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SUMMARY

Thermoresponsive hydrogels are a class of “smart” or “environmentally sensitive” systems
with potential for controlling the release of a drug in response to a specific stimulus.
Previous research in the area of thermoresponsive drug delivery did not examine the effect
of the chosen drug on the release pattern obtained. The potential use of thermoresponsive
poly(N-isopropylacrylamide) hydrogels was evaluated in the present thesis by using a
range of model drugs with different physicochemical properties. The characteristics of the
drugs used and their effects on the “smart” behaviour of thermoresponsive hydrogels were

investigated.

Drug release profiles were examined above and below the phase transition temperature of
the hydrogels. The drug release mechanism during the hydrogel swelling period was
approximately diffusion controlled, with some contribution from the swelling process. The
swelling process had a greater effect on the release mechanism of the smaller model drugs.
It was shown that it was possible to alter the mechanism (from Fickian to non-Fickian) and
release rate of a drug by changing the drug loading or the crosslinking content of the

hydrogel, where the swelling characteristics and therefore pore size of the hydrogel was

affected.

An increase in temperature resulted in a decrease in both the rate and extent of hydrogel
swelling, with an effective reversal of thermal control of drug release. The extent of
thermal control depended on the physicochemical properties of the model drug used. The
loaded drug was shown to influence the rate of swelling of the hydrogel, depending on
drug solubility, binding ability or the osmotic effect exerted. The resulting release rates of
the drugs were dependent on the swelling state of the hydrogel and the relationship
between pore size and drug molecular size in solution. The system examined was

particularly useful at preventing the release of model drugs of molecular diameter >10A.

The rate of swelling also affected the extent of deswelling/contraction on switching the
external temperature during pulsatile release studies. The ability to predict the pulse of

drug release caused by hydrogel contraction was shown by knowledge of the hydrogel



swelling and deswelling rates, drug solubility and the existence of a drug molecular size

gradient within the loaded gel.

The chemical nature of the chosen drug was important in thermoresponsive drug delivery
systems. Binding was shown between the benzoates and the linear polymer by DSC,
transmittance measurements, FTIR and phase solubility techniques. Direct binding
isotherms were also established with the crosslinked system, where the benzoates
significantly affected the swelling of the hydrogel. =~ The binding was hydrophobic in
nature between the polymer isopropyl group and the benzene ring/ester side chain of the
benzoate and the effect was clarified in terms of the influence of the binding on the
position of the phase transition temperature of the polymer/hydrogel. Molecular
modelling, in conjunction with the techniques mentioned above, confirmed the importance
of the alkyl side chain of the esters in the binding process and suggested two different

benzoate-polymer binding orientations depending on the functional groups present on the

drug molecule.

The benzoate-polymer binding was sufficient to control the rate of swelling of all the
hydrogels examined and a new type of swelling front was discussed. The effect of binding
was to slow the release rate directly as well as slowing the rate indirectly by controlling the
effective pore size and volume of media available for diffusion. Drug binding, as well as
the effect of swelling, was shown to cause deviations from a Fickian diffusional release
mechanism.  The hydrophobic binding process discussed significantly affected the
thermoresponsive nature of the hydrogels with consequences for hydrogel swelling and the

rate of drug release.

The current thesis therefore highlighted the role played by the drug in controlling the
release characteristics from thermoresponsive “smart” hydrogels. Drug physicochemical

properties such as solubility, size and chemical nature were of particular importance.
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ORIGIN AND SCOPE

Poly(N-isopropylacrylamide) (PNIPA) based hydrogels possess a lower critical solution
temperature (LCST) which allows them to swell below this temperature and shrink/deswell above
this temperature. The sharp phase transition of PNIPA near to body temperature has made this

polymer the focus of research as a thermoresponsive “smart” drug delivery system.

Much of the research to date on thermoresponsive hydrogels for drug delivery has focused on
control of the physical properties of the hydrogel such as the phase transition temperature (Yoshida
et al., 1994b), the rate of swelling/deswelling (Wu et al., 1992; Yoshida et al., 1995), the
biodegradability of the system (Kim et al., 2000; Lowe ef al., 2003) or the development of systems
where the on-phase is at the higher temperature (Yoshida er al, 1994a; Zhang et al., 2002;
Gutowska et al., 1997; Shin et al., 2001). A single model drug was often chosen in these cases to

examine the suitability of the prepared system.

The majority of studies examining drug release from thermoresponsive systems have been carried
out by Okano and co-workers on heterogeneous PNIPA hydrogels containing butyl methacrylate
(BMA) as a hydrophobic comonomer and using the model drug indomethacin (Bae et al., 1987,
1991b; Okano et al., 1990; Yoshida et al., 1991a, 1991b, 1992, 1994a). ‘On-off release profiles of
indomethacin have been described in response to a stepwise temperature change (Bae et al., 1987;
Okano et al., 1990; Yoshida et al., 1991b). Pulsatile release was explained by the formation of a
dense, less permeable surface layer of gel, described as a “skin-type barrier” which was attributed
to the presence of the BMA (Yoshida ef al., 1991b). Some other authors have subsequently also
used indomethacin as a model drug for pulsatile release studies (Gutowska et al., 1997; Shin et al.,
2001), sometimes when PNIPA was copolymerised with hydrophilic comonomers (D’Emanuele
and Dinarvand, 1995; Dinarvand and D’Emanuele, 1995).  Other drugs used in release studies
from thermoresponsive systems examined include insulin (Okano et al., 1990), heparin (Gutowska,
et al., 1992) and 5-fluorouracil (Zhang et al., 2002). The studies mentioned did not examine the

influence of the chosen drug on hydrogel swelling or drug release properties.

