosan microspheres was not affected by crosslinking 

density in contrast to reports by He et al (1999) who showed a decrease in zeta potential 

with an increase in crosslinking agent in the formulation. Furthermore, the nature of the 

charge of the entrapped drug did not influence the surface charge of microspheres. This 

indicates that the drugs were entrapped within the microspheres and are not found on the 

particle surface.

178



(i) U ncrosslinked m icrospheres (i i)  1% g lu t a r a id e h y d e - c r o s s l i n k e d
m i c ro s p h e r e s

(iii) 2% glutaraidehyde-crosslinked  
m icrospheres

*4)

(v) 16% glutaraidehyde-crosslinked  
m icrospheres

(iv ) 8% glutaraidehyde-crosslinked  
m icrospheres

(v i) 25%  glutaraidehyde-crosslinked  
m icrospheres

F i g u r e  3.12 Scanning electron micrographs of chitosan microspheres loaded with 
diclofenac sodium shows the wrinkled surface of uncrosslinked microspheres and the 
smoothing of the surface as the crosslinker concentration was increased from 1% to 2, 8, 
16 and 25%.
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(i) U ncrosslinked m icrospheres
( i i )  1% g lu t a r a id e h y d e - c r o s s l i n k e d
m ic r o s p h e r e s

(iii)  2% glutaraidehyde-crosslinked  
m icrospheres

Arc V Spot Maqn Del WD I- - - - - - - - - - - - - - - - - - - - 1 b
300kV30 489?x SE 98 CGOAHHC li;?/03 ret M?3

(v ) 16% glutaraidehyde-crosslinked  
m icrospheres

(iv ) 8% glutaraidehyde-crosslinked  
m icrospheres

(v i) 25%  glutaraidehyde-crosslinked  
m icrospheres

Acr. V Spot Mnqn Del WO I------------------------1 S ,im
8 00kV30 489?x SF 99 CXÎOCMHC 11C«)3 lel M?3

F i g u r e  3.13 Scanning electron micrographs of chitosan microspheres loaded with 
metformin hydrochloride show the wrinkled surface of uncrosslinked microspheres and 
the smoothing of the surface as the crosslinker concentration was increased from 1% to 
2, 8, 16 and 25%.
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E n t r a p m e n t  E f f ic ie n c y : It was thought that increasing the theoretical loading 

of Met HCl and DFNa in the reaction mixture would increase the actual loading of the 

drugs in chitosan microspheres. But concentration of drugs higher than 10% (w/w) 

resulted in un-entrapped drug being observed outside the microspheres. For example, in 

the scanning electron micrographs of 8 % glutaraldehyde crosslinked microspheres 

loaded with 10-40% (w/w) of DFNa, tubular as well as spherical structures were 

observed when 20% and 40% of DFNa had been loaded in the microspheres (figure 

3.14). A high drug loading seems to interfere with the achievement of a good 

microsphere formulation. Thus in the work presented in this thesis, 10% (w/w) of drugs 

was the maximum concentration that could be loaded in the microspheres prepared from 

0.5% (w/v) chitosan solution.

The entrapment efficiency of microspheres for DFNa and Met HCl decreased 

with increasing crosslinking density, the reduction being more acute for DFNa (table 

3.3). For example, 2% glutaraldehyde crosslinked particles loaded with DFNa had 

entrapment efficiency of 76% while 25% glutaraldehyde crosslinked particles had 

entrapment efficiency of 15%. Decreased drug loading with increased glutaraldehyde 

concentration might be due to the increased number of reactions between the secondary 

amino groups of the drugs and glutaraldehyde. The drug-glutaraldehyde complexes 

could be incorporated in the matrix of the microspheres during the spray drying process 

or be spray dried separately to the microspheres and could be subsequently lost in the 

cyclone and not collected, resulting in lower drug loading. The differential scanning 

calorimetry carried out on the drug loaded microspheres (section 3.4.3) points to the 

latter explanation. Decreased drug loading with increasing concentration of 

glutaraldehyde in the formulation was also observed by He et al. (1999).
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At the same crosslinker concentration (e.g. 2% glutaraldehyde) and same 

theoretical drug loading (e.g. 10% w/v); the loading of DFNa was lower than Met HCl. 

This may be attributed to the reduced solubility of DFNa in acidic solution of chitosan. 

DFNa being a weak acid (pKa = 4), would be ~ 50% ionised in chitosan solution (pH ~ 

4). The unionised DFNa could react with glutaraldehyde in the formulation through the 

secondary amine. The glutaraldehyde-DFNa complex might be spray dried separately to 

the microspheres and subsequently be lost in the cyclone and not collected. Met HCl 

being a weak base (pKa 12.4) was soluble in acidic solution of chitosan which resulted 

in more drug loading in the particles. The cationic Met HCl might be repelled by the 

ionised amino groups on the chitosan but it was retained within the formulation and was 

spray-dried together with the crosslinked polymer, resulting in higher loading.

182



T a b l e  3,3 Size, polydispersity, zeta potential, entrapment efficiency and production yield of 
different chitosan microsphere formulations. Data are mean ± standard deviation (STDEV). 
In the table, ‘glut’ is glutaraldehyde and ‘VMD’ is volume median diameter.

Chitosan
(w/v)

Glut
%

(v/v)

DFNa
%

(w/w)

MetHC
%

(w/w)

Size
(VMD)
(pm)

Polydispersity 
(span index)

Zeta
Potential

(mV)

Entrapment
efficiency

(%)

Yield
(%)

0.5 - - - 5.56 ± 
0.49

1.64 ± 
0.54

40.02 ± 
0.52

- 40.0 ± 

1.15
0.5 1 %

(2 ml)
1 0 % - 5.19±

0 . 0 2

1.51 ± 
0.48

40.5 ± 
0.28

71.66 ± 
0.14

41.33 ± 
1.76

0.5 2 %
(2 ml)

1 0 % - 3.14±
0.14

1 .1 1  ± 
0.23

40.5 ± 
0.23

56.13 ± 
0.83

40.0 ± 
2.08

0.5 8%
(2 ml)

1 0 % - 3.38 ± 
0 . 1 2

1 . 2 2  ± 
0.81

39.90 ± 
0.06

40.29 ± 
1.37

36.33 ± 
1.76

0.5 16%
(2 ml)

1 0 % - 3.01 ± 
0 . 1 1

1.51 ± 
0.58

41.67 ± 
0.56

18.90 ± 
0.52

38.33 ± 
1.45

0.5 25%
(2 ml)

1 0 % 2.95 ± 
0.05

1.78 ± 
0.87

39.67 ± 
0.23

15.21 + 
0.95

36.67 ± 
1 . 2 0

0.5 1%
(2 ml)

- 1 0 % 4.89 ± 
0.26

1.26 ± 
0.42

41.97 ± 
0.61

76.89 ± 
0.48

40.0 ± 
0.58

0.5 2 %
(2 ml)

1 0 % 4.03 ± 
0.59

1.29 ± 
0.54

36.37 ± 
0.29

74.16 ± 
0.57

41.33 ± 
2.33

0.5 8 %
(2 ml)

1 0 % 3.86 ± 
0 . 6 6

1.18 + 
0.47

38.47 ± 
0.59

65.65 ± 
0.40

35.67+
1 . 8 6

0.5 16%
(2 ml)

- 1 0 % 3.67 ± 
0.49

1.62 ± 
0.25

41.67 ± 
0.25

52.67 ± 
0.07

33.67 ± 
1 . 2 0

0.5 25%
(2 ml)

- 1 0 % 2.54 ± 
0.58

1.54 ± 
0 . 2 1

35.87 + 
0.30

47.69 ± 
0.15

35.0 ± 
2.08
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(i) 10% (w/w) DFNa -loaded microsphers

(ii) 20% (w/w) DFNa -loaded microspheres

(iii) 40% (w/w) DFNa -loaded microspheres

Figure  3.14 Scanning electron micrographs of 8% (v/v) glutaraldehyde crosslinked 
chitosan microspheres loaded with 10%, 20%, 40% (w/w) diclofenac sodium. The figure 
shows that as drug loading was increased tubular structure as well as spherical 
microspheres was formed upon spray drying.
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3.4 .2  F o u r ie r  t r a n s f o r m -A t t e n u a t e d  t o t a l  r e f l e c t io n  In f a r e d

SPECTROSCOPY ON CHITOSAN MICROSPHERES

The occurrence of the crosslinking reaction of chitosan with glutaraldehyde was 

established by attenuated total reflection Fourier transform infrared spectroscopy. The 

IR spectra of drug-laded spray-dried, chitosan microspheres crosslinked with different 

concentration of glutaraldehyde (0-25%) are shown in figures 3.15 and 3.16. As shown 

in figure 3.1, the crosslinking of chitosan with glutaraldehyde results in depletion of - 

NH2 groups, therefore it was expected that the symmetrical stretch of the -N-H of the 

amino groups observed at 1655 cm'  ̂ would be reduced in intensity with increasing 

glutaraldehyde in the formulation. Along with the changes associated with the amino 

groups, the chemical reaction between chitosan and glutaraldehyde brought about a few 

more changes in the spectra of the crosslinked microspheres as evident from the 

fingerprint region on the right-hand side of the IR spectra.
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% 92
Transmittance

Uncrosslinked CS microspheres 
1% glut CS microspheres
2% glut_CS microspheres 
8% glut_ CS microspheres 
16% glut CS microspheres

25% glut CS microspheres
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Wavenumber (cm' )

F igure 3.15 Infrared spectra o f  chitosan loaded with diclofenac sodium, crosslinked with various concentration o f  gutaraldehyde. In 
the figure 'glut’ is glutaraldehyde and ‘CS’ is chitosan.
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F igure 3.16 Infrared spectra of chitosan loaded with metformin hydrochloride, crosslinked with various concentration of 
glutaraldehyde. In the figure ‘glut’ is glutaraldehyde and ‘CS’ is chitosan.

187



These changes are discussed below:

(i) Reduction in intensity of the symmetrical vn-h  bend of the amino groups at 

1560 cm'  ̂ was observed with increasing glutaraldehyde in the formulation. As the 

glutaraldehyde concentration was increased, more amino groups were involved in 

crosslinking and were therefore absent from the polymeric matrix.

(ii) With increasing concentration of glutaraldehyde, more of the primary alcohol 

(-CH2OH) were involved in crosslinking through hydrogen bonds. This was reflected by 

the successive reduction in the v_c-o- peak intensity at 1406 cm'\

(iii) In the glutaraldehyde crosslinked microspheres, a significant change was 

observed in the 3000-3700cm'^ region of the spectra; the 3400-3200 cm'  ̂ broad peak 

observed in uncrosslinked or low crosslinked chitosan microspheres was gradually 

removed with increasing crosslinking and a stretching of vq -h  is observed at -3000 cm '\

(iv) The vc-H stretching vibrational frequency at 2870 cm'  ̂ was intensified in the 

crosslinked microspheres which might be due to the increased crosslinking between the 

polymeric chains with increasing concentration of the glutaraldehyde. Increase in peak 

intensity of the vc-h asymmetric stretching was also observed by Monteiro Jr and Airoldi 

(1999) in dried sample of chitosan gel crosslinked with various concentration of 

glutaraldehyde.

In a study by Monteiro Jr and Airoldi (1999), IR spectra of glutaraldehyde 

crosslinked chitosan gel showed a peak at 1655 cm'  ̂ due to an imine bond (N=C) and 

another peak at 1562 cm'  ̂ associated with ethylenic bond (C=C). The increase of 

glutaraldehyde in the gel showed a successive increase in intensity of ethylenic bond 

frequency at 1562 cm'V In this study, peaks due to the ShifPs base (imine) or resonance

188



stabilised Schiff s base that give rise to ethylenic bond was not observed. But points (i- 

iv) provide strong evidence for the crosslinking reaction between chitosan and 

glutaraldehyde. The IR spectra of uncrosslinked chitosan microspheres showed 

characteristic peaks of the polymer. A wide band around 3400-3200 cm"̂  due to vq-h  

(from -OH group) stretching vibrations was observed. This band appeared broad due to 

the hydrogen bonding between the hydrogen of the hydroxyl groups and other 

electronegative atoms, such as oxygen and nitrogen on other monomeric units. The 

asymmetric and symmetric N-H stretching of hydrogen bonded primary amine usually 

appears at -3380 cm‘̂  (Silverstein, 1991). Here, the vn-h peak is probably masked by the 

V o-H- The band at 2870 cm'  ̂ is due to the v c-h asymmetric stretching of the alkyl groups 

(-CH2 and -CH3 groups on chitosan). The weak band at -1655 cm'  ̂ is due to the 

symmetric v.c=o stretch in the acetylated amino groups (-NH-COCH3). This peak is 

characteristic of chitosan with acetyl (CH3CO-) groups on the polymeric chain. This 

shows that the chitosan used in this work was partially deactivated. The medium peak at 

1560 cm'  ̂ is due to the symmetric bend of the -NH2 of the amino groups on chitosan 

while the band at 1406 cm'  ̂represents the vc_o_ of the primary alcoholic groups

(-CH2OH). Chitosan presents a small peak at 1153 cm'  ̂ corresponding to the asymmetric 

stretching of the v-c-o-c- (from the bridge oxygen between two monomers) and a sharp 

peak at lOTOcm’  ̂ associated with the symmetric stretching of v.c-o- (from the skeletal 

vibration involving the C-O stretching). These peaks are characteristics of pyranose ring 

and appeared in all the spectra at 1153 cm'  ̂and lOTOcm'  ̂respectively.

The ionic interaction between chitosan and the drug (DFNa or Met HCl) do not 

bring about any structural changes on the polymeric backbone as does the crosslinking
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reaction between chitosan and glutaraldehyde. Thus all the changes observed in the IR 

spectra of drug-loaded formulations (compared with the spectrum of the uncrosslinked 

microspheres without any drug) were due to the reaction between chitosan and 

glutaraldehyde.

3.4 .3  D if f e r e n t ia l  S c a n n in g  C a l o r im e t r y

The physical state of the drugs within the chitosan microspheres was assessed by thermal 

analysis. In this study, a thermogram of chitosan free base could not be obtained as it 

was not possible to obtain a fine powder of chitosan from chitosan flakes. But Zong et 

al. (2 0 0 0 ) and Kitter et al. (2 0 0 2 ) have shown that the thermogram of chitosan free base 

with similar degree of deacetylation (-85%) as used in this work, has a wide 

endothermie peak at around 100 °C and a decomposition peak at around 300 °C. The 

endothermie peak at 100 °C could be due to the vaporization of the water in the polymer 

while the peak at 300 °C is related to chitosan decomposition (Zong et a l, 2000; Kittur 

et a l, 2002). The thermal profiles of pure drugs, blank and drug-loaded chitosan 

microspheres are shown in figure 3.17. The blank chitosan microspheres showed no 

distinct peak which indicates the amorphous nature of the carrier particles (curve b in 

figure 3.17 A and B). Rapid drying process involved in spray drying increases crystal 

lattice imperfections which is reflected in the production of an amorphous or glassy 

form. The small broad peak observed around 274°C is thought to be related to chitosan 

decomposition. The decomposition of spray-dried chitosan microspheres at a lower 

temperature (274 °C) than its native counterpart which decomposes at 300 °C (Zong et
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al, 2000 and Kitter et a l, 2002) might also be attributed to the amorphous content 

produced on spray drying.

(A )

S

350100 150 200 300

Temperature (®C)

(B)

S

o■c

100 200 300

Teinpei ahii e (®C)

F i g u r e  3 . 1 7  DSC thermograms of pure DFNa, curve a in (A); spray-dried chitosan 
microspheres curve b in (A); DFNa-loaded chitosan microspheres, curve c in (A); pure 
Met HCl, curve a in (B); spray-dried chitosan microspheres, curve b in (B); and Met 
HCl-loaded chitosan microspheres, curve c in (B).
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The thermogram of pure DFNa shows that it is present in a crystalline form 

(Tonset = 284.12 ± 0.6 °C, Tpeak = 289.87 ± 0.4 °C, AH= 103.16 ± 5 J/g (curve a in figure 

3.17 A). The peak corresponds to the melting of pure DFNa; the melting point obtained 

in this study is similar to the literature value of 280 °C (British Pharmacopoeia 

Commission, 2007). The peak due to crystalline DFNa is absent in the thermogram of 

microspheres loaded with 10% of the drug (curve c in figure 3.17 A). This indicates that 

DFNa is molecularly dispersed in the chitosan microspheres and thus no melting peak is 

observed. Such a change in state of DFNa when entrapped in microspheres has also been 

observed by Saravanan et al. (2004) and Kurkuri et al. (2004). The decomposition peak 

of chitosan in the drug-loaded particles is shifted to a lower temperature (260 °C) than 

that of the blank microspheres. Molecularly dispersed DFNa seems to reduce the thermal 

stability of chitosan.

As expected, the thermogram of pure Met HCl showed a peak around its melting 

point (Tonset = 233.43 ± 0.4 °C, Tpeak = 236.83 ± 0.5 °C, AH= 314.15 ± 5 J/g (curve a in 

figure 3.17B). The melting point of Met HCl obtained in this study is close to 222-226 

°C quoted in the literature (British Pharmacopoeia Commission, 2007). A very small 

peak near 233 °C in curve c of figure 3.17B indicates the presence of crystalline drug in 

the drug-loaded microspheres. However, the peak is very small. It is possible that most 

of the drug was molecularly dispersed in the microspheres, with some crystalline 

material within or outside the microspheres. This was further tested using X-ray 

diffraction.
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3.4.4 X-RAY POWDER DIFFRACTION

X-ray diffraction spectra (figure 3.18) show that the two drugs were present in the 

amorphous state. X-ray diffraction is commonly used to determine the polymorphic 

forms of a compound that has different crystalline structures for which distinct X-ray 

diffraction patterns are obtained. These patterns are indicative of different spacings in 

the crystal planes, which provide strong evidence for polymorphic differences. In this 

study, X-ray diffraction pattern of chitosan free base could not be obtained as they 

existed as flakes. It was not possible to produce fine powder of chitosan from the flakes. 

But Mi et al (2002) have been successful in obtaining diffraction pattern of chitosan 

free base, where they found that crystallinity of spray dried chitosan microspheres was 

significantly lower than that of the original chitosan powder. In this study, spray-dried 

chitosan microspheres showed amorphous character as observed by the lack of defined 

peaks in the X-ray pattern (a in figures 3.18 A and B). Loss of crystallinity of chitosan 

due to spray drying has also been reported by Asada et al (2004) and Nunthanid et al 

(2004); and reflects the fact that the rapid drying process associated with spray drying 

can result in a more disordered form (Masters, 1991).

The X-ray diffraction pattern of DFNa (b in figure 3.18 A) and of Met HCl (b in 

figure 3.18B) showed sharp peaks which is related to the crystalline nature of the drugs. 