The aim of the present work was to explore the influence of the chosen drug on the ability to
thermally control release from a homogeneous PNIPA hydrogel. In order to extend our

understanding of the mechanisms of swelling and release from PNIPA hydrogels, the following

objectives were defined:

Vi



> To analyse the extent to which the chosen drug influences the swelling/deswelling kinetics
of the system, the size of the drug pulse seen following hydrogel contraction and the ability
of the system to turn “off” drug release.

» To investigate potential drug-polymer interactions.

» To examine drug release mechanisms from the hydrogel at a particular temperature and to
determine the effect of varying the drug type, drug loading and percentage crosslinker in

the hydrogel.

In addition, a molecular modelling study was carried out on PNIPA using a commercial molecular

modelling software package (Accelrys’ Materials Studio® Version 2.1.5) with the following aims:

» To simulate the thermoresponsive nature of the polymer for comparison with experimental

data.

» To simulate and examine potential interactions between PNIPA and selected drugs.

Vil
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Thermoresponsive ‘Smart’ Drug Delivery Systems
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1.1 INTRODUCTION

Polymers are large molecules, naturally occurring or synthetic, made of a linked series of repeating
monomer units. A hydrogel is a water-swollen network of hydrophilic polymers (Peppas, 1986).
The three dimensional structure of a hydrogel is maintained by crosslinking of the polymer chains.
Crosslinking is usually in the form of covalent bonds but may also be formed by hydrogen
bonding, van der Waals interactions or physical entanglement of the polymer chains (Qui and Park,

2001).

The physical properties of a particular hydrogel will depend on the monomer(s) present as well as
the nature and extent of the crosslinker. The mechanical and physical properties of the hydrogel
are readily altered by the addition of comonomers or modification of the crosslinker. These
adjustable properties may potentially offer many advantages in the use of hydrogels as drug
delivery systems. In the present context, some hydrogels can also change their gel structure in
response to external stimuli. This is the class of smart/intelligent or environmentally sensitive

hydrogels (Kost and Langer, 1991; Qui and Park, 2001).

Smart polymers are polymers that can undergo a conformational change in response to an external
stimulus. Such stimuli can be described as physical or chemical stimuli; physical stimuli include
temperature, electric field, solvent composition, light, pressure, ultrasound or magnetic field while
chemical stimuli include pH, ions or specific molecules such as antigens or glucose/insulin
(Hoffman, 1997). When smart polymers are crosslinked, a smart hydrogel is formed which retains
the stimulus responsive property of the polymer. A stimuli sensitive hydrogel can thus change its
structure and physical properties in response to corresponding external stimuli. Such a physical

change in the system can potentially be used to control the rate and extent of drug release.

Traditional drug delivery systems have been developed which can maintain the drug in the desired
therapeutic range with a fewer number of doses. This can help to optimise therapy and to increase
patient compliance. In many situations, such constant release profiles may not be desirable e.g.
insulin for diabetes mellitus, antiarrhythmics for heart rhythm disorders, gastric acid inhibitors for
ulcer control, nitrates for angina pectoris, selective B-blockage, birth control, general hormone
replacement, immunization and cancer chemotherapy (Kost and Langer 1991, 1992). In these
cases, metabolic or disease requirements determine how much drug is needed, at what time and at

what site in the body it is needed.

With a smart or responsive drug delivery system, the device can potentially sense a signal caused
by the disease or some malfunction and then act to release the drug in direct response (ideally

judging the magnitude of the signal). Such drug delivery systems could also react to an externally
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applied stimulus (e.g. increase or decrease of temperature) to turn on or off drug release. Both of
these situations result in a pulsatile drug delivery pattern (Hoffman, 1987; Kost and Langer, 1991;
Ichikawa and Fukumori, 1997; Bromberg and Ron, 1998; Qui and Park, 2001). Such a pattern of
drug release is useful in increasing the effectiveness of drug therapy while reducing the treatment

cost of the medication. It can also help to minimise the side effects of the drug on the patient.

Pulsed or pulsatile drug delivery involves the release of a drug from a drug delivery system at a
specific rate for a definite time period immediately after a predetermined off-release period.
Intelligent drug delivery systems such as self-regulating or auto-feedback drug release systems may
be achieved by the utilization of stimuli responsive polymers or hydrogels. In using hydrogels in
pulsatile drug delivery, the hydrogel ideally swells and collapses with changes in environmental
conditions, reversibly capable of accommodating and preventing diffusion of the drug. In addition,
smart hydrogels may have the ability to physically protect the drug from a hostile environment
until the stimulus is applied e.g. low pH/ presence of enzymes. As a result they may be able to
protect a protein’s native structure and conformation (Bromberg and Ron, 1998). Targeting of the

smart system to, and retention at, the drug absorption site may also be possible (Qui and Park,
2001).

1.2 SMART POLYMERS

The use of a stimulus as a means of controlling the rate and extent of drug release is not a
completely new area of research. Enteric coating, as reviewed by Dittgen et al. (1997), is an
established method of bypassing the stomach and only allowing release of an active substance
when reaching the relatively alkaline pH of the small intestine. There are only a few commercially
successful hydrogel based drug delivery systems (non-stimuli responsive), most of which are over-
the-counter dressings and surgical aids e.g. Aquatrix II™ a chitosan-PVP hydrogel (Gupta et al.,
2002). Stimuli responsive hydrogels as drug delivery systems are mainly in the experimental stage.

Some brief aspects of the various potential stimuli are discussed in this section.

1.2.1 pH

The pH range of fluids in various segments of the gastrointestinal tract has been utilised as a
stimulus for drug release. Enteric coating uses commercially available non-crosslinked acrylic
polymers that can only dissolve in the alkaline environment of the small intestine while remaining
insoluble in the acidic environment of the stomach (Dittgen ez al., 1997). pH sensitive polymers
and hydrogels were investigated as potential smart drug delivery devices (Siegel ef al., 1988; Patel

and Amiji, 1996; Akala et al., 1998; Ranjha and Doelker, 1999; Markland ez al., 1999). These
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hydrogels contain acidic (e.g. carboxylic) or basic (e.g. ammonium salts) groups in the polymer
backbone. Polyacidic hydrogels will swell to a greater extent with increasing pH, since the acidic
groups will become more ionised. The opposite holds true for polybasic hydrogels, since the
ionisation of the basic groups will increase with decreasing pH. Drug release from such devices
will display release rates that are pH dependent (Gupta et al., 2002; Kost and Langer, 1991; Qui
and Park, 2001). For example, Siegel e al. (1988) showed an increased release rate of caffeine in
acidic environments using a methylmethacrylate/ N,N-dimethylamino-ethylmethacrylate hydrogel.
Ranjha and Doelker (1999) only showed significant release of betamethasone and proxyphylline
above pH 5.5 from poly(methylacrylate-co-methacrylic acid) and above pH 6.5 from poly(ethyl
acrylate-co-methacrylic acid) hydrogels. The latter system was proposed for improved site-specific
delivery to the colon. Hydrogels, which are pH sensitive and potentially biodegradable, have also
been prepared (Akala et al., 1998; Markland et al., 1999). Markland et al. (1999) synthesised a
polypeptide pH sensitive hydrogel and examined the release of lysozyme while the hydrogel of
Akala et al. (1998) contained aromatic azo bonds that are degradable by the azoreductase activity

in the colon.

1.2.2 Temperature

The majority of temperature sensitive polymers have a Lower Critical Solution Temperature
(LCST). While most substances increase their water solubility as temperature increases, polymers
with a LCST decrease their water-solubility above this critical temperature. These polymers are
soluble below their LCST and precipitate out when heated above the LCST. Such a phase

transition can potentially be used in controlled or pulsatile drug delivery.
1.2.2.1 Types of thermoresponsive polymers
There are numerous different types of polymers that are thought to show a LCST in water. Table

1.1 shows a list of such polymers

Table 1.1: Polymers showing an LCST in water (Jeong et al., 2002).

Polymer EESTEE) Polymer EESTEE)
Poly (N-isopropylacrylamide) ~32 Poly (siloxyethylene glycol) 10-60
Poly (vinyl methyl ether) ~40 Poly (silamine) ~37

Poly (N-vinylcaprolactam) ~30 Methylcellulose ~80

Poly (propylene glycol) ~50 Hydroxypropylcellulose ~55

Poly (methacrylic acid) ~75 Polyphosphazene derivatives 33-100
Poly (vinyl methyl oxazolidone) ~65

The most extensively studied thermosensitive polymers in drug delivery are those which show an
aqueous phase transition around body temperature (~37°C) e.g. poly (N-isopropylacrylamide)
(PNIPA) (Fig. 1.1). Thermoresponsive drug delivery systems usually involve the use of the
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corresponding crosslinked polymer or hydrogel. This gives a system that can be conveniently
loaded with drug. These thermoresponsive hydrogels can be classified into those that are

covalently crosslinked and those that are non-covalently crosslinked.

Covalently crosslinked thermoresponsive hydrogels are formed from the chemical crosslinking of
temperature sensitive polymer chains. Poly(N-isopropylacrylamide) (PNIPA) (Fig. 1.1) and related
compounds are probably the most extensively studied of this class e.g. Hoffman e al. (1986); Bae
et al. (1987) and Makino et al. (2001). Poly(vinyl methyl ether) (Fig. 1.1) also has a phase

transition near to body temperature (Horne et al., 1971; Jeong et al., 2002).

n
O O—CH
N

)\ Poly(vinyl methyl ether)

Poly(N-isopropylacrylamide)

Fig. 1.1: Structure of repeating units of poly(N-isopropylacrylamide) and poly(vinyl methy! ether)

Hydrogels made from these monomers are hydrophilic and swell below the LCST, but on
increasing temperature above the LCST they hydrophobically collapse and aggregate, resulting in
the hydrogel returning to a shrunken state with an abrupt collapse in volume. This phase transition
is reversible on changing temperature around the LCST and can potentially be used to control the

release of a drug substance from the system.