These peaks are absent in the spectra of drug-loaded microspheres (c in figure 3.18 A 

and c in figure 3.18B), confirming that the drugs were molecularly dispersed in the 

particle and that no crystals of drug were present in the microspheres. Molecular 

dispersion of DFNa in chitosan microspheres has been observed by Saravanan et al
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(2004) and Kurkuri et al. (2004). Thus X-ray diffraction confirms the observation that 

the drugs in the microspheres exist as molecular dispersion.
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F ig u r e  3 .18 X-ray diffraction patterns of chitosan microspheres, curve a in (A) and (B); 
pure DFNa, curve b in (A) and pure Met HCl, curve b in (B) and DFNa and Met HCl- 
loaded chitosan microspheres, curves c in (A) and (B) respectively.
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3 .4 .5  E q u i l i b r i u m  s w e l l i n g  o f  c r o s s l i n k e d  m i c r o s p h e r e s

When a crosslinked polymeric matrix comes in contact with a compatible solvent, it does 

not dissolve. Instead, the polymer absorbs solvent until an equilibrium is reached at 

which the swelling force that arises from polymer solvation is balanced by the retractive 

forces imposed by the crosslinks. In the case of an uncharged polymer, the extent of 

swelling depends on the affinity of the polymer backbone for the external solvent. But if 

the polymer contains ionisable groups, electrostatic forces lead to additional swelling. 

This can arise from the electrostatic repulsion between adjacent charges on the polymer. 

Alternatively, the swelling can be viewed as an osmotic pressure effect (Seitz et al, 

1999). Swelling behaviour of polymeric microspheres is an important parameter to 

determine as it dictates the mechanical properties e.g. stability of the microspheres in a 

particular dispersing medium and the rate of drug release from the swollen particles.

In this study, the swelling behaviour of chitosan microspheres was studied in 

deionised water (pH 5.15) as this was the release medium for in vitro release studies. 

Following the swelling behaviour of the particles until and after they have reached 

equilibrium swelling gives a good indication of the stability of the particles in that 

system.

In a preliminary experiment to study the swelling behaviour of uncrosslinked 

chitosan microspheres in deionised water, it was found that no particles could be 

detected by the laser diffraction particle sizer within Ih of incubation. This was because 

the uncrosslinked matrix imbibed a large amount of water within the network due to the 

osmotic driving force of the polymer chain towards infinite dilution, which subsequently
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led to the dissolution of the particles. The lack of retractive force due to the absence of 

crosslinks in the polymer network resulted in loss of mechanical stability.

Crosslinking of the polymeric matrix imparted mechanicail strength to the 

microspheres as demonstrated by the swelling behaviour of the particles in deionised 

water over 9 days (figure 3.19). Swelling of glutaraldehyde crosslinked microspheres in 

deionised water was dependent on crosslinking density. All the microspheres swelled to 

a very small extent. After 24 h incubation, 1, 2, 8 , 16 and 25% glutaraldehyde 

crosslinked microspheres had swelled by 45, 65, 2, 2 and 4 % respectively. Within 2 h, 

the size of 1 -2 % glutaraidehyde-crosslinked microspheres reached a constant value 

while 8-25% crosslinked microspheres swelled by only 2-4% in 24h (figure 3.20). 

Therefore the latter two formulations were left to swell until a constant volume was 

observed (around 96 h). After 9 days incubation, the particles had swelled by 83, 125, 

20, 11 and 8 % respectively. It can be seen that for the low (1 and 2%) crosslinked 

microspheres, half of equilibrium swelling occurred in the first 24 h, while the higher (8 , 

16 and 25%) crosslinked microspheres swelled considerably after the first 24 h 

incubation period.

As expected, when a crosslinker was added to the gel matrix, a decrease in 

percentage swelling was observed. The molecules of the crosslinker are located between 

the chains of chitosan polymer which reduces expansion of the matrix. Highly 

crosslinked microspheres have greater retractive force imposed by the crosslinks in the 

matrix. The greater the number of crosslinker molecules in a hydrogel matrix, the lower 

the swelling of the system (Isik, 2000). Moreover highly crosslinked microspheres have 

tighter structure (smaller pore size) and therefore swell less compared to the
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microspheres with lower crosslinking density (Peppas et a l, 2000a). Crosslinking also 

reduces the number of hydrophilic groups on the chitosan polymer leading to reduced 

swelling.

The swelling behaviour of physically crosslinked chitosan hydrogels presented in 

Chapter 2 (section 2.4.3) is different to the chemically crosslinked chitosan hydrogel 

microspheres used in this study. The hydrogels described in chapter 2 being physically 

crosslinked experienced lower retractive force than those experienced by the 

glutaraldehyde crosslinked systems. In consequence hydrogels showed higher 

equilibrium swelling than the microspheres. Due to the type of crosslinking present in 

the matrix, hydrogels were found to be very fragile at the end of the 6  h in vitro release 

study in deionised water. In contrast, even the microspheres with lowest crosslinking 

density were stable in deionised water at the end of a 3 month stability study (presented 

in section 3.4.7). Thus chemical crosslinking could enable a drug delivery vehicle to act 

as a long acting drug delivery system.
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Figure 3.19 Change in volume median diameter of chitosan microspheres in deionised water over 9 days. Data are mean ± STDEV. In the 
graph ‘Glut’is glutaraldehyde and ‘mem’ is pm.
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3.4 .6  In  v it r o  r e l e a s e  o f  M o d e l  D r u g s  f r o m  c h it o s a n  
M ic r o s p h e r e s

The release of entrapped drug (DFNa or Met HCl) from chitosan microspheres was 

studied in vitro to determine the possibility of influencing drug release by applying 0.4 

mA electric current to a suspension of chitosan microspheres in a custom-made Franz 

diffusion cell using two carbon electrodes. Electrical pulses were applied for 30 min on 

the hour, every hour for 6  hours. Drug release experiments were conducted following 

the hydration of drug-loaded microspheres, during which time some drug diffused out of 

the microspheres into the hydrating medium. As a result, at time zero of the release 

experiments, drug concentration in the medium was not zero.

P a ss iv e  R e l e a s e  o f  M o d e l  D r u g s : Under passive conditions, both the drugs 

were released due to diffusion along a concentration gradient, between the microspheres 

and the receptor phase. The amount of drug released increased with time as evident 

from the release profiles (graph A in figures 3.21, 3.22, 3.23, 3.24, 3.29, 3.30, 3.31 and 

3.32). Microspheres crosslinked with lower glutaraldehyde concentrations had more 

drug entrapped (as discussed in section 3.4.1) and therefore released more drug along 

the steeper concentration gradient (figure 3.25 and 3.33). When the release was 

compared as a percentage of drug entrapped, significant difference between different 

chitosan microspheres was found (Student’s t-test; p>0.05) i.e. there was no relationship 

between the crosslink density and percentage of drug release. At the end of 6  h 

experiment, ~10% of the entrapped DFNa had been released (figures 3.27) while ~80% 

of Met HCl was released (figure 3.35).
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E l e c t r o -s t im u l a t e d  r e l e a s e  o f  D F N a: The cumulative electro-stimulated 

release of DFNa (shown in graph A of figures 3.21, 3.22, 3.23 and 3.24) was found to 

be higher than drug released under passive conditions for all (except for 1 % 

glutaraldehyde- crosslinked microspheres) formulations (Student’s t-test; /?<0.001 for 

2 %, 8 % and 16% glutaraidehyde-crosslinked formulations but /?>0.05 for 1% 

glutaraidehyde-crosslinked formulation). When electric field was applied, the negatively 

charged DFNa electrophoresed towards the anode and diffused out of the particles along 

its concentration gradient. The electrophoresis component was responsible for the 

enhanced drug released when the microspheres were electro-stimulated. 1 % 

glutaraidehyde-crosslinked microspheres being lightly crosslinked had no barrier to 

drug diffusion out of the particles and thus release seemed to be dominated by diffusion 

which resulted in electro-stimulated and passive release being similar.

Looking at the drug release profiles in response to electric pulses, drug 

continued to diffuse out of the gel during pulse ‘off periods, thus electrophoresis could 

not be the only mechanism of drug release in electro-stimulated microspheres. When the 

electric pulse was stopped, drug continued to diffuse out of the gel. It is possible that the 

physical changes that took place in the microspheres during the pulse ‘on’ periods were 

not reversed during the pulse ‘off periods. In some release profiles, more drug seemed 

to be released during pulse ‘on’ periods than ‘off periods and a ‘hint’ of pulsatile 

release could be observed for microspheres crosslinked with 2 , 8  and 16% 

glutaraldehyde, especially at the beginning of the experiments. This can be observed in 

graph (B) of figures 3.21, 3.22, 3.23 and 3.24, where the rate of drug release during each 

pulse (on and off) has been calculated.
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From figure 3.26, it is evident that when electro-stimulated, the lower 

crosslinked particles ( 1  and 2 % glutaraldehyde) released more drug than the higher 

crosslinked microspheres ( 8  and 16% glutaraldehyde). As discussed earlier, this was 

assigned to the higher drug loading in lower crosslinked particles resulting in greater 

drug release along the greater concentration gradient.

At the end of the experiment which lasted 6  h, -10-20% of the entrapped drug 

was released from electro-stimulated microspheres (table 3.4; figure 3.28). DFNa being 

ionically bonded to the polymer network, could not diffuse out of the microspheres 

easily which might account for the lower percentage of drug released fi"om the control 

and electro-stimulated microspheres (figure 3.27 and 3.28 respectively).

E l e c t r o -s t im u l a t e d  r e l e a s e  o f  M e t  HCl: In contrast to DFNa where 

electro-stimulation resulted in enhanced drug release, the electro-stimulated and passive 

release profiles of Met HCl from the microspheres were similar to each other (graph A 

of figures 3.29, 3.30, 3.31 and 3.32) (Student’s t-test; p  > 0.05). This might be due to the 

fact that Met HCl, being cationic, was not ionically bonded to the polymer backbone 

and might even be repelled by the positively charge on the polymer backbone. Thus the 

drug easily diffused out of the network under passive conditions. This phenomenon is 

established by the fact that 60-80% of the drug was released at the end of the 6  h 

experiment (table 3.4; figure 3.35 and 3.36). The rate of drug release fi*om the 

stimulated particles was not different from the control microspheres (graph B of figures 

3.29, 3.30, 3.31 and 3.32). Electro-stimulated Met HCl release fi*om the particles was 

expected to be greater due to electrophoresis of the positively charged Met HCl to the
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cathode. It is possible that the diffusion of Met HCl along its concentration gradient was 

so large that the contribution of electrophoresis was not obvious.

As for DFNa, the lower crosslinked particles released more Met HCl when 

electro-stimulated than the higher crosslinked microspheres. It could be due to the 

higher concentration gradient in the lower crosslinked particles leading to more drug 

release (figures 3.33 and 3.34). Similar to DFNa, the percentage Met HCl release from 

different formulations were similar to one another and did not show any trend in 

percentage release with changing crosslink density (figures 3.35 and 3.36).
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T able  3.4 Amount of drug released at the end of electro-responsive and passive release 
studies. Data are mean ± STDEV (n=3).

Formulation of 
chitosan 

microspheres

Amount of 
DFNa loaded 

(Fg)

Amount of
MetHCl

loaded

(Fg)

Amount of drug released ai 
the end of

6 h experiment 

(Pg)

Percentage of drug 

released 
(%)

Electro-
responsive

Passive Electro-
responsive

Passive

1% (v/v) Glut 
(2ml)

358 ± 
2.8

- 36.84 ± 
6.3

31.91 ± 
1.9

10.29 ± 
1.76

8.9 ± 
1.6

2% (v/v) Glut 
(2ml)

280.66 ± 
4.15

- 47.30 ± 
4.0

17.32 ± 
0.52

16.86 ± 
4.42

6.17±
0.47

8% (v/v) Glut 
(2ml)

214.55 ± 
6.85

- 22.05 ± 
0.52

15.35 ± 
0.52

10.99 ± 
0.62

7.62 ± 
0.16

16% (v/v) Glut 
(2ml)

94.52 ± 
2.60 ■

20.87 ± 
0.40

11.4±
0.71

22.11 ± 
1.91

12.12±

3.4

1% (v/v) Glut 
(2ml)

- 384.40 ± 
2.38

265.67 ± 
11.9

294.36 ± 
21.36

69.143 ± 
3.37

76.58 ± 
5.72

2% (v/v) Glut 
(2 ml)

- 370.81 ± 
2.86

287.54 ± 
15.80

281.17± 
24.29

77.49 ± 
4.47

75.92 ± 
7.1

8% (v/v) Glut 
(2ml)

- 328.25 ± 
2.02

253.37 ± 
1.02

244.25 ± 
4.94

77.20 ± 

0.69
74.42 ± 

1.44

16% (v/v) Glut 
(2ml)

263.37 ± 
0.32

173.51 ± 
2.31

168.55 ± 
6.96

65.88 ± 
0.81

65.44 ± 

2.67
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F ig u r e  3.21 (A) Cumulative release of DFNa from chitosan microspheres crosslinked 
with 1% glutaraldehyde with time and (B) rate of drug release during each period of 
time as shown in graph A. ‘Glut’ = glutaraldehyde, ‘E’= electro-responsive release and 
‘P’ = passive release experiments. Data are mean ± STDEV (n=3).
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Figure 3.22 (A) Cumulative release of DFNa from chitosan microspheres crosslinked 
with 2% glutaraldehyde with time and (B) rate of drug release during each period of 
time as shown in graph A. ‘Glut’ = glutaraldehyde, ‘E’= electro-responsive and ‘P’ = 
passive release experiments. Data are mean ± STDEV (n=3).
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Figure 3.23 (A) Cumulative release of DFNa from chitosan microspheres crosslinked 
with 8% glutaraldehyde with time and (B) rate of drug release during each period of 
time as shown in graph A. ‘Glut’ = glutaraldehyde, ‘E’= electro-responsive and ‘P’ = 
passive release experiments. Data are mean ± STDEV (n=3).
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F igure 3.24 (A) Cumulative release of DFNa from chitosan microspheres crosslinked 
with 16% glutaraldehyde with time and (B) rate of drug release during each period of 
time as shown in graph A. ‘Glut’ = glutaraldehyde, ‘E’= electro-responsive and ‘P’ = 
passive release experiments. Data are mean ± STDEV (n=3).
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F igure 3.25 Cumulative passive release of diclofenac sodium with time from chitosan microspheres crosslinked with various concentration of 
glutaraldehyde. ‘Glut’ = glutaraldehyde, ‘P’= passive release experiments. Data are mean ± STDEV (n=3).
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F i g u r e  3.27 Cumulative passive release of diclofenac sodium with time (in terms of percentage) from chitosan microspheres crosslinked with 
various concentration of glutaraldehyde. ‘Glut’ = glutaraldehyde, ‘P’= passive release experiments. Data are mean ± STDEV (n=3).
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F i g u r e  3.28 Cumulative electro-responsive release of diclofenac sodium with time (in terms of percentage) from chitosan microspheres 
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F igure 3.29 (A) Cumulative release of Met HCl from chitosan microspheres
crosslinked with 1% glutaraldehyde with time and (B) rate of drug release during each 
period of time as shown in graph A. ‘Glut’ = glutaraldehyde, ‘E’= electro-responsive 
and ‘P’ = passive release experiments. Data are mean ± STDEV (n=3).
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F i g u r e  3.30 (A) Cumulative release of Met HCl from chitosan microspheres
crosslinked with 2% glutaraldehyde with time and (B) rate of drug release during each 
period of time as shown in graph A. ‘Glut’ = glutaraldehyde, ‘E’= electro-responsive 
and ‘P’ = passive release experiments. Data are mean ± STDEV (n=3).
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F igure 3.31 (A) Cumulative release of Met HCl from chitosan microspheres
crosslinked with 8% glutaraldehyde with time and (B) rate of drug release during each 
period of time as shown in graph A. ‘Glut’ = glutaraldehyde, ‘E’= electro-responsive 
and ‘P’ = passive release experiments. Data are mean ± STDEV (n=3).
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F igure 3.32 (A) Cumulative release of Met HCl from chitosan microspheres
crosslinked with 16% glutaraldehyde with time and (B) rate of drug release during each 
period of time as shown in graph A. ‘Glut’ = glutaraldehyde, ‘E’= electro-responsive 
and ‘P’ = passive release experiments. Data are mean ± STDEV (n=3).
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F i g u r e  3 .3 4  Cumulative electro-responsive release of metformin hydrochloride with time from chitosan microspheres crosslinked with various 
concentration of glutaraldehyde. ‘Glut’ = glutaraldehyde and ‘E’= electro-responsive release experiments. Data are mean ± STDEV (n=3).
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Figure 3.35 Cumulative passive release of metformin hydrochloride with time (in terms of percentage) from chitosan microspheres with 
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3.4 .7  S t a b il it y  o f  c h it o s a n  m ic r o s p h e r e s  in  d e io n is e d  w a t e r  a n d  
P h o s p h a t e  B u f f e r  Sa l in e

Deionised water was used as the release medium for in vitro release studies. Thus it was 

important to investigate the stability of chitosan microspheres in water. The 2%, 8 % and 

16% glutaraldehyde crosslinked microspheres were incubated in deionised water (pH 

5.18) for ~3 months and the samples were visualised using scanning electron 

microscopy at different time intervals to assess particle degradation, if any. Figures 

3.37, 3.38 and 3.39 show the scanning electron micrographs of glutaraldehyde-chitosan 

microspheres at different time points during the 3-month study. The microspheres were 

found to be very stable and their morphology remained the same throughout the time of 

study. Even the 2% glutaraldehyde crosslinked particles had not totally dissolved by the 

end of the study (figure 3.37). Fewer microspheres seen on days 6 8  and 82 imply that 

some of the microspheres had dissolved. Mechanical stability of the particles in aqueous 

medium is due to the chemical crosslinking of the polymer matrix. From the equilibrium 

swelling study (section 3.4.5), it was demonstrated that microspheres swelled to a very 

small degree, which was mainly due to the crosslinking that provided a compact 

polymeric network, making it difficult for the matrix to imbibe large amounts of water. 

During the stability study which lasted 82 days, the microspheres absorbed water within 

the network due to the osmotic driving force of the polymeric chain towards infinite 

dilution (Peppas et a l, 2000b). But the swelling of the polymeric network was 

constrained by the crosslinked structure which prevented the network from dissolving 

and thus imparted mechanical stability to the system. Indeed such stability is demanded 

of a drug delivery systems aimed to be used as responsive implants.
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Stability of chitosan microspheres in phosphate buffer saline (pH 7.4) provides 

some indication for the in vivo environment. Chitosan microspheres loaded with DFNa 

were not stable in PBS after incubation in PBS for 60 min as shown in SEM 

micrographs (figure 3.40). The 2% glutaraldehyde crosslinked microspheres was almost 

dissolved in PBS (figure 3.40i) while the 8 % and 16% glutaraldehyde crosslinked 

particles as shown in figures 3.40 (ii) and (iii) respectively were found have some 

particles already dissolved. Thus, as expected, higher crosslinked microspheres were 

more stable in PBS than the lower crosslinked particles. Instability of microspheres in 

PBS (in contrast to stability in water) might be due to the ionic interaction between the 

hydroxyl groups on the microspheres and the sodium ions from the physiological saline. 