If the polymer chains in hydrogels are not covalently crosslinked, certain temperature sensitive
systems may undergo a sol-gel phase transition, instead of swelling-deswelling transition. Block
copolymers like poly(ethylene oxide)-poly(propylene oxide (PEO-PPO) (Pluronics®,
Poloxamers®, Tetronics®) possess an inverse temperature sensitive property based on a sol-gel

phase conversion around body temperature (Fig. 1.2).

HO\(\/\O’H/\( S
PEO-PPO-PEO

Fig.1.2: Structure of a poly(ethylene oxide)-poly(propylene oxide) (PEO-PPO-PEO) block
copolymer (e.g. Pluronic® F68 where x=76 and y=29 (Bromberg and Ron, 1998)).
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In the case of these thermoreversible gels, a hydrogel is formed by placing/injecting the polymer
solution (with loaded drug) into a 37°C aqueous environment. Jeong et al. (1997) incorporated a
biodegradable segment of poly(L-lactic acid) into the block copolymer to give a partially
biodegradable system. Such a system is liquid at room temperature but gels near body temperature

and so is suitable as a sustained release subcutaneous injection.

1.2.2.2 Mechanism of thermo responsiveness
The temperature sensitive phenomenon is thought to be due to a change in polymer-polymer and

polymer-water interactions at different temperatures as illustrated in Fig. 1.3.

Fig 13: A proposed mechanism of thermoresponsive change in linear poly(N-
isopropylacrylamide). Below the LCST hydrogen bonding occurs (dashed lines) between the
polymer and water molecules (A), which disturbs the normal hydrogen bonded structure of water.
Above the LCST, hydrophobic interactions among hydrophobic segments become strengthened (B)

resulting in polymer precipitation.

Much work on this phase transition has been carried out using linear polymers of N-
isopropylacrylamide (Schild, 1992). Linear poly (N-isopropylacrylamide) chains in dilute aqueous
solution below the LCST appear to exist as isolated, flexible but extended coils (Schild, 1992).
Hydrogen bonding is thought to dominate, in particular between the hydrophilic segments of the
polymer chain and the water molecules (Qui and Park, 2001) (Fig. 1.3A). The polymer in solution
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may be surrounded by a protective hydration sheath where the normal structure of water is
disturbed due to polymer-water interactions (Ataman, 1987). At the LCST, individual polymer
chains appear to collapse as hydrophobic interactions among hydrophobic segments become
strengthened while hydrogen bonding becomes weaker (Fig. 1.3B). Theoretical models have
shown that the LCST phenomenon results only from the changes in preference for hydrogen

bonding, but it is thought that there is an element of the hydrophobic effect as well (Schild, 1992).

Ataman (1987) described the LCST as the sudden dissolution of the molecules’ protective
hydration sheath, thereby exposing the hydrophobic character of the polymer and causing its
precipitation. In the case of a hydrogel, this phenomenon results in a hydrophilic swollen hydrogel
below the LCST. Above this temperature, shrinkage of the hydrogel occurs due to hydrophobic

interactions and interpolymer chain association.

The use of thermoresponsive polymers and hydrogels in drug delivery will be dealt with in more

detail in sections 1.3 to 1.5 and in the next chapter.
1.2.3 Light

Light sensitive hydrogels can be separated into ultraviolet (UV)-sensitive and visible light sensitive
hydrogels. UV-sensitive hydrogels are synthesised by introducing a leuco derivative molecule,
bis(4-dimethylamino)phenylmethyl leucocyanide, into the polymer network (Mamada et al., 1990).
Light induced swelling occurs due to an increase in osmotic pressure within the gel due to the

appearance of cyanide ions formed by UV irradiation (Fig 1.4).
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Fig. 1.4: Structure of leuco derivative molecule bis(4-(dimethylamino)phenyl)(4-

vinylphenyl)methylleucocyanide

Visible light sensitive hydrogels were prepared by introducing a light-sensitive chromophore (e.g.
trisodium salt of copper chlorophyllin) to PNIPA hydrogels (Suzuki et al., 1990). The

chromophore absorbs light, which is dissipated locally as heat. This in turn alters the swelling
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behaviour of the thermosensitive PNIPA. The swelling of PNIPA can also be directly influenced
by the formation of a temperature gradient due to a CO, laser infrared beam (Zhang et al., 1995).
Yui et al. (1993) examined the potential application of a visible light responsive hydrogel for
temporal drug delivery. They examined the response of crosslinked hyaluronic acid hydrogels that

undergo photosensitised degradation in the presence of methylene blue.

1.2.4 Electric

Hydrogels sensitive to electric currents are made of polyelectrolytes, which undergo shrinking or
swelling in the presence of an applied electric field. They are essentially pH-sensitive hydrogels
that are able to convert chemical energy to mechanical energy. Application of an electric field
across a hydrated polyelectrolyte gives rise to a net force on the space charge in the fluid phase,
which contains an excess of counter-ions over co-ions. This force is transferred to the solvent,
resulting in electro-osmotic fluid flow relative to the solid membrane matrix (Grodzinsky and
Grimshaw, 1990). The flow ceased when the current was shut off and reversed direction when the
direction of current was reversed. Various authors have shown pulsatile release of drugs such as
edrophonium chloride and hydrocortisone (Kown et al., 1991) or insulin (Sawahata et al., 1990). A
similar mechanism to that described has been used in the field of iontophoresis for localised drug
delivery to muscles and joints (Tyle, 1986; Banga and Chien, 1988) or for potential systemic drug
delivery (Okabe et al., 1986; Siddiqui et al., 1987).

1.2.5 Biomolecule sensitive hydrogels

Hydrogels that undergo swelling changes in response to specific biomolecules have potential as
self-regulated drug delivery systems (Miyata et al., 2002). Biomolecules could include glucose,
enzymes or antigens. Glucose sensitive hydrogels are being investigated as self regulated insulin
delivery systems. Three main types currently exist. Glucose oxidase-loaded hydrogels (e.g. Ito et
al., 1989; Hassan ef al., 1997) combine glucose oxidase with pH sensitive hydrogels. The glucose
oxidase converts glucose to gluconic acid, lowering the pH in the hydrogel and influencing the
swelling of the hydrogel and thus release of insulin. The second type of glucose sensitive hydrogel
involves the glucose binding protein Concanavalin A (Con A) (Brownlee and Cerami, 1979;
Seminoff er al., 1989; Kim et al, 1990). A stable, biologically active glycosylated insulin
derivative able to form a complex with Con A is synthesised. This derivative competes with
glucose for binding to Con A and so the release of the insulin derivative is dependent on blood
glucose levels. The third type of glucose sensitive hydrogel contains phenylboronic acid moieties
(Kitano er al, 1992). Phenylboronic acid and its derivatives form complexes with polyol

compounds, such as glucose in aqueous solution as shown in Fig 1.5. This complex can be
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dissociated in the presence of a competing polyol compound, which is able to form a stronger

complex. Poly(vinyl alcohol) (PVA) competes with glucose for binding to phenylboronic acid.

The PVA can act as a crosslinker when complexed, while the glucose is monofunctional. As the
glucose concentration increases, the crosslinking density of the gel decreases and the gel

swells/erodes to release more insulin.
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Fig. 1.5: Sol-gel phase transition of a phenylborate polymer. At alkaline pH, phenylborate polymer
interacts with PVA to form a gel. Glucose replaces PVA to induce a transition from the gel to the

sol phase.

Other types of biomolecular responsive hydrogels include biodegradable hydrogels that can
undergo swelling changes in response to enzymes such as azoreductase (Akala et al., 1998) or
dextranases (Hovgaard ef al., 1995). These could potentially be used in oral drug delivery to target
the colon. Antigen sensitive hydrogels have also recently been synthesised (Miyata et al., 1999).
The hydrogel swells in the presence of a free antigen because the intra-chain antigen-antibody
binding can be dissociated by exchange of the grafted antigen for free antigen. In the absence of a

free antigen, the hydrogel shrinks.

1.2.6 Others

Other smart drug delivery stimuli involving hydrogels include the use of a magnetic field (Kost et
al., 1987, Saslawski et al., 1988), ultrasound (Miyazaki et al., 1985; Kost and Langer, 1990),
pressure (Zhong et al., 1996) or radiation (Juodkazis et al., 2000)

Kost et al. (1987) magnetically enhanced insulin release in diabetic rats using a polymer matrix

containing insulin and magnetic beads. The release rate from such systems is influenced by
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magnetic field properties and the mechanical properties of the polymer matrix (Saslawski et al.,

1988).

Miyazaki ef al. (1985) and Kost and Langer (1990) used ultrasound to modulate the release rate
from bioerodible and non-erodible polymers, including hydrogels. The ultrasound may cause an
increase in temperature in the delivery system, which may facilitate drug diffusion from the system

(Miyazaki et al., 1985).

Zhong et al. (1996) found that the phase transition of temperature sensitive gels was pressure

dependent, with potential implications for the degree of swelling.

Juodkazis et al. (2000) recently reported reversible phase transitions in polymer gels induced by

radiation. The volume phase transitions were attributed to the radiation rather than local heating.

1.2.7 Uses of smart polymers

Apart from their potential use in drug delivery, smart polymers are being investigated for use in
other areas. Smart polymers could function as biomimetic actuators as they are capable of
converting chemical energy (e.g. pH change) into mechanical energy (e.g. change in shape). Such
a transforming property is exhibited by living organisms and has applications in the design of
artificial organs (e.g. muscles) or machines (Kajiwara and Ross-Murphy, 1992; Osada et al., 1992).
In a similar way, smart polymers could act as chemical valves or be used in the immobilization of

enzymes and cells (Dong and Hoffmann, 1986).