Association of sodium on chitosan backbone might have reduced the inter-molecular 

interactions between the polymer chains resulting in dissolution of the matrix. White 

deposits on the particles seen in SEM micrographs (figure 3.40) might be precipitates of 

salts from the buffer.
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saline at the end of 60 min incubation
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3.5 Conclusion and Future W ork

3.5.1 C o n c lu s io n

Crosslinking of particles with different concentrations of glutaraldehyde and 

subsequently spray drying, produced chitosan microspheres with good sphericity and 

polydispersity. The particles were 3-5 |im in diameter and had surface charge of 35-42 

mV. The crosslinking reaction between glutaraldehyde and chitosan was established by 

infrared spectroscopy. Lower crosslinked particles had higher encapsulation efficiency 

than higher crosslinked microspheres. Particles with entrapment efficiency of -70% for 

DFNa or Met HCl could be obtained. X-ray diffraction and differential scanning 

calorimetry indicated that the drugs were molecularly dispersed in chitosan 

microspheres. Glutaraldehyde-crosslinked particles did not exhibit a high equilibrium 

swelling. In a 3 month long study, particles were found to be very stable in deionised 

water, but not so stable in PBS. Particles loaded with the anionic drug, DFNa were 

electro-responsive and released greater amount of drug when electro-stimulated. In 

some experiments, more drug was released during the pulse ‘on’ compared to pulse 

‘off periods resulting in a weak pulsatile release profile, especially at the beginning of 

the experiment. In contrast, microspheres loaded with Met HCl failed to demonstrate 

any electro-responsiveness. Pulsatile ‘on-off release pattern could not be established in 

vitro. Due to their greater drug loading, the lower crosslinked particles released more 

drug when electro-stimulated and under passive conditions, than the higher crosslinked 

particles. This is the first study to provide information on the electro-responsiveness of
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chitosan microspheres. The study supports the fact that the charge on the drug plays a 

large role in influencing the possibility of electro-stimulated release from chitosan 

microspheres. The release of anionic drugs such as, DFNa could be electro-controlled 

while the release of cationic drug such as, Met HCl could not be electro-stimulated. 

Thus DFNa-loaded chitosan microspheres were further investigated to establish if the 

release could be electro-controlled in vivo.

3.5.2 F u t u r e  W o r k

(1) The effect of electric field on the swelling behaviour of the microspheres must be 

investigated. This can be conducted by placing a microsphere suspension on a 

microscope slide, applying an electric current and observing the effect of electric field 

on the size of the microspheres using light microspheres.

(2) Experiments can be conducted with current higher than 0.4 mA to investigate the 

effect of current on the release profile. Increased current magnitude has been found to 

increase the drug release from polyelectrolyte hydrogels (Sawahata et al, 1990; Kwon 

et al, 1991b; Hsu et al, 1996; Ramanathan and Block, 2001).
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Ch a pt er  4

Rel e a se  of  D ic lo fen a c  So dium  F ro m  
C h ito sa n  H y d r o g els  in  vivo
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4.1 In t r o d u c t io n

Subcutaneous implantation of electro-responsive drug delivery systems is a feasible 

option in man. When drug delivery is required, an electro-conducting patch connected 

to an electrode (e.g. anode) could be placed on the skin just over the implant. Another 

patch connected to the other electrode could be placed onto adjacent skin and an electric 

field would be applied on the skin. The electric current is expected to stimulate the 

hydrogel and the drug could be released from the gel by mechanisms such as, (i) 

electrophoresis of the drug; (ii) deswelling of the gel; (iii) electroosmosis and drug 

ejection, depending on the nature of the drug and the gel.

In Chapter 2, the electro-stimulated drug release profiles fi-om chitosan 

hydrogels was explored in vitro. In this chapter, the work conducted to assess the in vivo 

responsiveness of the hydrogel is described. Subcutaneous implantation of hydrogel in 

an animal model is the feasible option. Using electro-conducting patches, the implant 

can be electro-stimulated and the release study can be followed.

From the in vitro studies, high molecular weight (hMr) chitosan hydrogels were 

chosen as it was known that hMr gels were more sensitive to electric current than 

medium molecular weight (mMr) hydrogels and released more of the model drug, 

metformin hydrochloride. Moreover, hMr gels were more stable at the end of in vitro 

experiment than mMr gels. It was also shown that hMr hydrogels loaded with 0.2 % 

(w/v) diclofenac sodium (DFNa) released more drug than those gels loaded with 0.1% 

(w/v) DFNa. Metformin hydrochloride-loaded gels were not considered for in vivo 

studies due to the fast and large extent of drug release under passive conditions. Thus 

hMr hydrogels loaded with 0.2% (w/v) DFNa were chosen for the in vivo studies in 

male Wistar rats.
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4.2 A im  and  objectives of the w o r k  described  in  this
CHAPTER

4.2.1 AIM

The aim of this chapter was to determine whether the release of DFNa from hMr 

chitosan hydrogels could be electro-controlled in vivo.

4.2.2 O b jec t iv es

(i) To subcutaneously implant hMr chitosan hydrogels loaded with DFNa under the 

shaved abdominal skin of male Wistar rats, stimulate the hydrogel implant with pulses 

of electric current and determine the amount of DFNa released.

(ii) To determined the adverse effects, if any, of the application of pulses of electric 

current (0.5mA/cm^) on the shaved rat skin.

4.3 Material  AND M ethods

4.3.1 M a t e r i a l s

Male Wistar rats were supplied by Harlan Olac (Bicester,UK). The anaesthetics,

Hypnorm® (0.315 mg fentanyl citrate and 10 mg fluanisone /ml) were purchased from

Janssen, UK, Hypnoval® (5.0 mg/ml midazolam) was purchased from Roche, UK and

Euthatal (200 mg/ml sodium pentobarbitone) was from Rhone Mérieux Ltd., UK.
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Cyanoacrylate adhesive was from Century, Northampton, UK. The silver/silver 

chloride (Ag/AgCl) resting electrocardiogram (ECG) electrodes (length x width = 21 x 

21 mm; adhesive area = 441 mm^) were supplied by Medicotest UK Ltd., UK. 

Microvette 300 lithium heparin coated tubes were supplied by SARSTEDT, 

Akteingesellsch aft and Co., Numbrecht, Germany. Naproxen was purchased from 

Sigma-Aldrich Co. Ltd, Dorset, UK. All other reagents were of analytical grade.

4.3.2 M ethods

4 .3 .2 .1  Pr e p a r a t io n  OF H y d r o g e l  IMPLANTS

The DFNa-loaded chitosan hydrogel (2x2x10 mm) prepared as described in Chapter 2 

(section 2.3.2.4) was hydrated by placing the gel in deionised water for 30 min. Drug 

content of the aqueous solution in contact with the gel during the hydration process was 

determined using Ultraviolet-Visible (UV/VIS) spectrophotometer (DU®-62 

Spectrophotometer, Beckman Instruments, Inc, CA, USA) at 280 nm. This value was 

then subtracted fi*om the original quantity of drug in the gel slab to determine the 

amount present in the implant. Figure 4.1 shows the photographs of (A) an unhydrated 

implant and (B) a hydrated implant.
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(A)

m

(B)

F i g u r e  4.1 Photographs of (A) unhydrated and (B) hydrated chitosan hydrogel 
implant

4 3 . 2 . 2  I n  v i v o  I m p l a n t a t i o n  a n d  R e l e a s e  o f  D i c l o f e n a c  S o d i u m  
F r o m  h y d r o g e l

To demonstrate electro-responsive release of DFNa from chitosan hydrogels, the latter 

can be surgically implanted under the shaved abdominal skin of rats. The implant under 

the skin can be electro-stimulated by electrodes connected to a portable power supply. 

The power supply provides a constant direct current. Any change in resistance 

encountered by the system is compensated by change in voltage; in doing so the system 

provides constant current. There are two ways that the electrodes can be oriented on the 

animals. The first option is to apply one electrode on the abdomen and the other on the 

back (dorsal-ventral) while the second option is to apply both electrodes to the abdomen 

(ventral-ventral). Kagatani et al, 1997, is the only group who has demonstrated the 

electro-stimulated release of a therapeutic moiety in vivo. They investigated the release 

of insulin from a subcutaneous depot of poly(dimethylaminopropylacrylamide)
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hydrogel in rats and found that the orientation of the electrodes did not affect the 

resistance significantly. The two methods produced similar voltages (dorsal-ventral, 5.6,

8.7 and 15.0 V; ventral-ventral, 5.2, 8.1 and 14.0 V) at currents of 1.0, 2.5 and 5 mA 

(0.36 ,0.86 and 1.8 mA/cm^) respectively. Considering the finding that the orientation of 

electrodes did not affect the resistance and the ease of application of Ag/AgCl ECG 

electrodes when place on the same side, ventral-ventral orientation of electrodes was 

used in this study. Human can tolerate direct current densities of < 0.5 mA/cm^ for 1-10 

min during transdermal iontophoresis (Abramson, 1942). Histological analysis by Green 

et al, 1992, reported that 0.36 mA/cm^ for 3 h in hairless rats caused no visible 

morphological changes in the skin compared to those jfrom control rats. Thus in this 

study, electric pulses of 0.4 mA (0.5mA/cm^) for a duration of 10 min was used on rats 

using Ag/AgCl electrodes. These electrodes avoid electrochemical changes at the 

electrodes that might irritate the skin. For electro-stimulation of a delivery vehicle from 

an external electric source, the electric field has to be small enough not to irritate the 

skin, yet large enough to simulate the delivery system implanted subcutaneously. 

Kagatani et al (1997) reported that application of current density of < 0.5 mA/cm^ and 

an application time of < 3  h in  rats did not result in any skin irritation. Based on the 

above information, pulses of 0.4 mA, 0.5mA/cm^ electrical current for 10 min at 0, 30, 

60 and 90 min were applied using Ag/AgCl resting ECG electrodes to evaluate the in 

vivo electro-responsive release of DFNa from chitosan hydrogels and microspheres.
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E x p e r i m e n t a l

0.6 ml/kg of Hypnorm® (0.315 mg fentanyl citrate and 10 mg fluanisone /ml) and 0.5 

ml/kg of Hypnoval (5.0 mg/ml midazolam) were mixed, then injected intraperitioneally 

to attain surgical anaesthesia in male Wistar rats (210-230 g) to last 60 min, at the end 

of which some more Hypnorm® (0.6 ml/kg) was injected intramuscularly to keep the 

animal anaesthetised till the end of the 2 h experiment. The abdominal skin of the rat 

was shaved using clippers and an incision of about 15 mm was made using a scalpel. A 

small pouch was made under the cut skin. The hydrated hydrogel (-2x2*10 mm) was 

then inserted in the pouch and the surgical incision was sealed using cyanoacrylate 

adhesive. Pulses of electrical current (0.4 mA, 0.5mA/cm^) were applied for 10 min at 

0, 30, 60 and 90 min using Ag/AgCl resting ECG electrodes placed on the shaved skin 

of the animal. The anode was placed on the skin just over the implant while the cathode 

was placed 2 cm away; still on the shaved abdominal skin. The experiment was 

followed for 2 h. Figure 4.2 shows a photograph of the experimental set-up. 300 pi of 

blood samples were withdrawn from the tail vein at time zero and then before and after 

every electrical pulse and collected in lithium heparinised Micro vette 300 tubes. The 

blood samples were centrifuged at 2500 rpm for 10 min using a bench-top centrifuge 

(MSE Micro Centaur, Sanyo). The plasma was collected and stored at -20 °C until 

analysed for DFNa by high performance liquid chromatography. Passive release 

experiments (control) were conducted in the same way, except that no electric current 

was applied. The electro-responsive and control experiments were conducted in 

triplicate. At the end of the experiment, the animal was killed by a Schedule 1 standard 

method of humane killing according to The Animal (Scientific Procedures) Act 1986.
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As the animal was unconscious due to the effect of Hypnorm, it was humanely killed by 

intracardiac injection of lethal dosage of Euthatal (sodium pentobarbitone). After the 

animal had died, the hydrogel implant was extracted and the weight was noted to 

determine the percentage weight loss at the end of the study.

electrode

F igure 4.2 A photograph showing the experimental set-up for the in vivo study.
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4 .3 .2 .3  D e t e c t io n  o f  t h e  d r u g  in  t h e  p l a s m a  s a m p l e s  b y  h ig h

PERFORMANCE LIQUID CHROMATOGRAPHY

High performance liquid chromatography (HPLC) is a form of liquid chromatography 

that separates compounds dissolved in solution. It is widely used for the isolation and 

purification of various compounds. In HPLC, narrow columns with internal diameters 

2-80 mm are used. These columns are packed with particles having an average diameter 

of less than 50 microns. Such columns require high pressures (1000-6000 psi) to 

maintain a convenient flow of the eluting solvent, usually in the range 0.1-10 mL/min, 

but occasionally higher. Unlike normal phase chromatography, the more polar 

components of a mixture elute first, since these partition relatively unfavourably on the 

highly non-polar packing. Increasing the polarity of the solvent increases the retention 

time of a particular component. The situation is the reverse of normal adsorption 

chromatography (Harris, 1999).

In HPLC method development of quantitative determination of a compound, the 

use of an internal standard helps to compensate for the errors generated from sample 

preparation and injection into the instrument. In this procedure, an accurate and precise 

volume of an internal standard solution is added to both the sample and the calibration 

sample solution such that they both contain an identical concentration of the internal 

standard. When the sample and the calibration solutions are analysed, the peaks for both 

the internal standard and the analyte are integrated. The area of the analyte peak is 

divided by the area of the internal standard peak to derive a peak area ratio value. If a 

higher injection volume inadvertently occurs, then the area of both the internal standard 

and solute peaks will increase to the same extent and peak area ratio will remain 

constant. Conversely if the injection volume is smaller, both peaks will be
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correspondingly smaller and the peak area ratio value will remain constant. Thus the use 

of an internal standard eliminates errors related to the injection volume and sample 

dilution. An internal standard for an assay is chosen on the basis that the substance 

gives a good peak shape and is resolved from the analyte of interest and any other peaks 

in the separation. Other requirements for an appropriate internal standard include that it 

is stable in solution, is commercially available in high purity form, readily soluble in the 

diluent required, possess high UV activity at the desired wavelength, is inexpensive and 

is non-toxic. Usually a compound with similar chemical and physical properties to the 

drug under investigation is chosen as the internal standard. This helps to attain similar 

solubility and UV absorption at the same wavelength as the drug.

In this study, for the analysis of DFNa by HPLC, naproxen, a nonsteroidal anti

inflammatory drug used in the treatment of inflammatory rheumatoid diseases and to 

relieve acute pain was used as the internal standard. Naproxen is sodium (S-6 -methoxy- 

a-methyl-2-naphthaleneacetic sodium salt; CnH^OsNa). It is a white to slightly yellow 

crystalline powder with a molecular weight of 252.24 and a melting point of 244-246 

°C. It is freely soluble in water (British Pharmacopoeia Commission, 2007). Figure 4.3 

shows the chemical structure of (A) naproxen and (B) diclofenac sodium. The 

aromaticity and the anionic nature of naproxen impart it with similar UV absorption and 

solubility to DFNa.
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CH,COO’ Na Ç1

(A) (B)

Figure 4.3 Chemical structure of (A) naproxen and (B) diclofenac sodium. 

In s t r u m e n t a t io n

HPLC instruments used in this study consisted of (1) a reservoir for mobile phase; (2) a 

pump capable of pumping the eluent through the column and detector up to a pressure 

of 4000 psi and at a flow rate of up to 10 ml/min; (3) a total or partial loop-fill injector 

fitted with a fixed volume loop of between 1 and 2 0 0  îl, the injector injects the sample 

into the eluent stream through a rubber septum; (4) a colunm which is usually a stainless 

steel tube, built to withstand the high pressure; the column is usually packed with 

octadecylsilane coated (ODS-coated) silica gel of average particle diameter of 3.5 or 10 

pm; (5) a detector, which is usually a UV/VIS detector which detects the presence of 

the compound of interest in the eluent from the HPLC colunm. Figure 4.4 shows a block 

diagram showing the various components of a HPLC instrument.

239



Separated compounds 
elute from the column

Waste or Collect

Injector

[C] [B] [A]

Solvent
Delivery
System

Detectors

Recorder

Injection of sample 
mixtures containing 
cmnpounds A, B and C

Concentration

>■ Time

A B r
AM

Chart Record

F ig u r e  4.4 A block diagram showing the various component of a HPLC instrument

E x p e r im e n t a t io n

(I) E x t r a c t io n  o f  D ic l o f e n a c  S o d iu m  f r o m  t h e  P l a s m a  
Sa m p l e s

Prior to the analysis of plasma samples, diclofenac sodium was extracted from plasma 

by a method modified from Billa et al, (2000). Frozen plasma samples were thawed and 

allowed to reach room temperature. A 50 pi aliquot of plasma was placed in a 2 ml 

Eppendorf microcentrifuge tube. 5 pi of naproxen (the internal standard) in methanol 

(HPLC grade 99.8%) was added. The tube was vortex-mixed for 30 s and kept at room

temperature for 10 min. 5 pi of 5M hydrochloric acid and 200 pi of chloroform were
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then added and the mixture was vortexed for 1 min, and centrifuged at 14,000 rpm using 

a bench-top centrifuge (MSE Micro Centaur, Sanyo). Hydrochloric acid was used to 

precipitate the plasma proteins and chloroform was used as the extraction solvent. 

Following centrifugation, the organic layer was transferred into a new Eppendorf tube 

and evaporated to dryness at 45 C under nitrogen gas using a SC3-sample concentrator 

(Dri-Block®, DB-3, Techne, UK). The extraction of the drugs from the aqueous layer 

was repeated two more times with 2 0 0  pi of chloroform and the supernatant (organic 

layer) was added to the dried residue of the first extraction. After evaporation to 

dryness, the dried residue was reconstituted with 50 pi of the mobile phase and 20 pi of 

the resulting solution was injected on to an HPLC column. The mobile phase comprised 

20mM phosphate buffer and acetonitrile (30:70 v/v). The phosphate buffer was made up 

of 20 mM potassium phosphate and 20 mM potassium dihydrogen orthophosphate 

adjusted to pH 7. Peak-area ratios of DFNa: internal standard in samples were used to 

calculate DFNa concentrations in the plasma and blood sample.

For the calibration curve, standard solutions of DFNa were prepared by spiking 

DFNa into blank plasma and blank blood samples, at concentrations of 5-50 ng/ml. 

Naproxen (at 10 ng/ml) was added as the internal standard.

The extraction efficiency was calculated by adding known amounts of DFNa (5, 

10, 20, 30, 40 and 50 ng/ml) to 50pl rat plasma (n = 3). DFNa was extracted as 

described above, and the peak heights of DFNa from spiked plasma samples were 

compared with the peak heights obtained after direct injection of 5, 10, 20, 30, 40 and 

50 ng/ml of DFNa in mobile phase.

Reproducibility of the analysis was evaluated by conducting intra-day (running 

3 times on the same day) and inter-day (running 3 times within successive 7 days with
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at least 24h intervals) tests. Reproducibility precision values were characterised by the 

coefficient of variation [%CV= (standard deviation/mean) x 100].

(n ) HIGH PERFORMANCE LIQUID CHROMATOGRAPHY OF THE PLASMA
E x t r a c t s

High performance liquid chromatography (HPLC) was used to determine the 

concentration of diclofenac sodium in the plasma. The HPLC system comprised a 

Gilson 307 pump (Gilson Medical Electronic, France), a Spectra System UVIOOO 

detector and a Spectra System AS3000 autosampler (Spectra-Physics Analytical, 

California, USA). PC/Chrom^ software were used to analyse the peaks. The HPLC 

separation was performed on a LiChroCART RP C18 column (250 x 4  nim; 5 jim 

particle size; 100 Â pore size) fitted with a LiChrospher® guard cartridge (4 x 4  mm; 

5 pm particle size; 100 Â pore size) supplied by VWR International Ltd Dorset, UK. 

Analysis was run at a flow rate of 1 ml/min with the detector operating at 280 nm.

4 .3 .2 .4  H is t o l o g ic a l  e x a m in a t io n  o f  s k in  a n d  m u s c l e  b io p s ie s

At the end of the in vivo release study on male Wistar rats which lasted 2 h, the skin and 

muscle biopsies from the implant and non-implant sites were examined for any 

morphological changes or immunological responses to implantation and/or the 

application of pulsatile electric current. The tissue biopsies were taken ~25 min after the 

last electrical impulse was applied to the implant site. The tissues were fixed, embedded 

and stained to be viewed under light microscopy as detailed below:

Step 1. Fixation. Approximately Icm^ of the biopsies were submerged in 5 ml
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of 10% (v/v) formalin solution for at least 48 h. Formalin is 10% formaldehyde in an 

aqueous solution buffered to neutral pH. This chemical fixative converts soft tissues to 

harder tissues by reacting with the amino groups of the tissue protein and crosslinking 

them. Formalin also prevents the activity of cellular hydrolytic enzymes (which are 

released when cells die) from degrading tissue components and thereby spoiling tissues 

for microscopy. Thus formalin helps to preserve morphological and molecular 

characteristics of tissues.

Step 2. Embedding. The formalin-fixed tissue samples were then embedded in 

paraffin to be sectioned on a microtome for histological examination under a light 

microscope. This was achieved in two stages. The first stage is a process of gradual 

dehydration, which is accomplished by passing the block of fixed tissue through alcohol 

solutions of increasing strengths to absolute alcohol (from 70% to 100% ethanol). The 

alcohol-dehydrated block of tissue is then passed through successive changes of xylol 

until all the alcohol has been replaced by xylol in a step called ‘clearing.’ The xylol- 

permeated tissue block becomes transparent as it is infiltrated with the solvent. Once 

impregnated with the solvent, the tissue block is placed in melted paraffin in a oven at 

58-60 °C. The heat causes the solvent to evaporate and the melted wax fills in all the 

spaces formerly occupied by water, and when it hardens on cooling, it renders the tissue 

block ready for sectioning. The small block of paraffin containing the tissue was 

sectioned using a microtome to a thickness of 1-20 pm. The sections were floated in 

warm water and then transferred to a glass slide.

Step 3 Staining. Most tissues are colourless, which makes it difficult to observe 

them under a light microscope. Staining is normally done in aqueous solution, so the 

wax that permeates the tissue section needs to be replaced by water. This is achieved by
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attaching the section to a slide and passing it through xylol to remove the paraffin, then 

through absolute alcohol to remove the xylol, then through alcohol rinses of decreasing 

strength, and then through water. The section is now ready for staining. The skin and 

muscle tissues of our experiments were stained with a combination of hematoxylin and 

eosin (H&E). Hematoxylin is a basic dye and stains the tissue components containing 

acidic groups e.g. nuclei of cells. Eosin is an acidic dye and stains the basic components 

present in the cytoplasmic proteins. The dyes stain the tissue components by forming 

electrostatic linkages with ionisable radicals of the tissues. Once stained, the tissue is 

passed through a series of increasing strengths of alcohol to absolute alcohol and then 

xylol. Finally, it is mounted in a drop or two of mounting medium dissolved in xylol. 

Mounting eliminates unwanted diffraction of the light passing through the section. A 

protective glass cover-slip is carefully positioned over the section so that when the xylol 

in the mounting medium evaporates, the cover-slip becomes tightly bonded to the slide 

(Junque et al, 1986). The slides were viewed under an optical microscope (Nikon 

Microphot FXA, Japan).
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4.4 R e s u l t  AND D is c u s s io n

4 .4 .1  C a l i b r a t i o n , a c c u r a c y  a n d  p r e c i s i o n  o f  t h e  h p l c  m e t h o d

The assay method adapted for analysing DFNa in the plasma was optimised by varying 

the mobile phase, flow rate and by using a simple three-step extraction method. The 

proposed method showed no interfering peaks of endogenous substances with DFNa 

and internal standard in plasma. Under the proposed chromatographic conditions used, 

the retention times of internal standard and DFNa were approximately 3 and 9 min 

respectively. Representative chromatograms are shown in figure 4.5.
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F igure 4.5 HPLC chromatogram of DFNa and internal standard: (a) is the drug free 
plasma; (b) is plasma spiked with internal standard (lOpg/ml) and (c) is plasma spiked 
with internal standard (10 pg/ml) and DFNa (5pg/ml).
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A calibration curve for DFNa at concentrations (5, 10, 20, 30, 40 and 50 ng/ml) 

in plasma was prepared. The calibration curve displayed excellent linearity (r  ̂> 0.99) 

over the concentration range investigated. A typical calibration curve obtained in 

plasma was described by y = 0.0002x + 0 .0005, where y is the peak-area ratio of 

DFNa/intemal standard and x is the drug concentration (ng/ml). Figure 4.6 (A) and (B) 

shows the intra-day (within-run) and inter-day (between-run) calibration curves in 

plasma. According to the intra-day and inter-day data, good accuracy and precision 

were observed over the entire concentration range. The within-run and between-run 

variabilities showed coefficient of variation values less than 1 0 % at all the selected 

concentrations. The recovery of the DFNa and the internal standard were above 90%. 

The calibration curve in the blood samples (figure 4.6C) showed extraction efficiency of 

-98 % for all concentrations compared to the concentration extracted from the plasma. 

This shows that DFNa does not bind to red blood cells.
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(A) Intra-day Calibration Curve o f  D FN A  in Plasma Sample
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F i g u r e  4.6 Calibration curve of DFNa in plasma and blood samples: (A) intra-day in 
plasma, (B) inter-day in plasma and (C) intra-day in blood. Data are mean ± STDEV 
(n=3).
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4.4.2 In  v iv o  r e l e a s e  o f  D ic l o f e n a c  S o d iu m  u n d e r  a n  a p p l ie d

ELECTRIC FIELD

Following implantation, the animals were bled to determine the plasma drug release 

profiles for passive and electro-responsive experiments. The cumulative amount of 

DFNa in plasma increased with time (figure 4.7); while the rate of drug release did not 

change significantly with time (figure 4.8).

Under passive conditions, diclofenac levels in plasma increased almost linearly 

with time, and at the end of the 2-hour study, ~ 50% of the gel mass had been lost and 

the plasma drug concentration was equivalent to a drug release of 40%, when drug 

clearance was not taken into account. Upon electro-stimulation, a greater gel mass was 

lost by the end of the 2  h experiment (~80% of the initial gel mass) and more drug was 

present in the systemic circulation, equivalent to a drug release of 70% when drug 

clearance was not taken into account (figure 4.7). The electro-stimulated plasma drug 

concentration profile indicates a slightly greater drug release during the pulse ‘on’ 

periods than during the ‘pulse off periods. However, pulsatile ‘on-off release (where 

the drug release is completely stopped during the ‘off periods) was not achieved. The 

different rates of drug release during pulse ‘on’ and ‘off periods can be easily observed 

in figure 4.8. During pulse ‘off periods, some drug was released from hydrogel, 

probably due to diffusion along the concentration gradient or due to gel deswelling and 

concomitant loss of drug. With repeated electric pulses, the rate of drug release from the 

hydrogel during the pulse ‘on’ periods decreased (figure 4.8). This could be due to 

reduced drug content (hence a lower concentration gradient for drug diffusion and 

electrophoresis) or gel fatigue as a result of gel deswelling (but not re-swelling) with 

time.
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The increased drug release from electro-stimulated chitosan hydrogels is likely 

to be related to the increased loss of gel mass (80% compared to 50% in control 

experiments) that was observed at the end of the 2  h electro-stimulated experiments. 

Electrophoresis of charged drug towards oppositely charged electrodes would not affect 

drug release significantly as it is expected to be hindered in vivo due to competing ions 

of the interstitial fluid and the external location of the electrode. The significant loss of 

gel mass in the control experiments (50%) following only 2 h implantation shows a lack 

of mechanical strength of the hydrogel, which is a characteristic of physical gels 

(Hoffman, 2002), such as ours which had been formed by entanglement of the polymer. 

Entangled chitosan gels have limited mechanical strength and a tendency to dissolve 

(Berger et al, 2004a). Such gel breakdown in vivo (with concomitant release of 

entrapped drug), together with drug diffusion along a concentration gradient, are likely 

to be the main mechanisms of drug release in passive experiments. When electro

stimulated, breakdown of the physical gel is somehow accelerated.

The mechanism(s) by which the application of electric pulses on the skin could 

increase extent of gel breakdown in vivo is not clear. The proposed mechanisms of gel 

deswelling in vitro, i.e. (i) local pH changes due to water electrolysis, (ii) electro

osmosis of water accompanying the migration of the mobile counterions towards the 

oppositely charged electrode and (iii) creation of stress gradient across the gel, are 

likely to be hindered in vivo because of the experimental set-up, where the electrodes 

are far removed from the gel, presence of ions in the interstitial fluid and small amount 

of water in vivo, compared to the in vitro situation. In order to understand the effects of 

electric application on subcutaneously-implanted hydrogels, in vitro experiments 

mimicking the in vivo set-up must be conducted.
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The results obtained in this work confirm those reported by Kagatani et al, 

(1997) who first showed the electrical stimulation of subcutaneously implanted 

hydrogels could affect drug release from the implant. The major difference between this 

study and those conducted by Kagatani et al, (1997) are (i) different gel, (ii) the fact 

that we measured the drug release from gels, while Kagatani et al, (1997) measured the 

levels of blood glucose as an indication of insulin released from the gel, (ii) the position 

of the electrodes (ventral-dorsal while our ventral-ventral) and (iv) the electrical 

protocols (we applied four 1 0  min pulses that were separated by 2 0  min electric-free 

intervals, while Kagatani et al, (1997) applied two pulses (of 1 and 10 min durations 

separated by a 2 h electric-free interval). This comparison shows the large number of 

different set-ups that could be used in vivo, reflects the many different in vitro set-ups 

currently used in electro-responsive studies (Murdan, 2003) and highlights the 

difficulties in comparing the results obtained by different research groups.

The extent of drug release from subcutaneously implanted hydrogels is likely to 

depend on the nature of the polymer, type and size of gel (e.g. physical, crosslinked , gel 

beads, gel hydration, nature of drug (size, shape, charge), drug-gel interactions, 

electrical protocol (position of electrodes, nature of electrode, i.e. cathode/anode, closest 

to the gel, electrical magnitude and density, number of pulses and pulse interval), skin 

permeability and conductivity ( which will be affected by experimental animal, whether 

skin is shaved and hydrated), etc. In future, large number of basic experiments must be 

conducted before we can understand and are able to control electro-stimulated drug 

release in vivo.
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4.4.3 F o r e ig n  b o d y  r e a c t io n  t o  h y d r o g e l  im pla n t

Following the implantation of a foreign material in the body, the immune system 

triggers an inflammatory process with the aim of preventing tissue damage, isolating 

and destroying the foreign material and activating the repair processes. In this work, 

cross-sections of skin and muscle biopsies from the implant and non-implant sites were 

taken ~ 25 min after the last electrical impulse applied in the in vivo experiment. The 

tissues were stained and viewed under light microscopy to determine any acute foreign 

body reaction at the implant site. Due to the short duration of the experiment (2 h), a 

chronic foreign body reaction to the implant was not inevitable. Compared to normal 

skin shown in figure 4.9 (A), a large number of leukocytes were observed in the skin 

over an implant exposed to an electric field (figure 4.9 B). Infiltrated cells were found to 

be predominantly neutrophils, nucleated cells which are stained by hematoxylin dye and 

appear purple. Moreover neutrophils are the first cells to be recruited to the site of an 

inflammation which constitute the acute foreign body reaction by the host. Such an 

infiltration of neutrophils was also observed in the skin over an implant that was not 

exposed to an electric current (figure 4.9 C). This shows that neutrophil infiltration was 

a response to the implantation of the gel, rather than to the electro-stimulation. This was 

confirmed by figure 4.9 (D), which shows a lack of neutrophil response in skin that was 

electro-stimulated, but where no gel had been implanted.

Neither edema, nor bum was observed on the skin exposed to electric current 

and implant. Moreover no changes in morphology of the epidermis were observed due 

to the application of electric field. The non-adverse effect of 0.5 mA/cm^ on the skin 

was also observed in the skin sample from the non-implant site with electrode on it.
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Figure 4.10 shows photomicrographs of the histology of transverse cross- 

sections of stained muscle specimens, taken from underneath the implant. Figure 4.10 

(A) shows the ventral skeletal muscle of a non-experimental male (control) Wister rat 

consisting of large, but varying sized, polygonal cross-sectional regions (cells) with 

peripheral nuclei. Skeletal muscles consist of numerous subunits or bundles called 

fascicles. Fascicles are surrounded by connective tissue and each fascicle is composed 

of numerous muscle fibres (or muscle cells).The extremely elongated muscle fibres 

bond together by connective tissues appear as polygons in the cross-section. Figure 4.10 

(B-C) shows cross-section of muscles fi-om underneath the implant; no acute 

inflammatory reaction was evident in the tissues. The lack of inflammatory reactions on 

the muscles was expected as the gel was only implanted subcutaneously.
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4.5 C o n c l u s io n  a n d  F u t u r e  w o r k

4.5.1 Conclusion

Electro-stimulation of DFNa from subcutaneously implanted hMr chitosan hydrogel in 

rats resulted in increased drug release. An ‘on-ofF application of electric pulses resulted 

in slightly more drug being released during pulse ‘on’ than during pulse ‘off periods. 

Thus this work provides evidence that chitosan hydrogels can be electro-stimulated in 

vivo. Unfortunately drug was also released in the absence of electrical stimulus which 

meant that an ‘on-off pulsatile drug release was not observed. Further work should be 

conducted to improve the pulsatile profile. The release of -40% of the drug under 

passive conditions makes the achievement of ‘on-off pulsatile release more challenging. 

Loss of 50% of gel mass by the end of the 2 h (in control experiments) which is 

associated with the release of 40% of loaded drug, indicates that chitosan hydrogels 

formed by N-acetylation and aggregation are physically weak and thus are unable to 

control the release of DFNa molecules.

Histological examination of the skin from the implant showed only acute 

immune response to the hydrogel implantation, but not to electrical stimulation. Further 

studies need to be conducted to establish the chronic immune responses (if any) to the 

implant. The application of four electrical impulses of 0.4 mA (0.5 mA/cm^) for 10 min 

within 2 h did not cause any bum or edema on the skin. This establishes that 0.5 mA/cm^ 

is safe for use on animals.

To the best of our knowledge, this is the second study that has shown the electro
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responsiveness of poly electrolyte hydrogel in vivo. Further work need to be conducted to 

achieve pulsatile ‘on-ofT drug release from chitosan hydrogels in vivo.

4.5.2 F u t u r e  WORK

The following experiments can be conducted to improve the electro-responsive release 

of drugs from chitosan hydrogel in vivo:

(1) Chitosan hydrogel can be prepared by using chemical crosslinker such as, 

glyoxal and glutaraldehyde, to obtain covalently crosslinked hydrogels. These gels are 

characterised by permanent polymeric network which allows the free diffrision of water. 

Covalently crosslinked polymeric network might reduce breakdown of gels observed in 

this study and such systems would be suitable as implants. Moreover, the release of drug 

from these matrices can be controlled by changing the crosslinking density (Mi et al, 

2000). By varying the crosslink density, it would be possible to control the pore size and 

drug diffusion out of the gel, which in turn might help to reduce or eliminate drug 

release during pulse ‘off periods and thereby achieve a pulsatile ‘on-off effect.

(2) The size of a drug affects its electro-responsive release from a hydrogel 

(Jensen et al, 2002). Thus electro-responsive release of larger therapeutic molecules 

such as, peptides and proteins from chitosan hydrogels could be explored to determine 

whether these molecules are more suitable active agents for pulsatile ‘on-off release.

257



Ch a pt er  5

R elea se  o f  D ic lo fen a c  So dium  fr o m  
Ch ito sa n  M ic r o sph er es  in  vivo

rv -

258



5.1 In t r o d u c t io n

Microspheres as electro-responsive drug delivery vehicles have an advantage over 

hydrogels as they would not need to be surgically implanted in vivo. In chapter 3, the 

electro-responsiveness of chitosan microspheres was discussed Low crosslinked 

microspheres had a high drug loading. This is advantageous for implant as sufficient 

drug can be relezised for assay. In vitro, 2% glutaraldehyde-crosslinked microspheres 

showed statistically significant electro-responsive drug release compared to passive. 

Diclofenac sodium (DFNa)-loaded particles showed higher drug release when electro

stimulated compared to the control experiments. In contrast, the release of metformin 

hydrochloride from chitosan microspheres could not be electro-controlled and the 

electro-stimulated and passive release was similar to each other. For these reasons, 2% 

glutaraldehyde-crosslinked microspheres loaded with DFNa were used in the in vivo 

studies.