1.3 POLY(N-ISOPROPYLACRYLAMIDE)

Poly(N-isopropylacrylamide) has a LCST near body temperature (Table 1.1) and so has been the

interest of much research in the area of thermoresponsive drug delivery.

1.3.1 Synthesis

Poly(N-isopropylacrylamide) has been synthesised by using a variety of techniques (Schild, 1992)
including redox initiation in aqueous media, free radical initiation of organic solutions, ionic

polymerisations and synthesis by radiation.

Whether one polymerises in aqueous or organic solutions has been shown to affect the properties of

the linear polymer (Schild, 1992). The most widely used techniques for hydrogel synthesis in the
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drug delivery field are redox initiation in aqueous media e.g. Hoffman et al. (1986), Okano er al.
(1990) Andersson et al. (1997), Makino et al. (2001) or free radical initiation in organic solutions
e.g. Bae et al. (1987, 1991b), Okano et al. (1990), Yoshida et al. (1991a, 1991b, 1992, 1994a) and
Gutowska et al. (1992).

Redox initiation in aqueous media provides a simple and convenient method of hydrogel synthesis.
A typical reaction uses ammonium persulfate as the initiator and either sodium metabisulfite
(Andersson et al., 1997), or N,N,N’,N’-tetramethylethylenediamine (TEMED) (Hoffman et al.,
1986; Okano et al., 1990) as the accelerator. N,N’-methylenebisacrylamide is used as the

crosslinker in these reactions with a typical reaction scheme shown in Fig 1.6.

N>
N
O
N-isopropylacrylamide S *

N,N'-Methylenebisacrylamide

PNIPA-H

Fig. 1.6: Synthesis of an aqueous based poly(N-isopropylacrylamide) hydrogel (PNIPA-H). The
reaction is initiated using ammonium persulfate (APS) and propagated with
tetramethylethylenediamine (TEMED). Value of integers (m,n,0,p) depend on crosslinking
density.

Free radical initiation in organic solution has been the main method used in hydrogel synthesis for
drug delivery studies. The addition of hydrophobic comonomers such as butyl methacrylate
necessitates the use of an organic solvent such as 1,4-dioxane to be used as a diluent. A typical
reaction uses an initiator such as azo-bis-isobutyronitrile (AIBN) e.g. Gutowska et al. (1992) or t-
butyl peroxyoctanoate (BPO) e.g. Bae ef al. (1987). Ethylene glycol dimethacrylate is generally

used as the crosslinker in these dioxane based reactions.

10
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Bae et al. (1991a, 1991b) showed that a hydrogel synthesised in 1,4 dioxane showed a higher
swelling level before collapse point, a lower gel collapse point and a lower swelling level after gel
collapse than a similar system synthesised in aqueous media. Different crosslinking densities were

however used, which may account for much of the difference.

1.3.2 Altering the LCST

Okano et al. (1990) studied the relationship between alkyl group lengths in crosslinked poly (N,N’-
alkyl substituted acrylamides) and their aqueous swelling as a function of temperature. They found
that a more pronounced deswelling or gel collapse with temperature increase followed the trend

shown in Fig. 1.7.

The thermosensitivity of swelling was shown to be due to a delicate hydrophilic/hydrophobic

balance of polymer chains and was affected by the size, configuration and mobility of alkyl side

groups.
\/N\/
Poly (N,N' diethylacrylamide) Poly (N-ethylacrylamide)
Poly(N-isopropylacrylamide) Poly (acryloyl pyrrolidine) Poly(N,N' dimethylacrylamide

Fig. 1.7: Series of poly(N,N’-alkyl substituted acrylamides) in order of magnitude of gel collapse

on increasing the temperature.

It has also been shown that the phase transition temperature (LCST) and equilibrium-swelling ratio
of a N-isopropylacrylamide polymer can be modified by the introduction of hydrophilic or
hydrophobic comonomers (Beltran et al., 1991; Feil et al., 1993; Yoshida et al., 1994b). The

hydrophilic or hydrophobic nature of the comonomer was relative to the original monomer.

The addition of hydrophilic comonomers such as acrylic acid, acrylamide or

N,N’dimethylacrylamide (Fig. 1.8) can elevate the LCST of the hydrogel as well as increase the gel

swelling levels.

11
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Fig. 1.8: Some possible comonomers for polymerisation with NIPA

A hydrophobic comonomer such as butylmethacrylate (Fig. 1.8) can lower the gel collapse
temperature as well as lowering the equilibrium swelling ratio. Yoshida ez al. (1994b) showed that
as the length of the alkyl side chain of the comonomer increased, the phase transition tended to
shift to an even lower temperature and lead to a smaller equilibrium swelling ratio. They also
showed that the thermosensitivity of these hydrogels was affected by the comonomers, including

preventing the formation of a dense shrunken state at higher temperatures.

The equilibrium-swelling ratio of such hydrogels was also dependent on the pH of the media in the
case of ionisable comonomers such as acrylic acid or acrylamide (Beltran ef al., 1991; Dong and
Hoffman, 1991).