In this chapter, attempts have been made to investigate the electro

responsiveness of glutaraldehyde-crosslinked chitosan microspheres in vivo. The 

microspheres were implanted by subcutaneous injection in male Wistar rats and the 

electro-stimulated release of the model drug, DFNa was followed. Histological 

exanimation was carried out on the implant and non-implant sites to investigate the 

effect of electric pulses and of the implant on the surrounding tissues
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5.2 A im  a n d  o b j e c t iv e s  o f  t h e  w o r k  d e s c r ib e d  in

THIS CHAPTER 

5.2.1 AIM

The aim of this chapter was to establish if the release of DFNa from chitosan 

microspheres could be electro-controlled in vivo.

5.2.2 Objectives

(i) To subcutaneously implant chitosan microspheres (crosslinked with 2% 

glutaraldehyde and loaded with DFNa) under the shaved abdominal skin of male Wistar 

rats, to stimulate the microsphere implant with pulses of electric field (0.4 mA, 0.5 

mA/cm^) and determine the amount of DFNa released by analysing the plasma samples 

using high performance liquid chromatography.

(ii) To carry out histological examination on the skin and muscle biopsies from the 

implant and non-implant sites. Skin samples taken from over the implant and non

implant sites where electric field was applied would help to establish if 0.5mA/cm^ 

electric current is suitable for use on animals. It would also help to visualise any adverse 

immunological reactions to the implant. Examination of the muscle tissue from under 

the implant would help to establish if the subcutaneously implanted microspheres would 

initiate immunological reaction on the muscle.
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5.3  M a t e r ia l  &  METHODS

5.3.1 M aterials

Microlance 23 G needle and 5 ml syringes were supplied by Becton & Dickinson, New 

Jersey, USA. All other materials are as described Chapter 4 (section 4.3.1).

5.3.2 M ethods

5.3.2.1  P r e p a r a t io n  o f  t h e  m ic r o s p h e r e s

2 % glutaraldehyde crosslinked chitosan microspheres were prepared as described in 

Chapter 3 (section 3 3.2.1). The particles had a volume median diameter of 3.14 ± 0.14 

pm, zeta potential of 40.5 ± 0.23 mV and drug (DFNa) entrapment efficiency of 56.13 ± 

0.83%. Unhydrated microspheres do not conduct electricity, thus 5 mg of the drug- 

loaded microspheres were hydrated in 3 ml of deionised water for 24 h prior to 

implantation. During the hydration process, some drug was released from the 

microspheres into the hydrating medium. This was not separated out, but the whole 

microsphere suspension, together with the released ‘free’ drug was injected. From 

chapter 3, it is known that only 2% of DFNa was released at the end of a 24 h hydration 

period.

5.3.2.2 I m p la n ta t io n  o f  C h ito s a n  M ic r o s p h e r e s  iN v iv o  an d
ELECTRO-STIMULATION OF THE IMPLANT

0.6 ml/kg of Hypnorm® (0.315 mg fentanyl citrate and 10 mg fluanisone /ml) and 0.5

ml/kg of Hypnoval (5.0 mg/ml midazolam) were mixed and was injected
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intraperitioneally to attain surgical anaesthesia in male Wistar rat (210-23 Og) to last 60 

min, at the end of which some more Hypnorm® (0.6 ml/kg) was injected 

intramuscularly to keep the animal anaesthetised till the end of the experiment which 

lasted 2 h. The abdominal skin of the anaesthetised rat was shaved. Hydrated 

microspheres suspended in deionised water (1.67mg/ml; 2ml) were injected 

subcutaneously using a 23 G needle under the shaved abdominal skin of the rat. 

Ag/AgCl resting ECO electrodes were placed on the skin, the anode being on the top of 

the injection site and the cathode being 2 cm away, also on the shaved skin. Pulses of 

electrical current (0.4 mA, 0.5mA/cm^) were then applied for 10 min at 0, 30, 60 and 90 

min. Blood samples were collected at time 0 and before and after each pulse fi’om the 

tail vein. The plasma was separated from the blood samples and analysed for DFNa by 

High Performance Liquid Chromatography as described in Chapter 4 (section 4.3.2.3). 

The control, i.e. passive release experiments were conducted in the same way except 

that no electric current was applied. At the end of the experiment, the animal was killed 

by a Schedule 1 method of humane killing according to the Animal (Scientific 

Procedures) Act 1986. As the animal was unconscious due to the effect of Hypnorm, it 

was humanely killed by intracardiac injection of lethal dosage of Euthatal (sodium 

pentobarbitone).

S .3 .2 .3  H is t o l o g ic a l  e x a m in a t io n  o f  t h e  im p l a n t e d  sit e

At the end of the in vivo release study which lasted 2 h, skin and muscle biopsies from

the implant and non-implant sites were examined to detect any morphological changes

or immunological responses that might have occurred due to the implantation of a

foreign body. Histological examination of the skin on which electric field was applied
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would help to establish if 0.5mA/cm^ is safe for use on animals. The tissue biopsies 

from the implant site were taken ~ 25 min after the last electrical impulse applied in the 

in vivo experiment. The tissues were fixed, embedded and stained and viewed under 

light microscopy as described in Chapter 4 (section 4.3.2.4).
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5.4 Result & Discussion

5.4.1 Re l e a s e  o f  D ic l o f e n a c  s o d iu m  in  v iv o

2%-glutaraldehyde crosslinked chitosan microspheres loaded with 187.48 ± 2.77 pg of 

DFNa, were hydrated for 24 h. From in vitro studies, it is known that only 2% of DFNa 

was released during the hydration process. This was not separated out and the whole 

microsphere suspension, together with the released ‘free’ drug was subcutaneously 

injected under the shaved abdominal skin of rats. From figure 5.1, it can be seen that the 

electro-stimulated and passive release profiles are similar in shape, but different in 

magnitude. Follovdng implantation in both the cases, a burst release of DFNa was 

observed, after which drug levels in plasma rose much more slowly and seemed to 

plateau (figure 5.1). This is more obvious from figure 5.2 where the rate of drug release 

during each pulse and each pulse interval was calculated. The rate of drug release 

decreased with time. At the end of the 2h experiment, the plasma drug concentration 

can be translated to an electro-stimulated release of 22 ± 7% and a passive release of 10 

± 0.03 % of diclofenac from chitosan microspheres, when clearance from the systemic 

circulation is not taken into account. Under passive conditions, diffusion of the drug out 

of the microspheres along a concentration gradient is thought to be the main mechanism 

of drug release. In contrast, the electro-stimulated experiments, the enhanced drug 

release from these systems is likely to be mainly due to electrophoresis of the drug 

towards the oppositely charged electrode. The stability of the covalently crosslinked 

microspheres in vivo is likely to preclude drug release due to gel degradation, as was 

seen for hydrogels in Chapter 4. Unlike the hMr chitosan hydrogels used in Chapter 4,
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any effect of electro-stimulation on the subcutaneously injected microspheres could not 

be determined due to the latter’s small size, which hindered their recovery and 

subsequent analysis.

When electrical stimulation was applied on the implant site, the burst release of 

DFNa observed was greater than the passive (however, it was not statistically 

significantly different to the passive burst effect; Student’s t-test,/? > 0.05) after which 

DFNa levels rose slowly with the release being slightly greater when the electric field 

was applied than when it was switched off (figure 5.1 and 5.2). The amount of DFNa 

released during the ‘on’ periods was not significantly different to the immediate ‘off 

periods (Student’s t-test,/? > 0.05), except for the first set of pulse ‘on’ and ‘off slopes, 

where P = 0.05. That is, for the most part, a pulsatile release profile was not achieved.

This study provides insight into the electro-responsiveness of chitosan 

microspheres in vivo. Failure to achieve a better pulsatile release profile of DFNa needs 

to be investigated. An ideal responsive system would be the one that releases no drug 

when the electrical stimulus is removed. If the system does release some drug in the 

absence of a stimulus; it should be very low. In this study, the release of drug during the 

‘off period might be prevented by modifying the formulation and using a higher 

crosslinker concentration in the formulation. A tighter polymeric network than that 

provided by 2 % glutaraldehyde might help to eliminate drug release when the current 

was switched off.

265



î
i
•S

I

50 Passive

Ele ctro-s timula te d45

o f f40 o n
o f f35 T o n

o f f30

25

20

o n

o f f

15 o n

10
5

0
10 20 30 40 50 60 70 80 90 100 110 1200

Time (min)

F igure 5.1 Cumulative release of DFNa with time from chitosan microspheres in vivo. 
Data are mean ± STDEV (n=3).

2.5

2.0

1 1.5

1.0

0.5

0.0

-0.5

-1.0

Î

10

DÉ 0̂  i
30 40 6(

□  E lec tro -re sp o n siv e

□  P assive

60 70

Time (min)
90 100

â â

20

F i g u r e  5 .2  The rate o f DFNa release from chitosan microspheres during each period
o f time as shown in figure 5.1. Data are mean ± STDEV (n=3).

266



5 .4 .2  F o r e i g n  b o d y  r e a c t i o n  t o  m i c r o s p h e r e  i m p l a n t

Chitosan microspheres once implanted might initiate inflammation resulting in tissue 

damage or probably total rejection by the host resulting in necrotic tissues. The early 

immune response constitutes the acute phase response which aims to destroy the 

implanted system or lead to a chronic inflammation phase and/or granulation tissue 

development. The acute and chronic immune response to an implant is discussed in 

Chapter 1 (section 1.5.2.1). Investigation into the detailed foreign body reaction was 

beyond the scope of the study due to the short duration of the in vivo release 

experiment.

To evaluate the effect of implant on the tissues around the implant, histological 

examination of the skin and muscle biopsies from the implant with and without 

electrode application were carried out. Cross-sections of the skin and muscle were 

stained with hematoxylin and eosin and viewed under light microscope. Figure 5.3 (A) 

shows a normal abdominal skin from a male Wistar rat with relatively thin epidermis 

(the darker pink outermost layer) and the very thick dermis. The dermis contains 

connective tissue that forms a foundation for the blood vessels, nerves, hair follicles 

and various glands (sweat and sebaceous) that are within this supportive layer. Fat 

tissues were seen deep in the section. The skin from the implant site (with and without 

electrode on it) showed large numbers of leukocytes (figures 5.3 B and C). These 

leukocytes are predominantly neutrophils as they constitute the principal cells of acute 

inflammation. Neutrophils are nucleated cells which are stained purple by hematoxylin 

dye. No change in the morphology of the epidermis was evident due to the application 

of pulsed electric field (0.4 mA, 0.5mA/cm^). The histology of the skin from a non

implant site with electrode on it (figure 5.3 D) had no visible morphological changes
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compared to the control skin. The acute inflammatory response as expressed by the 

infiltration of neutrophils in the skin biopsies from the implant site forms the immediate 

response to tissue damage. This is the body’s mechanism to counter the damaged 

caused by injection of a foreign body and is expected to resolve with time if the foreign 

body is biocompatible.

Establishing chronic inflammation to the chitosan microspheres was beyond the

scope of this study due the short duration of the in vivo release study. But long-term

biocompatibility and biodegradability of chitosan microspheres crosslinked with

glutaraldehyde have been established by Jameela et al (1995) and Mi et al (2002).

Microspheres crosslinked with glutaraldehyde (25% (v/v); 10ml) and loaded with

mitoxantrone are implanted in the gluteal muscle of Wister rats. Scanning electron

micrographs of the microspheres retrieved after 3 months implantation, showed that the

microspheres had degraded, but not to any significant level. Histological examination of

the muscle from the implant site stained with hematoxylin and eosin showed moderate

cellular response with fibrocytes and a few macrophages encircling the microspheres

(Jameela and Jayakrishnan, 1995). High concentration of glutaraldehyde used might

account for the initiation of the chronic immune response to the implant. Chitosan

microspheres crosslinked with lower concentration of the glutaraldehyde were found to

be more biocompatible as observed by Mi et al (2002). They observed lymphocytes in

the skeletal muscles of rats implanted with glutaraldehyde crosslinked microspheres,

retrieved 12 weeks postoperatively. However, tissues retrieved 20 weeks after

implantation showed no signs of inflammatory reactions. The long-term delivery of

therapeutic from chitosan microspheres has also been established. Microspheres

crosslinked with glutaraldehyde (25%; 1ml) and loaded with progesterone, when

implanted in the skeletal muscles of rabbits, released the drug at a constant rate of 1 - 2
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ng/ml for up to 5 months (Jameela et a l, 1998). The biocompatibility and long-term 

release studies carried on chitosan microspheres show that chitosan microspheres 

crosslinked with lower concentration of glutaraldehyde (e.g. those used in the in vivo 

studies) are suitable for use as long-acting electro-responsive delivery systems.

Neither edema, nor bum was observed on the skin subjected to application of an 

electric current. Moreover, the histology results show did not show any morphological 

changes on the epidermis of the skin subjected to electric field. The result confirms the 

results discussed in Chapter 4 (section 4.4.3) and show that 4 pulses of current at 

density of 0.5 mA/cm^ is safe for use in animals.

It was thought that unreacted glutaraldehyde in the microsphere suspension 

could initiate immunological response in the muscle tissues lying underneath the 

implant. Thus biopsies of muscle fi-om underneath the implant and control sites were 

also subjected to histological examination. Figure 5.4 (A) shows the histology of control 

ventral skeletal muscle of a male Wister rat consisting of large, but varying sized, 

polygonal cross-sectional regions (cells) with peripheral nuclei. No acute 

immunological response (identified by the presence of leukocytes, predominantly 

neutrophils) was evident in the muscles from underneath implant sites as shown in 

figures 5.4B and C. This might be due to the subcutaneous implantation of the 

microspheres rather intramuscular implantation.

Other researchers have found that, intramuscular implantation of chitosan

microspheres initiated acute inflammatory response in the tissue. Histological

examination of muscle biopsies implanted with glutaraldehyde crosslinked

microspheres (taken 3 days after implantation) showed infiltration with leucocytes (Mi

et al, 2002). The short duration of our in vivo release study prevents any conclusion to

be drawn on the immunological responses that might be initiated due to long-term
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implantation of the microspheres. However, the results obtained by Mi et al. (2002) it 

could be confirmed that the inflammatory response to the microspheres are a typical 

response to an implant but they did not proceed to a chronic phase as there was no 

inflammatory reaction evident in muscle biopsies from the rats after 2 0  weeks of 

implantation. Therefore the biocompatibility studies performed by Mi et al. (2002) 

helps to conclude that chitosan microspheres would be biocompatible and can be 

explored as long-acting drug delivery system.
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epideripis

A. Normal skin.

m i B. Skin over the implant site onto which an 
g electrode was placed and an electric current was 

applied.

Skin over the implant site which was not
- /' s  exposed to electric current.

 ̂ • — "V. _  '

D. Skin over non-implant site which was 
exposed to electric current.

Figure 5.3 Photomicrographs o f the cross-section o f skin biopsies from the control, 
implant and non-implant sites stained with hematoxylin and eosin (original 
magnification x 10).
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'm m m m
A. Normal muscle.

B. Muscle from underneath the implant 
site with electrode on it was placed and an 
electric current was applied.

C. Muscle from underneath the implant 
J  with no electrode on it.

F igure 5.4 Photomicrographs o f  cross-section o f  muscle biopsies the control, implant 
and non-implant sites stained with hematoxylin and eosin (original magnification was x 
10 ).
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5.5 Conclusions and Future W orks

5.5.1 Conclusion

Chitosan microspheres (crosslinked with 2% glutaraldehyde and loaded with DFNa) 

implanted subcutaneously under the shaved abdominal skin of male Wistar rats and 

subsequently electro-stimulated with pulses of electric current (0.4 mA,0.5mA/cm^) for 

10 min at 0, 30, 60 and 90 min, were found to release significantly more DFNa than in 

control animals. Thus chitosan microspheres have been shown to be electro-responsive 

in vivo. Unfortunately a distinct pulsatile “on-off’ release pattern was not observed. 2% 

glutaraldehyde-crosslinked chitosan microspheres were a relatively slow-releasing 

delivery system suitable for long-acting drug delivery as expected from an implant. This 

is shown by the fact that only 10% and 20% of the DFNa was released from the passive 

and electro-stimulated systems respectively.

Histological examination of the skin and muscles from implant sites did not 

show any severe acute response by the immune system. No adverse effect on the skin 

due to the application of pulses of 0.5mA/cm^ electric field was evident from the 

histological examination. Despite the absence of an obvious ‘on-off pulsatile drug 

absorption profile, this is the first report of electro-responsive drug release from gel 

microspheres in vivo. Further work needs to be conducted to modify the formulation so 

that it could be made more sensitive to electric current; but does not release any drug 

during passive conditions.
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5.5.2 Future W ork

The following experiments can be done to gain more information on the electro

responsiveness of chitosan microspheres:

(1) The chitosan microsphere formulation need to be modified so that it could be 

made more sensitive to electric current; at the same time does not release any drug 

during passive conditions. Crosslinking density determines the passive as well as 

electro-responsive of drug from the microspheres. Formulation having higher 

concentration of glutaraldehyde crosslinker can be explored in vivo. Chitosan 

microspheres ionically crosslinked vrith negatively charged surfactant, sodium dioctyl 

sulfosuccinate can also be investigated as electro-responsive systems. Microscapsules 

prepared from chitosan crosslinked with sodium dioctyl sulfosuccinate have been found 

to be more stable in a liquid than microspheres crosslinked with sodium 

tripolyphosphate (Ibrahim, 2002).

(2) Long-term electro-responsiveness of the microspheres as implant can be done. 

In such a study, electric pulses of 10 min duration will be applied at intervals such as, at 

Oh, 12 h, 24 h, 48 h, 72 h etc. Such studies would help to attain information on the 

stability of the system as electro-responsive vehicle and also help to gain more 

information on the adverse host responses to the microspheres and to the application of 

larger number of electric pulses.
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Hydrogels and microspheres of chitosan have been formulated and characterized for use 

as electro-responsive drug delivery vehicles. Hydrogels can respond to external stimuli, 

possess high mechanical strength and are biocompatible. In contrast to hydrogels, 

microspheres respond more quickly to an external stimulus and they are more suited as 

implants as they can be injected rather than surgically implanted. The electro-responsive 

and passive release of model drugs, diclofenac sodium (DFNa) and metformin 

hydrochloride (Met HCl) from chitosan hydrogels and microspheres were investigated 

in vitro. DFNa is anionic while Met HCl is cationic. These drugs were chosen to 

investigate how the charges on drugs influence their electro-stimulated release from 

chitosan hydrogels and microspheres. The electro-stimulated and passive release of 

DFNa was further investigated in vivo.