1.3.3 Positive and negative thermosensitivity

Most thermosensitive systems, including the linear and crosslinked polymers in Table 1.1, exhibit a
LCST and thus show negative temperature dependency (Yoshida et al, 1994c). Negative
thermosensitivity can be described as decreased swelling at increased temperature. This means the
systems are hydrophilic and swell at temperatures below the LCST and they become insoluble or
shrink above this temperature. In drug delivery terms, this generally results in what is referred to
as negative thermosensitive release i.e. faster drug release at the lower temperature where increased

swelling and thus diffusion can occur.

Other polymeric systems can show an Upper Critical Solution Temperature (UCST) where the
systems precipitate or shrink in water below this critical temperature. Such a hydrogel system
would swell at high temperature, showing positive temperature dependency. Little is known about
hydrogels with UCST (see section 1.4.3) but in theory they would result in positive thermosensitive

release i.e. faster drug release at higher temperature.

Negative thermosensitive release is defined here as a higher rate of release of a drug on decreasing

the temperature of the system as compared to the release profile at the higher temperature.

12
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Positive thermosensitive release is defined here as a higher rate of release of a drug on increasing

the temperature of the system as compared to the release profile at the lower temperature.

1.3.4 Drug delivery systems

Various authors have used thermoresponsive poly(N-isopropylacrylamide) based hydrogels to
modify the release rate of model drugs by altering the external temperature. The types of systems
used and the mechanisms of release will be described in chapter 2. The thermosensitivity of
PNIPA has been utilised in other applications to control drug release and these are described in the

current section.

1.3.4.1 Linear poly(N-isopropylacrylamide)

There have been a few studies which have investigated drug release from the linear poly(N-
isopropylacrylamide) polymer. Ramkisoon-Ganorkar et al. (1999) showed that by altering the
average molecular weight and polydispersity of linear polymers of NIPAA/butylmethacrylate-
acrylic acid (85:5:10), the polymer dissolution rate and release rate of insulin could be modulated.
Kim ez al. (1994) synthesised linear pH/temperature sensitive polymers in the form of beads by
precipitation of the polymer at the interface of cold aqueous solution droplets and warm oil phase.

The beads were loaded with insulin and the subsequent release was influenced by temperature and
pH.

1.3.4.2 Poly(N-isopropylacrylamide) membranes

The permeation rate of various solutes through PNIPA membranes could also be controlled by
temperature. Ogata et al. (1995) showed that they could control the permeation of solutes of
different molecular weight through a poly(vinyl alcohol)-PNIPA membrane by changing the
temperature from 34°C to 45°C. They also found that the permeation of butyl alcohols through the
slightly swollen membrane above the LCST depended on the hydrophobicity of the solutes.

Akerman et al. (1998) examined the effect of various temperatures on the flux of FITC-dextrans
(MW 4,400-50,600) across NIPA-poly(vinylidene fluoride) membranes. They showed that the flux
of bigger molecules was effectively controlled while the flux of smaller molecules was not

controlled thermally even at a high degree of membrane grafting.

Okano et al. (1990) showed that the permeation of glucose and insulin across a poly(NIPA-co-

butyl methacrylate) membrane (95:5) could be rapidly turned on and off in response to temperature

13
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fluctuations between 20°C and 30°C. The temperature control was explained in this case by a

surface response to temperature rather than bulk swelling change.

1.3.4.3 Incorporation of PNIPA within coating

Ichikawa and Fukumori (2000) designed a positive thermosensitive drug release microcapsule. Its
thermosensitive coat was composed of ethylcellulose containing PNIPA hydrogel “particles”. The
release rate of the model drug (carbazochrome sodium sulfonate) increased on increasing
temperature due to the shrinkage of the thermosensitive hydrogel particles within the coating of the

microcapsule. The resultant voids in the coating facilitated diffusion of the drug from the core.

1.3.4.4 Surface grafting of thermoresponsive polymers

Okahata et al. (1986) prepared thermoresponsive microcapsules by grafting of PNIPA onto the
surface of nylon microcapsules. Above the LCST, the release rate of sodium chloride and various
dyes was significantly decreased due to the thermosensitive polymer being in the collapsed state at
the surface of the microcapsules. At the lower temperature, the layer became loose and the release

rate increased in a reversible fashion.

Several authors have also synthesised thermosensitive liposomes by adding thermosensitive
polymers onto the liposomal membranes (Wu et al., 1992b; Kono et al., 1994, 1999). The liposome
is stabilised by the highly hydrated polymer chains below its LCST. Above the LCST the
dehydrated and contracted polymer chains cause destabilization of the liposome, an increase in
hydrophobicity of the liposome surface, and/or exposure of the bare liposome surface (Kono,
2001). Kono et al. (1994) showed an enhanced release of calcein above 42°C with no release
below 20°C.

1.3.4.5 Interpenetrating networks
Interpenetrating networks (IPNs) are formed when one crosslinked network is intertwined with

another independent network. IPN’s provide another way to alter the temperature dependence of

swelling and the gel shrinkage of a PNIPA hydrogel.