Medium molecular weight (mMr) and high molecular weight (hMr) chitosan 

hydrogels were formed by N-acetylation of chitosan. Chitosan of different molecular 

weights were used to see the effect of molecular weight on (i) the mechanical strength 

of hydrogel; (ii) the loading efficiency for the model drugs and (iii) the electro

stimulated release of model drugs from the hydrogels prepared from different molecular 

weights of chitosan. N-acetylation of chitosan was used to prepare hydrogels as this 

method produces gel that can be used as long-term drug delivery system and moreover, 

avoids the use of chemical crosslinker (which can be toxic at high concentrations). The 

gels were clear and transparent but hMr gels were firmer to the touch than mMr gels. 

The mMr and hMr hydrogels had similar swelling ratios which resulted in similar 

loading efficiency for the model drugs. DFNa was loaded as part of the reaction mixture 

while Met HCl was added during the gel hydration process. The electro-responsive 

release of model drugs from chitosan hydrogels was conducted in a custom-made
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release chamber. Gels were placed in water and electricity was conducted by two carbon 

electrodes which were not in contact with the gel. Four 30-min pulses, separated by half 

an hour pulse-free intervals were applied and the release was followed for 6  h. Passive 

release experiments were conducted in the same way except that no electric current was 

applied.

The electro-responsive release of model drugs was higher than release under 

passive conditions. By the end of the 6  h study, approximately 70% of DFNa and -90% 

of Met HCl were released from gels that were electro-stimulated compared to —40% of 

DFNa and -70% Met HCl from the control hydrogels. In electro-stimulated hydrogels, 

drug release was likely to be due to electrophoretic movement of the charged drug 

towards the oppositely charged electrode and diffusion along a concentration gradient. 

Gel deswelling might also have contributed to drug release; though this effect was not 

observed as gel in water could re-imbibe water to re-swell. In contrast to electro

stimulation, diffusion along a concentration gradient, between the gel and the receptor 

phase is expected to be the only mechanism of drug release under passive conditions. 

Diffusion is also expected to be the only mechanism of drug release during the electric 

pulse ‘off periods in the electro-stimulated release experiments. A clear pulsatile ‘on- 

off drug release was not observed when the current was switched on and off, due to 

drug diffusion out of the gel during the pulse ‘off periods. However slightly more drug 

was released during the ‘on’ periods than the preceding and succeeding ‘o ff periods in 

some of the experiments and a hint of pulsatile release was evident in a few of the 

electro-stimulated release profiles.

The charge on the drug also affected drug release from the hydrogels as 

observed from the greater release of Met HCl compared to DFNa. Met HCl being
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positively charged was repelled by the positively charged chitosan, resulting in greater 

release at the end of the experiment. The molecular weight of chitosan influenced 

release of Met HCl but not for DFNa. Met HCl-loaded hMr gels were more sensitive to 

electric current and released more drug than mMr gels.

The in vivo electro-responsiveness of chitosan hydrogels was investigated by 

subcutaneously implanting hMr gels loaded with DFNa under the shaved abdominal 

skin of male Wistar rats, electro-stimulating the gel using electrodes placed on the skin 

and measuring levels of drug in the plasma. hMr gels were used as they were 

mechanically more stable. DFNa was used as the drug as it was not repelled by the 

chitosan polymer and DFNa-loaded gels were found to be slower releasing systems. As 

in the in vitro studies, more drug was released from electro-stimulated hydrogels 

(-70%) than from non-stimulated gels (-40%). Increased drug release could be due to 

forced convection of the drug out of the gel as the latter deswelled upon electro

stimulation. In addition to forced convection and diffusion along a concentration 

gradient also led to drug release. A definite pulsatile release of DFNa was not observed; 

however more drug was released during the pulse ‘on’ periods than during the pulse 

‘off periods, though it was not statistically significant.

Microspheres have advantages over hydrogels as drug carriers as they do not 

need to be surgically implanted, but can be injected and thus surgery is avoided. 

Microspheres were therefore tested as electro-responsive vehicles in vivo. Microspheres 

of low molecular weight chitosan were produced by crosslinking with various 

concentrations of a chemical crosslinker (glutaraldehyde) followed by spray drying. The 

microspheres were 2-5 pm in diameter with positive zeta potential of 35-42 mV. 

Increasing crosslinking density decreased the drug encapsulation efficiency, but had
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little effect on particle swelling. Particles with entrapment efficiency of -70% for DFNa 

or Met HCl could be obtained.

The electro-responsive release of model drugs from chitosan microspheres were 

conducted in a modifield Franz-type diffusion cells using two carbon electrodes. Pulses 

of electric current (0.4 mA; 30 min on and 30 min off; 4 cycles) were applied and the 

release was followed for 6  h by analyzing the amount of drug release. While the release 

of DFNa could be electro-controlled and more DFNa was released during pulse ‘on' 

periods compared to pulse ‘off periods, the release profiles of Met HCl were similar 

under passive and electro-stimulated conditions. A weak pulsatile release profile, 

especially at the beginning of the experiment, was observed for DFNa. At the end of 

the experiment, -10-20% of DFNa was released from electro-stimulated microspheres 

while less than 10% of the drug was released under passive conditions. In contrast, 60- 

80% of Met HCl was released from passive and electro-responsive hydrogels. Higher 

drug release from Met HCl is probably due to the electrostatic repulsion between the 

drug and the polymer. More drug was released from low crosslinked particles than the 

higher crosslinked ones.

Based on the in vitro results, which showed higher drug encapsulation and 

responsiveness of low crosslinked microspheres, 2 % glutaraldehyde crosslinked 

microspheres loaded with DFNa were used for in vivo studies in rats. The microspheres 

were injected subcutaneously under the shaved abdominal skin of rats and pulses of 

electric current were applied and drug levels in plasma were measured. As for in vitro 

experiments, and for the hydrogels, the electro-stimulated microspheres released more 

drugs than the control microspheres. However, the release profiles were quite different 

to those of the subcutaneously-implanted chitosan hydrogels; following a burst release,
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the drug release profile seems to plateau with time. A distinct pulsatile ‘on-off release 

profile was not observed as drug continued to diffuse out during the pulse ‘off periods. 

The microspheres were relatively slow drug-releasing systems compared to the 

hydrogels and released 10% and 20% of DFNa under passive and electro-stimulated 

conditions respectively. The lower drug release could be due to the fact that 

microspheres were covalently crosslinked and thus were less likely to erode in vivo. 

Such a small release in the 2 h experiment is promising for a system aimed for use as 

responsive implants. The stability of microspheres in vivo indicates that the 

mechanism(s) by which electro-stimulation led to increased drug release from chitosan 

microspheres are quite different to those of the hydrogels. Electrophoresis of the 

entrapped drug towards the oppositely charged electrode might have been more 

significant for the microspheres. Histological examination of skin and muscle biopsies 

from the site of implant did not show any severe immune responses to the hydrogels and 

microspheres or to the application of four 10-min pulses of 0.5 mA/cm^.

The lack of toxicity and the hint of a pulsatile release of model drug from 

chitosan hydrogels and microspheres indicate that electro-responsive drug delivery is 

possible in vivo. The study has highlighted the limitations and areas that need to be 

improved e.g. to achieve a pulsatile ‘on-off drug release in response to the ‘on-off 

pulsatile electric application, drug release under passive conditions should be negligible 

and that the gel should recover during pulse ‘off periods so that it can respond to 

subsequent pulse ‘on’ applications. To limit passive drug diffusion, mechanically 

stronger hydrogels, such as covalently crosslinked ones, which do not readily degrade in 

vivo (and thereby release drug), should be used. In addition, drugs that are held more 

strongly within the polymer matrix, due to their larger size (such as proteins) or high

280



drug-polymer charge interactions should be investigated. To enable the gel to recover 

from the effects of an electric pulse before the next electric pulse is applied, the length 

of the pulse ‘off interval could be increased. Super-responsive gels which swell and 

deswell at a faster rate could also be used. In vitro experimental set-ups which mimic 

the in vivo situation more closely must be investigated.

281



B iblio g r a ph y

Abel PU, von Woedtke T (2002). Biosensors for in vivo glucose measurement: can we 
cross the experimental stage. Biosensors and Bioelectronics, 17:1059-1070.

Abrams J, Elkayam U, Thadani U, Fung HL (1998). Tolerance: An Historical 
Overview. The American Journal o f Cardiology, 81: 3A-14A.

Abramson HA (1942). Skin reactions. Journal o f Allergy, 12:169-175.

Agnihotri SA, Aminabhavi TM (2004). Controlled release of clozapine through 
chitosan microparticles prepared by a novel method. Journal o f Controlled Release, 96: 
245-259.

Airoldi C, Monteiro GAG (2000). Chitosan-organosilane hybrids-syntheses, 
characterization, copper adsorption, and enzyme immobilization. Journal o f Applied 
polymer Science, 77: 797-804.

Akala E O, Kopeckova P, Kopecek J (1998). Novel pH-sensitive hydrogels with 
adjustable swelling kinetics. Biomaterials, 19: 1037-1047.

Amiji MM (1995). Permeability and blood compatibility properties of chitosan- 
poly(ethylene oxide) blend membranes for haemodialysis. Biomaterials, 16: 593-599.

Anderson JM, Shive MS (1997). Biodégradation and biocompatibility of PLA and 
PLGA microspheres. Advanced Drug Delivery Reviews, 28: 5-24.

Andrianov AK, Payne LG (1998). Polymeric carriers for oral uptake of 
microparticulates. Advanced Drug Delivery Reviews, 34: 155-170.

Argüelles-Monal W, Hechavarria OL, Rodriguez L, Peniche C (1993). Swelling of 
membranes from the polyelectrolyte complex between chitosan and carboxymethyl 
cellulose. Polymer Bulletin, 31: 471-478.

Asada M, Takahashi H, Okamoto H, Tanino H, Danjo K (2004). Theophylline particle 
design using chitosan by the spray drying. International Journal o f Pharmaceutics, 270: 
167-174.

Attwood, D (2001). Disperse Systems (Chapter 6 ) in Aulton ME (1988). 
Pharmaceutics: the science o f dosage form design, 2°  ̂ edition. Churchill Livingstone, 
London.

Babensee JE, Anderson JM, Mclntire LV, Mikos AG (1998). Host response to tissue 
engineered devices. Advanced Drug Delivery Reviews, 33: 111-139.

Bae YH, Okano T, Kim SW (1991). 'On-off thermo-control of solute transport. II. 
Solute release from thermosensitive hydrogels. Pharmaceutical Research, 8 : 624-628.

282



Bar-Cohen Y (2001). Eîectroactive Polymer (EAP) Actuators as Artificial Muscles, 1  ̂
edition. SPIE Press, Washington.

Berger J, Reist M, Mayer JM, Felt O, Gumy R (2004a). Structure and interactions in 
chitosan hydrogels formed by complexation or aggregation for biomedical applications. 
European Journal o f Pharmaceutics and Biopharmaceutics, 57: 35-52.

Berger J, Reist M, Mayer JM, Felt O, Peppas NA, Gumy R (2004b). Stmcture and 
interactions in covalently and ionically crosslinked chitosan hydrogels for biomedical 
applications. European Journal o f Pharmaceutics and Biopharmaceutics, 57: 19-34.

Bemkop-Schnurch A, Paikl C, Valenta C (1997). Novel bioadhesive chitosan-EDTA 
conjugate protects leucine enkephalin from degradation by aminopeptidase N. 
Pharmaceutical Research, 14: 917-922.

Berthol A, Cremer K, Kreuter J (1996). Influence of crosslinking on the acid stability 
and physicochemical properties of chitosan microspheres. S.T.P. Pharmaceutical 
Sciences, 6 : 358-364.

Bilia A, Carelli V, Di-Colo G, Nannipieri E (1996). In vitro evaluation of a pH-sensitive 
hydrogel for control of GI drug delivery from silicone-based matrices. International 
Journal o f Pharmaceutics, 130: 83-92.

Billa N, Yuen KH, Khader MA, Omar K (2000). Gamma-scintigraphic study of the 
gastrointestinal transit and in vivo dissolution of a controlled release diclofenac sodium 
formulation in xanthan gum matrices. International Journal o f Pharmaceutics, 201: 
109-120.

Bogataj M, Mrhar A, Grabnar I, Rajtman Z, Bukovec P, Srcic S, Urleb U (2000). The 
influence of magnesium stearate on the characteristics of mucoadhesive microspheres. 
Journal o f Microencapsulation, 17: 499-508.

Borchard G ( 2001). Chitosan for gene delivery. Advanced Drug Delivery Reviews, 52: 
145-150.

Brazel CS, Peppas NA (1996). Pulsatile local delivery of thrombolytic and 
antithrombotic agents using poly(N-isopropylacrylamide-co-methacrylic acid) 
hydrogels. Journal o f Controlled Release, 39: 57-64.

Brack HP, Tirmizi SA, Risen J (1997). A spectroscopic and viscometric study of the 
metal ion-induced gelation of the biopolymer chitosan. Polymer, 38: 2351-2362.

British Pharmacopeia Commission (2007). British Pharmacopoeia. Stationary Office, 
London.

British Standards #BS 2955 (1993). British Standards Institution, London.

Brondsted H, Kopecek J (1992). Hydrogels for site-specific dmg delivery to the colon: 
in vitro and in vivo degradation. Pharmaceutical Research, 9(12): 1540-1545.

283



Brownlee M, Cerami A (1979). A glucose-controlled insulin delivery system: 
semisynthetic insulin bound to lectin. Science, 206: 1190-1191.

Brownlee M, Cerami A (1983). Glycosylated insulin complexed to Concanavalin A. 
Biochemical basis for a closed-loop insulin delivery system. Diabetes, 32: 499-504.

Capitani D, Crescenzi V, De Angelis AA, Segre AL (2001). Water in hydrogels. An 
NMR study of water/polymer interactions in weakly crosslinked chitosan networks. 
Macromolecules, 34: 4136-4144.

Chang KLB, Lin J (2000). Swelling behavior and the release of protein from chitosan- 
pectin composite particles. Carbohydrate Polymers, 43: 163-169.

Chen H, Langer R (1998). Oral particulate delivery: status and future trends. Advanced 
Drug Delivery Reviews, 34: 339-350.

Chen X, Li W, Zhong W, Lu Y, Yu T (1997). pH sensitivity and ion sensitivity of 
hydrogels based on complex-forming chitosan/silk fibroin interpenetrating polymer 
network. Journal o f Applied Polymer Science, 65: 2257-2262.

Cheng OX, Jing L, Zhao RZ, Yao KD, Sun PC, Men AJ, Wang WH, Wei L (1998). 
Studies on dynamic behaviour of water in crosslinked chitosan hydrogel. Journal o f 
Applied Polymer Science, 67: 983-988.

Chescoe D, Goodhew PJ (1990). The Operation o f Transmission and Scanning Electron 
Microscopes. Oxford University Press; Royal Scanning Electron Microscopes. New 
York; Oxford.

Chu LY, H JH, Ang HD, lang YJ (2004). Control of pore size and permeability of a 
glucose-responsive gating membrane for insulin delivery. Journal o f Controlled 
Release, 97: 43-53.

Chu LY, Park SH, Yamaguchi T, Nakao SI (2001). Preparation of thermo-responsive 
core-shell microcapsules with a porous membrane and poly(N-isopropylacrylamide) 
gates. Journal o f Membrane Science, 192: 27-39.

Conte U, Giunchedi P (1995). Spray drying as a preparation method of micoparticulate 
drug delivery systems: An overview. S.T.P.Pharmaceutical Sciences, 5: 276-290.

Corrigan OI (1995). Thermal analysis of spray dried products. Thermochemical Acta, 
248: 245-258.

Davis SS (1990). Overcoming barriers to the oral administration of peptide drugs. 
Trends in Pharmacological Sciences, 11: 353-355.

Davis SS (1999). Delivery of peptide and non-peptide drugs through the respiratory 
tract. Pharmaceutical Science and Technology Today, 2: 450-456.

D'Emanuele A, Staniforth JN (1993). Feedback controlled drug delivery using an
284



electro-diffusion pump. Journal o f Controlled Release, 23: 97-104,

De Angelis, Capitani D, Segre A, Crescenzi V (2001). Water in hydrogels. An NMR 
study of water polymer interactions in lightly crosslinked chitosan networks. Polymer 
Preparation, 42: 45-46.

Denkbas EB, Seyyal M, Piskin E (1999). 5-Fluorouracil loaded chitosan microspheres 
for chemoembolization. Journal o f Microencapsulation, 16: 741-749.

Denkbas EB, Seyyal M, Piskin E (2000). Implantable 5-fluorouracil loaded chitosan 
scaffolds prepared by wet spinning. Journal o f Membrane Science, 172: 33-38.

Dong LC, Hoffman AS (1990). Synthesis and application of thermally reversible 
heterogels for drug delivery. Journal o f Controlled Release, 13: 21-31.

Draget KI, Varum KM, Moen E, Gynnild H, Smidsrod O (1992). Chitosan crosslinked 
with Mo(VI) polyoxyanions: A new gelling system. Biomaterials, 13: 635-638.

Edelman R, Russell RG, Losonsky G, Tall BD, Tacket CO, Levine MM, Lewis DH 
(1993). Immunization of rabbits with enterotoxigenic E. coli colonization factor antigen 
(CFA/I) encapsulated in biodegradable microspheres of poly(lactide-co-glycolide). 
Vaccine, 11: 155-158.

Elliott WJ (1998). Circadian variation in the timing of stroke onset: a meta-analysis. 
Stroke, 29(5): 992-996.

Felt O, Buri P, Gumy R (1998). Chitosan: a unique polysaccharide for dmg delivery. 
Drug Development and Industrial Pharmacy, 24: 979-993.

Felt O, Furrer P, Mayer JM, Plazonnet B, Buri P, Gumy R (1999). Topical use of 
chitosan in ophthalmology: tolerance assessment and evaluation of precomeal retention. 
International Journal o f Pharmaceutics, 180: 185-193.

Foster N, Ann CM, Jepson MA, Hirst BH (1998). Ulex europaeus I lectin targets 
microspheres to mouse Peyer's patch M-cells in vivo. Vaccine, 16: 536-541.

Fournier E, Passirani C, Montero-Menei CN, Benoit JP (2003). Biocompatibility of 
implantable synthetic polymeric dmg carriers: focus on brain biocompatibility. 
Biomaterials, 24: 3311-3331.

Fung LK, Saltzman WM (1997). Polymeric implants for cancer chemotherapy. 
Advanced Drug Delivery Reviews, 26: 209-230.

Giacomelli C, Giacomelli FC, Alves LO, Timbola AK, Spinelli A. Electrochemistry of 
vitamin E hydro-alcoholic solutions. Journal o f  the Brazilian Chemical Society, 15 (5): 
748-755.

Gehrke SH, Lee PI (1990). Hydrogels for dmg delivery systems. In: P Tyle (editor), 
Specilalised drug delivery systems. Marcel Dekker, New York, pp. 333-392.

285



George AFR (1992). Structure of chitin and chitosan. In: Chitin Chemistry. MacMillan 
Press, Houndmills, pp. 1-49.

Ghandehari H, Kopeckova P, Kopecek J (1997). In vitro degradation of pH-sensitive 
hydrogels containing aromatic azo bonds. Biomaterials, 18: 861-872.

Giunchedi P, Genta I, Conti B, Muzzarelli RAA, Conte U (1998). Preparation and 
characterization of ampicillin loaded methylpyrrolidinone chitosan and chitosan 
microspheres. Biomaterials, 19: 157-161.

Giunchedi P, Juliano C, Gavini E, Cossu M, Morrenti M (2002). Formulation and in 
vivo evaluation of chlorhexidine buccal tablets prepared using drug-loaded chitosan 
microspheres. European Journal o f Pharmaceutics and Biopharmaceutics, 53: 233-239.

Gong JP, Nitta T, Osada Y (1994). Electrokinetic modeling of the contractile 
phenomena of polyelectrolyt gels. One-dimensional capillary model. Journal o f 
Physical Chemistry, 98: 9587.

Goyal RN, Rastogi A, Sangal A (2001). Electro-oxidation of 6 -mercaptopurine riboside 
with special emphasis on the stability of the dimer in aqueous solutions. New Journal o f 
Chemistry, 25 (4): 545-550.

Greenwood R (2003). Review of the measurement of zeta potentials in concentrated 
aqueous suspensions using electroacoustics. Advances in Colloid and Interface Science, 
106: 55-81.

Green P, Shroot B, Bemerd F, Pilgrim WR (1992). In vitro and in vivo iontophoresis of 
a tripeptide across nude rat skin. Journal o f Controlled Release, 20: 209-218.

Gupta P, Vermani K, Garg S (2002). Hydrogels: from controlled release to pH- 
responsive drug delivery. Drug Discovery Today, 7: 569-579.

Harris DC (1999). Quantitative Chemical Analysis, 5* edition. WH Freeman and 
Company, New York.

He P, Davis SS, Ilium L (1998). In vitro evaluation of the mucoadhesive properties of 
chitosan microspheres. International Journal o f Pharmaceutics, 166: 75-88.

He P, Davis SS, Ilium L (1999). Chitosan microspheres prepared by spray drying. 
International Journal o f Pharmaceutics, 187: 53-65.

Hejazi R, Amiji M (2003). Chitosan-based gastrointestinal delivery systems. Journal o f 
Controlled Release, 89: 151-165.

Herrero-Vanrell R, Refojo MF (2001). Biodegradable microspheres for vitreoretinal 
drug delivery. Advanced Drug Delivery Reviews, 52: 5-16.

Hoffman AS (2002). Hydrogels for biomedical applications. Advanced Drug Delivery 
Reviews, 54: 3-12.

286



Hof&nan AS, Afrassiabi A, Dong LC (1986a). Thermally reversible hydrogels: II. 
Delivery and selective removal of substances from aqueous solutions. Journal o f 
Controlled Release, 4: 213-222.

Hof&nan AS, Afrassiabi A, Dong LC (1986b). Thermally reversible hydrogels: III. 
Immobilization of enzymes for feedback reaction control. Journal o f Controlled 
Release, 4: 222-227.

Hongkee S, Chien YW (2001). Rate control in drug delivery and targeting: 
fundamentals and applications to implantable systems. In: Hillery AM, Lloyd AW, 
Swarbrick J (editors). Delivery and Targeting. Taylor and Francis, London and New 
York, pp. 84-143.

Hovgaard L, Brondsted H (1995). Dextran hydrogels for colon-specific drug delivery. 
Journal o f Controlled Release, 36: 159-166.

Hrushesky WJ (1985).Circadian timing of cancer chemotherapy. Science, 228: 73-75.

Hsu CS, Block LH (1996). Anionic gels as vehicles for electricity-modulated drug 
delivery I. Solvent and drug transport phenomena. Pharmaceutical Research, 13: 1865- 
1870.

Hunter RJ (1989). Foundations o f Colloid Science. Oxford University Press, New York.

Hunter RJ (1981). Zeta potential in colloid science, principles and applications. 
Academic Press, London.

Ibrahim El-G (2002). Development and in vitro evaluation of novel floating chitosan 
microcapsules for oral use: comparison with non-floating chitosan microspheres. 
International Journal o f Pharmaceutics, 249: 7-21.

Ichikawa H, Fukumori Y (1997). New application of acrylic polymers for thermo- 
responsive drug release. S.T.P.Pharmacetical Sciences, 7(6): 526-545.

Ikesue K, Kopeckova P, Kopecek J (1993). Degradation of proteins by guinea pig 
intestinal enzymes. International Journal o f Pharmaceutics, 95: 171-179.

Ilium L (1998). Chitosan and its use as a pharmaceutical excipient. Pharmaceutical 
Research, 15: 1326-1331.

Isik B (2000). Swelling behavior of acrylamide-2-hydroxyethyl methacrylate hydrogels. 
Turkish Journal o f Chemistry, 24: 147-156.

Ito MBA, Ishihara M (2000). Anti-ulcer effects of chitin and chitosan, healthy foods, in 
rats. Japanese Journal o f Pharmacology, 82: 218-225.

Jameela SR, Misra A, Jayakrishnan A (1994). Crosslinked chitosan microspheres as 
carriers for prolonged delivery of macromolecular drugs. Journal o f Biomaterials 
Science. Polymer Edition, 6 : 621-632.

287



Jameela SR, Jayakrishnan A (1995). Glutaraldehyde crosslinked chitosan microspheres 
as a long acting biodegradable drug delivery vehicle: studies on the in vitro release of 
mitoxantrone and in vivo degradation of microspheres in rat muscle. Biomaterials, 16: 
769-775.

Jameela SR, Kumary TV, Lai AV, Jayakrishnan A (1998). Progesterone-loaded 
chitosan microspheres: a long acting biodegradable controlled delivery system. Journal 
o f Controlled Release, 52: 17-24.

Janes KA, Calvo F, Alonso MJ (2001). Polysaccharide colloidal particles as delivery 
systems for macromolecules. Advanced Drug Delivery Reviews, 47: 83-97.

Jayakrishnan A, Jameela SR (1996). Glutaraldehyde as a fixative in bioprostheses and 
drug delivery. Biomaterials, 17: 471-484.

Jensen M, Birch HP, Murdan S, Frokjaer S, Florence AT (2002). Loading into and 
electro-stimulated release of peptides and proteins from chondroitin 4-sulphate 
hydrogois. European Journal o f Pharmaceutical Sciences, 15: 139-148.

Jules SJ (1999). Characterisation of Delivery Systems, Microscopy. In: Mathiowitz E 
(editor). Encyclopedia o f Controlled Drug Delivery. John Wiley & Sons, New York, pp. 
234-249.

Junque RA, Long JA, Gamier J (1986). Basic Histology, 5^ edition. Lange Medical 
Publishers, California.

Kaetsu I, Uchida K, Morita Y, Okubo M (1992). Synthesis of electro-responsive 
hydrogels by radiation polymerization of sodium acrylate. International Journal o f 
Radiation Applications and Instrumentation, 40: 157-160.

Kagatani S, Shinoda T, Konno Y, Fukui M, Ohmura T, Osada Y (1997). 
Electroresponsive pulsatile depot delivery of insulin from 
poly(dimethylaminopropylacrylamide) gel in rats. Journal o f Pharmaceutical Sciences, 
8 6 : 1273-1277.

Kas SH (2004). Chitosan: properties, preparation and application to microparticulate 
systems. Journal o f Microencapsulation, 14: 689-711.

Katono H, Maruyama A, Sanui K, Ogata N, Kano T, Skurai Y (1991). Thermo- 
responsive swelling and dmg release svsdtching of interpenetrating polymer networks 
composed of poly(acrylamide-co-butyl methacrylate) and poly (acrylic acid). Journal o f 
Controlled Release, 16: 215-227.

Kawaguchi H (2000). Functional polymer microspheres. Progress in Polymer Science, 
25: 1171-1210.

Keisuke K (2001). Controlled functionalization of the polysaccharide chitin. Progress 
in Polymer Science, 26: 1921-1971.

Keyse RJ, Garrat-Reed AJ, Goodhew PJ, Lorimer GW (1997). An Introduction to
288



Scanning Transmission Electron Microscopy. Bios Scientific Publishers Ltd, Oxford.

Khalid MN, Ho L, Agnely F, Grossiord JL, Couarraze G (1999). Swelling properties 
and mechanical characterization of a semi-interpenetrating chitosan/polyethylene oxide 
network: comparison with a chitosan reference gel. S.T.P.Pharmaceutical Sciences, 9: 
359-364.

Khor E, Lim LY (2003). Implantable applications of chitin and chitosan. Biomaterials, 
24: 2339-2349.

Kieman JA (2000). Formaldehyde, formalin, paraformaldehyde and glutaraldehyde: 
What they are and what they do. Microscopy Today, 8(1): 8-12.

Kikuchi A, Okano T (2002). Pulsatile drug release control using hydrogels. Advanced 
Drug Delivery Reviews, 54: 53-77.

Kim HJ, Lee HC, Oh JS, Shin BA, Oh CS, Park RD, Yang KS, Cho CS (1999). 
Polyelectrolyte complex composed of chitosan and sodium alginate for wound dressing 
application. Journal o f Biomaterials Science, Polymer Edition, 10: 543-556.

Kim JJ, Park K (2001a). Glucose-Binding property of pegylated concanavalin A. 
Pharmaceutical Research, 18(6): 794-799.

Kim JJ, Park K (2001b). Modulated insulin delivery from glucose-sensitive hydrogel 
dosage forms. Journal o f Controlled Release, 77: 39-47.

Kim SW, Bae YH, Okano T (1992). Hydrogels: Swelling, drug loading and release. 
Pharmaceutical Research, 9: 283-290.

Kittur FS, Harish PKV, Udaya SK, Tharanathan RN (2002). Characterization of chitin, 
chitosan and their carboxymethyl derivatives by differential scanning calorimetry. 
Carbohydrate Polymers, 49: 185-193.

Kost J, Wolfrum J, Langer R (1987). Magnetically enhanced insulin release in diabetic 
rats. Journal o f Biomedical Materials Research, 21: 1367-1373.

Kost J, Leong K, Langer R (1989). Ultrasound-enhanced polymer degradation and 
release of incorporated substances. Proceedings o f the National Academy o f Sciences o f 
the United States o f America, 8 6 : 7663-7666.

Kost J (1999). Intelligent drug delivery systems. In: Mathiowitz E (editor). 
Encyclopedia o f Controlled Drug Delivery. John Wiley & Sons, New York, pp. 445- 
459.

Kost J, Langer R. (2001). Responsive polymeric delivery systems. Advanced Drug 
Delivery Reviews, 46: 125-148.

Kristi J, Smid-Korbar J, Struc E, Schara M, Rupprecht H (1993). Hydrocolloids and 
gels of chitosan as drug carriers. International Journal o f Pharmaceutics, 99: 13-19.

289



Kumar GS (1989). Photochemistry of azobenzene containing polymers. Chemical 
Reviews, 89: 1915-1925.

Kumar N, Ravikumar MNV, Domb AJ (2001). Biodegradable block copolymers. 
Advanced Drug Delivery Reviews^ 53: 23-44.

Kurkuri MD, Aminabhavi TM (2004). Poly(vinyl alcohol) and poly(acrylic acid) 
sequential interpenetrating network pH-sensitive microspheres for the delivery of 
diclofenac sodium to the intestine. Journal o f Controlled Release^ 96: 9-20.

Kwon IC, Bae YH, Kim SW (1991a). Electrically erodable polymer gel for controlled 
release of drugs. Nature, 354: 281-293.

Kwon 1C, You HB, Teruo O, Kim SW (1991b). Drug release from electric current 
sensitive polymers. Journal o f Controlled Release, 17: 149-156.

Kwon IC, Bae YH, Kim SW (1994a). Characteristics of charged networks under an 
electric stimulus. Journal o f Polymer Science, Part B: Polymer Physics, 32: 1085-1092.

Kwon IC, Bae YH, Kim SW (1994b). Heparin release from polymer complex. Journal 
o f Controlled Release, 30: 155-159.

Laursen K, Murdan S, Dimitrijevic D, Florence AT (2001). The formation and swelling 
behaviour of chondroitin. AAPS PharmSci Supplements, 3(3). 
http ://www. aapspharmaceutica. com/ search/abstractview. asp?id=386&ct=01 Abstracts

Lavon I, Kost J (1998). Mass transport enhancement by ultrasound in non-degradable 
polymeric controlled release systems. Journal o f Controlled Release, 54: 1-7.

Lee SJ, Kim SS, Lee YM (2000). Interpenetrating polymer network hydrogels based on 
poly(ethylene glycol) macromer and chitosan. Carbohydrate Polymers, 41: 197-205.

Lee VHL, Yamamoto A (1989). Penetration and enzymatic barriers to peptide and 
protein absorption. Advanced Drug Delivery Reviews, 4: 171-207.

Li SK, D’Emanuele A (2001). On-off transport through a thermoresponsive hydrogel 
composite membrane. Journal o f Controlled Release, 75: 55-67.

Li Q, Dunn ET, Grandmaison WE, Goosen MF A (1997). Applications and properties of 
chitosan. In: Applications and Properties o f Chitosan. Goosen MFA (editor), 
Technomic Publishing Company, Inc. Lancaster, pp. 3-9.

Lim ST, Martin GP, Berry DJ, Brown MB (2000). Preparation and evaluation of the in 
vitro drug release properties and mucoadhesion of novel microspheres of hyaluronic 
acid and chitosan. Journal o f Controlled Release, 6 6 : 281-292.

Lin WJ, Kang WW (2003). Comparison of chitosan and gelatin coated microparticles: 
prepared by hot-melt method. Journal o f Microencapsulation, 20: 169-177.

Lorenzo-Lamosa ML, Remunan-Lopez C, Vila-Jato JL, Alonso MJ (1998). Design of

290



microencapsulated chitosan microspheres for colonic drug delivery. Journal o f 
Controlled Release, 52: 109-118.

Mamada A, Tanaka T, Kungwatchakun D, Irie M (1990). Photoinduced phase transition 
of gels. Macromolecules, 23: 1517-1519.

Masters K (1991). Spray Drying Handbook, 5* edition. Longman Scientific and 
Technical, Essex.

McQueen CE, Boedeker EC, Reid R, Jarboe D, Wolf M, Le M, Brown WR (1993). Pili 
in microspheres protect rabbits from diarrhoea induced by E. coli strain RDEC-1. 
Vaccine, 11: 201-206.

Mi FL, Shyu SS, Chen CT, Schoung JY (1999a). Porous chitosan microsphere for 
controlling the antigen release of Newcastle disease vaccine: preparation of antigen- 
adsorbed microsphere and in vitro release. Biomaterials, 20: 1603-1612.

Mi FL, Shyu SS, Wong TB, Jang SF, Lee ST, Lu TT (1999b). Chitosan-polyelectrolyte 
complexation for the preparation of gel beads and controlled release of anticancer drug. 
II. Effect of pH-dependent ionic crosslinking or interpolymer complex using 
tripolyphosphate or polyphosphate as reagent. Journal o f Applied Polymer Science, 74: 
1093-1107.

Mi FL, Kuan CY, Shyu SS, Lee ST, Chang SF. (2000). The study of gelation kinetics 
and chain-relaxation properties of glutaraldehyde-crosslinked chitosan gel and their 
effects on microspheres preparation and drug release. Carbohydrate Polymers, 41: 389- 
396.

Mi FL, Tan YC, Liang HF, Sung HW (2002). In vivo biocompatibility and degradability 
of a novel injectable-chitosan-based implant. Biomaterials, 23: 81-191.

MonteiroJr OAC, Airoldi C (1999). Some studies of crosslinking chitosan- 
glutaraldehyde interaction in a homogeneous system. International Journal o f  
Biological Macromolecules, 26(2-3), 119-128.

Miyata T, Asami N, Uragami T (1999). A reversibly antigen-responsive hydrogel. 
Nature, 399: 766-769.

Miyata TI, Uragami T, Nakamae K (2002). Biomolecule-sensitive hydrogels. Advanced 
Drug Delivery Reviews, 54: 79-98.

Miyazaki S, Yokouchi C, Takada M (1988). External control of drug release: controlled 
release of insulin from a hydrophilic polymer implant by ultrasound irradiation in 
diabetic rats. Journal o f Pharmacy and Pharmacology, 40: 716-717.

Montisci MJ, Giovannuci G, Duchene D, Ponchel,G (2001). Covalent coupling of 
asparagus pea and tomato lectins to poly(lactide) microspheres. International Journal o f 
Pharmaceutics, 215: 153-161.

Mura F, Zerrouk N, Mennini N, Maestrelli F, Chemtob C (2003), Development and
291



characterization of naproxen-chitosan solid systems with improved drug dissolution 
properties. European Journal o f Pharmaceutical Sciences, 19: 67-75.

Murdan S (2003). Electro-responsive drug delivery from hydrogels. Journal o f 
Controlled Release, 92'. 1-17.

Muzzarelli RAA, Rocchetti A (1985). Determination of the degree of acétylation of 
chitosan by first derivative ultraviolet spectrophotometry. Carbohydrate Polymers, 5: 
461-472.

Nakatsuka S, Andrady AL (1992). Permeability of vitamin B-12 in chitosan 
membranes. Effect of crosslinking and blending with poly(vinyl alcohol) on 
permeability. Journal o f Applied polymer Science, 44: 17-28.

Noble L, Gray AI, Sadiq L, Uchegbu IF (1999). A non-covalently crosslinked chitosan 
based hydrogel. International Journal o f Pharmaceutics, 192: 173-182.

NobuhikoY, Jun N, Teruo O, Yasuhisa S (1993). Regulated release of drug 
microspheres from inflammation responsive degradable matrices of crosslinked 
hyaluronic acid. Journal o f  Controlled Release, 25: 133-143.

Nobuhiko Y, Teruo O, Ysuhisa S (1992). Inflammation responsive degradation of 
crosslinked hyaluronic acid gels. Journal o f Controlled Release, 22: 105-116.

Nunthanid J, Laungtana-Anan M, Sriamomsak P, Limmatvapirat S, Puttipipatkhachom 
S, Lim LY, Khor E (2004). Characterization of chitosan acetate as a binder for sustained 
release tablets. Journal o f Controlled Release, 99: 15-26.

Ofori-Kwakye K, Fell JT, Sharma HL, Smith AM (2004). Gamma scintigraphic 
evaluation of film-coated tablets intended for colonic or biphasic release. International 
Journal o f Pharmaceutics, 270: 307-313.

Ono K, SaitoY, Yura H, Ishikawa K, Kurita A, Akaike T, Ishihara, M (2000). 
Photocrosslinkable chitosan as a biological adhesive. Journal o f Biomedical Materials 
Research, 49: 289-295.

Ormrod DJ, Holmes CC, Miller TE (1998). Dietary chitosan inhibits 
hypercholesterolaemia and atherogenesis in the apolipoprotein E-deficient mouse model 
of atherosclerosis. Atherosclerosis, 138: 329-334.

Osada Y, Hasebe M (1985). Electrically activated mechanochemical devices using 
polyelectrolyte gels. Chemistry Letters, 9: 1285-1288.

Osada Y, Gong JP, Sawahata K (1991). Synthesis, mechanism, and application of an 
electro-driven chemomechanical system using polymer gels. Journal o f 
Macromolecular Science-Pure and Applied Chemistry, A28 (11&12): 1189-1205.

Pai CM, Bae YH, Mack EJ, Wilson DE, Kim SW (1992). Concanavalin A microspheres 
for a self-regulating insulin delivery system. Journal o f Pharmaceutical Sciences, 81: 
532-536.

292



Pandey R, Khuller GK (2004). Chemotherapeutic potential of alginate-chitosan 
microspheres as anti-tubercular drug carriers. Journal o f Antimicrobial Chemotherapy^ 
53: 635-340.

Park H, Park K (1996). Biocompatibility issues of implantable drug delivery systems. 
Pharmaceutical Research^ 13: 1770-1776.

Park JB (1984). Biomaterials Science and Engineering. Plenum Pub Corp Publishing, 
New York, London.

Park SY, Lee BI, Jung ST, Park HJ (2001). Biopolymer composite films based on 
[kappa]-carrageenan and chitosan. Materials Research Bulletin, 36: 511-519.

Patel VR, Amiji MM (1996). Preparation and characterization of freeze-dried chitosan- 
poly(ethylene oxide) hydrogels for site-specific antibiotic delivery in the stomach. 
Pharmaceutical Research, 13: 588-593.

Pavanetto F, Perugini P, Conti B, Modena T, Genta I (1996). Evaluation of process 
parameters involved in chitosan microsphere preparation by the o/w/o multiple 
emulsion method. Journal o f Microencapsulation, 13: 679-688.

Peppas NA, Mikos AG (1986). Preparation methods and structure of hydrogels. In: 
Hydrogels in Medicine and Pharmacy. CRC Press, Boca Raton, pp. 1-27.

Peppas NA, Bures P, Leobandung W, Ichikawa H (2000a). Hydrogels in pharmaceutical 
formulations. European Journal o f Pharmaceutics and Biopharmaceutics, 50: 27-46.

Peppas NA, Huang Y, Torres-Lugo M, Ward JH, Zhang J (2000b). Physicochemical 
and structural designs of hydrogels in medicine and biology. Annual Review of 
Biomedical Engineering, 2: 9-29.

Phaechamud T, Koizumi T, Ritthidej GC (2000). Chitosan citrate as film former: 
compatibility with water-soluble anionic dyes and drug dissolution from coated tablet. 
International Journal o f Pharmaceutics, 198: 97-111.

Qiu Y, Park K (2001). Environment-sensitive hydrogels for drug delivery. Advanced 
Drug Delivery Reviews, 53: 321-339.

Ramanathan S, Block LH (2001). The use of chitosan gels as matrices for electrically- 
modulated drug delivery. Jowrnfl/o/Cnn/rn//e(7 70: 109-123.

Ramstack JM, Riley MGI, Zale SE, Hotz JM, and Johnson OL.(2003). Preparation o f 
injectable suspensions having improved injectability, (Patent # 6,667,061).

Ratner BD (2002). Reducing capsular thickness and enhancing angiogenesis around 
implant drug release systems. Journal o f Controlled Release, 78: 211-218.

Rawle A (2004). Basic Principles o f Particle Size Analysis. Malvern Instruments Ltd, 
Malvern, UK.

293



Rihova B (1996). Biocompatibility of biomaterials: hemocompatibility,
immunocompatiblity and biocompatibility of solid polymeric materials and soluble 
targetable polymeric carriers. Advanced Drug Delivery Reviews^ 21: 157-176.

Rihova B (2000). Immunocompatibility and biocompatibility of cell delivery systems. 
Advanced Drug Delivery Reviews, 42: 65-80.

Risbud MV, Hardikar AA, Bhat SV, Bhonde RR (2000). pH-sensitive ffeeze-dried 
chitosan-polyvinyl pyrrolidone hydrogels as controlled release system for antibiotic 
delivery. Journal o f Controlled Release, 6 8 : 23-30.

Rohindra DR, Nand AV Khurma JR (accessed 2005). Swelling properties of chitosan 
hydrogels. Internet Communication: http://www.usp.ac.fj/spjns/volume22/rohindra.pdf.

Roth-Walter F, Scholl I, Untersmayr E, Fuchs R, Boltz-Nitulescu G, Weissenbock A, 
Scheiner O, Gabor F, Jensen-Jarolim E (2004). M cell targeting with Aleuria aurantia 
lectin as a novel approach for oral allergen immunotherapy. Journal o f Allergy and 
Clinical Immunology, 114: 1362-1368.

Sabnis SS, Block LH (1997). Improved infrared spectroscopic method for the analysis 
of degree of N-deacetylation of chitosan. Polymer Bulletin, 39: 67-71.

Sakkinen M, Marvola J, Kanerva H, Lindevall K, Lipponen M, Kekki T, Ahonen A, 
Marvola M (2004). Gamma scintigraphic evaluation of the fate of microcrystalline 
chitosan granules in human stomach. European Journal o f Pharmaceutics and 
Biopharmaceutics, 57: 133-143.

Sandford PA (1989). Chitosan: commercial uses and potential applications. In: Skjak- 
Braek G, Anthonsen T, Sandford P (editors), Chitin and Chitosan- 
Sources,Chemistry,Biochemistry,Physical Properties and Applications. Elsevier, 
London, pp. 51-69.

Saslawski O, Weingarten C, Benoit JP, Couvreur P (1988). Magnetically responsive 
microspheres for the pulsed delivery of insulin. Life Sciences, 42: 1521-1528.

Sato E, Tanaka T (1988). Kinetics of discontinuous volume-phase transition of gels. 
Journal o f Chemical Physics, 89: 1695-1703.

Sawahata K, Hara M, Yasunaga H, and Osada Y (1990. Electrically controlled drug 
delivery systems using polyelectrolyte gels. Journal o f Controlled Release, 14: 253-262.

Schild HG (1992). Poly(N-isopropylacrylamide): experiment, theory and application. 
Progress in Polymer Science, 17: 163-249.

Seitz WRF, Rooney MITV, Miele EW, Wang H, Kaval N, Zhang L, Doherty S, Milde 
S, Lenda J (1999). Derivatized, swellable polymer microspheres for chemical 
transduction. Analytica ChimicaActa, 400: 55-64.

Setter SM, Iltz JL, Thams J, Campbell RK (2003). Metformin hydrochloride in the 
treatment of type 2 diabetes mellitus: A clinical review with a focus on dual therapy.

294

http://www.usp.ac.fj/spjns/volume22/rohindra.pdf


Clinical Therapeutics, 25(12): 2991-3026.

Seo YJ, Sung WK, Holmberg DL, McRea JC. (1985). Self-regulating insulin delivery 
systems III. In vivo studies. Journal o f Controlled Release, 2; 143-152.

Sershen S, West J (2002). Implantable, polymeric systems for modulated drug delivery. 
Advanced Drug Delivery Reviews, 54: 1225-1235.

Sezer AD, Akbuga J (1995). Controlled release of piroxicam from chitosan beads. 
International Journal o f Pharmaceutics, 121: 113-116.

Shahidi F, Arachchi J, Kamil V, Jeon YJ (1999). Food applications of chitin and 
chitosans. Trends in Food Science & Technology, 10: 37-51.

Shantha KL, Ravichandran P, Rao KP (1995). Azo polymeric hydrogels for colon 
targeted drug delivery. 16: 1313-1318.

Shigna T, Kurauchi T (1990). Deformation of ionic polymer gels by electric fields. 
Journal o f Appllied Polymer Science, 39: 2305-2320.

Shuji S, Seo YJ, McRea JC, Sung WK (1984). Self-regulating insulin delivery systems 
II. In vitro studies. Journal o f Controlled Release, 1: 67-77.

Sieminski AL, Gooch KJ (2000). Biomaterial-microvasculature interactions.
Biomaterials, 21: 2233-2241.

Silverstein RM, Bassler GC, Morrill TC (1991). Spectrometric Identification o f Organic 
Compounds. John Wiley & Sons, New York.

Singh DK, Ray AR. (1999). Controlled release of glucose through modified chitosan 
membranes. Journal o f Membrane Science, 155: 107-112.

Singla AK, Chawla M (2001). Chitosan: some pharmaceutical and biological aspects - 
an update. The Journal o f Pharmacy and Pharmacology, 53: 1047-1067.

Sinha VR, Kumria R (2002). Binders for colon specific drug delivery: an in vitro 
evaluation. International Journal o f Pharmaceutics, 249: 23-31.

Sinha VR, Singla AK, Wadhawan S, Kaushik R, Kumria R, Bansal K, Dhawan S 
(2004). Chitosan microspheres as a potential carrier for drugs. International Journal o f 
Pharmaceutics, 274: 1-33.

Skoog DA, Holler FJ, Nieman TA (1998). Principles o f instrumental analysis, 5* 
edition Saunder College Publishing, Philadelphia.

Song Y, Onishi H, Machida Y, Nagai T (1996). Drug release and antitumor 
characteristics of N-succinyl-chitosanmitomycin C as an implant. Journal o f Controlled 
Release, 42: 93-100.

Souillac P, Rytting JH (1999). Characterization of delivery systems, differential

295



scanning calorimetry. In: Mathiowitz E (editor). Encyclopedia o f Controlled Drug 
Delivery. John Wiley & Co., New York, pp 212- 225.

Sutani K, Kaetsu I, Uchida K (2001). The synthesis and the electric-responsiveness of 
hydrogels entrapping natural poly electrolyte. Radiation Physics and Chemistry, 61: 49- 
54.

Suzuki A, Ishii T, Maruyama Y (1996). Optical switching in polymer gels. Journal o f 
Applied Physics, 80: 131-136.

Suzuki A, Tanaka T (1990). Phase transition in polymer gels induced by visible light. 
Nature, 346: 345-347.

Suzuki Y, Tanihara M, Nishimura Y, Suzuki K, Kakimaru Y, Shimizu Y (1998). A new 
drug delivery system with controlled release of antibiotic only in the presence of 
infection. Journal o f Biomedical Materials Research, 42(1): 112-116.

Takishima J, Onishi H, Machida Y (2002). Prolonged intestinal absorption of 
cephradine with chitosan-coated ethylcellulose microparticles in rats. Biological and 
Pharmaceutical Bulletin, 25: 498-1502.

Tanaka T, Nishio I, Sun ST, and Uneno-Nishio S (1982). The collapse of gels in electric 
field. Science, 218: 467-469.

Tanaka T, Sato E, Hirokawa Y, Hirotsu S, Petermans J (1985). Critical kinetics of 
volume phase transition of gels. Physical Review Letters, 55: 2455-2458.

Taniguchi K, Muranishi S, Sezaki H (1980). Enhanced intestinal permeability to 
macromolecules II. Improvement of the large intestinal absorption of heparin by lipid- 
surfactant mixed micelles in rat. International Journal o f Pharmaceutics, 4: 219-228.

Tanihara M, Suzuki Y, Nishimura Y, Suzuki K, Kakimaru Y, Fukunishi Y (1999). A 
novel microbial infection-responsive drug release system. Journal o f Pharmaceutical 
Sciences, 88: 510-514.

Tasker RAR, Connell BJ, Ross SJ, Elson CM. (1998). Development of an injectable 
sustained-release formulation of morphine: Antinociceptive properties in rats. 
Laboratory Animals, 32: 270-275.

Thacharodi D, Panduranga RK (1995). Collagen-chitosan composite membranes for 
controlled release of propranolol hydrochloride. International Journal o f 
Pharmaceutics, 120: 115-118.

The Merck Index (1996). Budavari S, O'Neil MJ, Smith A, Heckelman PE, Kinneary 
JF (editors). 12̂  ̂edition. Merck and Company, New York.

Tomer R, Dimitrijevic D, Florence AT (1995). Electrically controlled release of 
macromolecules from crosslinked hyaluronic acid hydrogels. Journal o f Controlled 
Release, 33: 405-413.

296



Tomer R, Florence AT (1993). Photo-responsive hydrogels for potential responsive 
release applications. InternationalJournal o f Pharmaceutics^ 99: R5-R8.

Trabelsi SK, Tahar NB, Abdelhedi R (2004). Electrochemica Acta, 49 (9-10): 1647- 
1654.

Trautwein EA, Jurgensen U, Erbersdobler HF (1997). Cholesterol-lowering and 
gallstone-preventing action of chitosan with different degrees of deacetylation in 
hamsters fed cholesterol-rich diets. Nutrition Research, 17: 1053-1065.

Uchegbu IF (2000). Erodible solid hydrogels for delivery o f biologically active 
materials. (Patent WO 00/14155).

Ueno H, Mori T, Fujinaga T (2001). Topical formulations and wound healing 
applications of chitosan. Advanced Drug Delivery Reviews, 52: 105-115.

Valerie D, Vilivalam YD (1998). Pharmaceutical applications of chitosan. 
Pharmaceutical Science & Technology Today, 1: 246-253.

Vasir JK, Tambwekar K, Garg S (2003). Bioadhesive microspheres as a controlled drug 
delivery system. International Journal o f Pharmaceutics, 255: 13-32.

Wan Y, Creber KAM, Peppley B, Bui VT (2003). Ionic conductivity of chitosan 
membranes. Polymer, 44: 1057-1065.

Wang FJ, Wang CH (2002). Sustained release of etanidazole from spray dried 
microspheres prepared by non-halogenated solvents. Journal o f Controlled Release, 81: 
263-280.

Wang M, Fang Y, Hu D (2001). Preparation and properties of chitosan-poly(N- 
isopropylacrylamide) full-IPN hydrogels. Reactive and Functional Polymers, 48: 215- 
221.

Wang M, Qiang J, Fang Y, Hu D, Cui Y, Fu X (2000). Preparation and properties of 
chitosan-poly(N-isopropylacrylamide) semi-IPN hydrogels. Journal o f Polymer 
Science, Part A: Polymer Chemistry, 38: 474-481.

Washington C (1992). Particle Size Analysis in Pharmaceutics and Other Industries: 
Theory and Practice, 1®̂ edition. Ellis Harwood Ltd, Sussex.

Williams DF (1987). Tissue-biomaterial interactions. Journal o f Material Science, 22: 
3421-3445.

Williams DF (1999). The Williams Dictionary of Biomaterials. Liverpool University 
Press, Liverpool, UK.

Williams LL, Webster RD (2004). Electrochemically controlled chemically reversible 
transformation of a-tocopherol (Vitamin E) into its phenoxonium cation. Journal o f the 
American Chemical Society, 126 (39): 12441-12450.

297



Yang Y, Engberts JBFN (2000). Stimuli response of polysoap hydrogels in aqueous 
solution and DC electric fields. Colloids and Surfaces A: Physicochemical and 
Engineering Aspects, 169: 85-94.

Yang YM, Wang JW, Tan RX (2004). Immobilization of glucose oxidase on chitosan- 
SiOi gel. Enzyme and Microbial Technology, 34: 126-131.

Yao KD, Jing L, Cheng GX, Zhao RZ, Wang WH, Long W (1998). The dynamic 
swelling behaviour of chitosan-based hydrogels. Polymer International, 45: 191-194.

Yeh PY, Berenson MM, Samowiz SW, Kopecekova P, Kopecek J (1995). Site specific 
drug delivery and penetration enhancement in the gastrointestinal tract. Journal o f 
Controlled Release, 36: 109-124.

Yin Y, Zhao F, Song XF, Yao KD, Lu WW, Leong JC (2000). Preparation and 
characterization of hydroxyapatite/chitosan-gelatin network composite. Journal o f 
Applied polymer Science, 77: 2929-2938.

Yuk SH, Cho SH, Lee HB (1992). Electric current-sensitive drug delivery systems 
using sodium alginate/polyacrylic acid composites. Pharmaceutical Research, 9: 955- 
957.

Yun YH, Goetz DJ, Yellen P, Chen W (2004). Hyaluronan microspheres for sustained 
gene delivery and site-specific targeting. Biomaterials, 25: 147-157.

Zeng M, Fang Z (2004). Preparation of sub-micrometer porous membrane from 
chitosan/polyethylene glycol semi-IPN. Journal o f Membrane Science, 245: 95-102.

Zhang K, Wu XY (2002). Modulated insulin permeation across a glucose-sensitive 
polymeric composite membrane. Journal o f Controlled Release, 80: 169-178.

Zhang Q, Liu L, Ren L, Wang F (1997). Preparation and characterization of collagen- 
chitosan composites. Journal o f Applied polymer Science, 64: 2127-2130.

Zhang XZ, Zhuo RX, Cui JZ, Zhang JT (2002). A novel thermo-responsive drug 
delivery system with positive controlled release. International Journal o f 
Pharmaceutics, 235: 43-50.

Zhao HR, Wang K, ZhaoY, Pan LQ (2002). Novel sustained-release implant of herb 
extracts using chitosan. Biomaterials, 23: 4459-4462.

Zong Z, Kimura Y, Takahashi M, Yamane H (2000). Characterization of chemical and 
solid state structures of acylated chitosans. Polymer, 41: 899-906.

298



P u blic a tio n s

L Jahan and S. Murdan (2006). “An in vivo investigation into drug release from electro- 
responsive chitosan hydrogels and microspheres.” (Submitted for publication to 
International Journal of Pharmaceutics).

I. Jahan, S. Coppard and S. Murdan ''In-vivo electro-stimulated release of a model drug 
from hydrogels,” British Pharmaceutical Conference, Science Proceedings, 2004, 
abstract 124.

I. Jahan, S. Coppard and S. Murdan, “Electro-stimulated release of a model drug from 
chitosan microspheres - an in vivo study,” British Pharmaceutical Conference, Science 
Proceedings, 2004, abstract 125.

S. Murdan and I. Jahan, “Electro-responsive drug release from chitosan hydrogels and 
microparticles in-vivo'" British Pharmaceutical Conference, Science Proceedings, 2004, 
abstract 281.

I Jahan and S Murdan, “Electro-stimulated release of anionic and cationic drugs from 
chitosan hydrogels,” Proceedings of the Controlled Released Society, 31®̂ International 
Symposium, 2004, poster 334.

I Jahan and S Murdan, “Electro-stimutated release of anionic and cationic drugs from 
chitosan microspheres,” Proceedings of the Controlled Released Society, 31®̂ 
International Symposium, 2004, poster 343.

299