Gutowska et al. (1994) synthesised IPNs of crosslinked PNIPA and linear poly(ether(urethane-
urea). The IPNs showed greater mechanical strength and faster deswelling rates than the
crosslinked PNIPA alone. The release of heparin was also studied at various temperatures. Bae et
al. (1991b) and Okano et al. (1990) formed IPNs of poly(NIPA) and polytetramethylene ether
glycol (PTMEG). On-off pulsatile release of indomethacin was shown. The content of PTMEG did

not affect the transition temperature but did affect the overall hydrophobicilty and swelling of the

system.

14
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1.3.5 Effect of additives on transition temperature

Thermosensitive polymers with an LCST show a phase transition temperature as described in
section 1.2.2. The transition temperature has been shown to be affected by various factors
including the solvent used (Lee ef al., 2000) as well as the addition of salts and surfactants (Saito ez
al., 1992; Eeckman et al., 2001). The effect of model drugs on the polymer phase transition has not
been investigated to date. The influence of salts and surfactants on the aqueous phase transition

temperature is reviewed.

1.3.5.1 Inorganic salt

Studies by Horne et al. (1971) and Ataman (1987) examined the effect of electrolytes on aqueous
colloidal dispersions of poly(vinyl methyl ether) and poly(ethylene oxide) respectively.
Flocculation of such dispersions or a ‘salting out’ effect has been shown on the addition of
electrolytes, although some salts induced a ‘salting in’ process e.g. tetra-alkyl ammonium salts.
The ‘salting out’ process resulted in a decrease in the phase transition temperature of
thermosensitive polymers while the ‘salting in” process increased the transition temperature (Horne

et al., 1971; Saito et al., 1992; Eeckman et al., 2001).

The inorganic ions are not thought to be adsorbed into the polymer network but still affect the
phase transition behaviour (Saito ef al., 1992). Hydrogen bonding plays an important role in the
phase transition of thermosensitive polymers as described in section 1.2.2.2 and disruption of this
hydrogen bonding will alter the phase transition. In solution, an extended hydration sheath may
surround polymers where water is more structured (Section 1.2.2.2). Aqueous salt solutions have
been shown to consist of three regions (Ataman, 1987): region (A) permanently associated with
the ion; region (B) consisting of water molecules partially ordered by the electric field of region A;
and region (C) consisting of the normal hydrogen bonded water structure. Certain ions can destroy
the hydrogen-bonded structure of water with the proportion of (B) in a given salt solution being a
measure of the ability of the ion to destroy water structure. These salts have the ability to break the
hydration layer around PNIPA chains. Aqueous salt solutions alter the water structure in the
polymer hydration sheath and cause changes in the interactions between the polymer and the water.
An increase in the hydrophobic character of PNIPA chains results, which consequently lowers the
phase transition. Ataman (1987) showed that salting out ions destructure the hydration sheath

while salting in ions strengthen it.

Eeckman et al. (2001) showed that both the valence and size of the anion play an important role in

the salting out process in respect of PNIPA polymers. Anions were classified on a molar
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concentration basis in accordance with the Hoffmeister series in respect of salting out

effectiveness:

PO, >HPO,* >SO,* >OH >H,PO, >HCO; >F ">CH;COO ">CI ">Br " >I"

When the molecular weight of the salt was used instead of molar concentration the ranking was:

OH> F > PO > 80 > HPO/ >HPO, >HEB; > CH,CO0 >Cl >Br >~

The effect of the cation on the transition temperature of PNIPA was insignificant (Saito er al.,

1992).

1.3.5.2 Surfactants

Surfactants can also cause a decrease or increase in the LCST of PNIPA depending on the
hydrophobic chain length and the surfactant concentration (Eeckman er al., 2001, Schild and
Tirrell, 1991). This behaviour has been characterised as the sum of two antagonistic phenomena,
i.e. a salting out effect due to the anionic character of the free surfactant molecules and a
conversion of the originally hydrophobic polymer into a more hydrophilic complex by bonding of
the long aliphatic hydrocarbon chains of the surfactants with the polymer hydrophobic segments
(Eeckman er al., 2001). In contrast with the salt effect, it has been suggested that these surfactants

may bind to the polymer (Schild and Tirrell, 1991; Saito et al., 1992; Eeckman et al., 2001).

1.4 OTHER THERMORESPONSIVE POLYMERS

1.4.1 Poly(vinyl methylether)

Poly(vinyl methylether) (PVME) (Fig. 1.1) also has a LCST near physiological temperature (Horne
etal, 1971; Jeong et al., 2002). Horne et al. (1971) examined the linear polymer and the influence
of various salts and surfactants on the transition temperature. Thermoresponsive gels of PVME

were synthesised by crosslinking or by y -irradiation of the linear polymer (e.g. Kabra et al., 1992).
The studies mentioned did not examine drug release from PVME systems.

1.4.2 Miscellaneous

The presence of a LCST appears to be due to a delicate hydrophilic/hydrophobic balance within the
polymer and the temperature of the experiment (section 1.3.2). Several publications present the

synthesis of new polymers that display the LCST phenomenon (Yoshida ez al., 1989, 1991c; Lin et
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al., 1998; Lee et al., 1998; Lau and Wu, 1999; Tachibana et al., 2003). Pulsatile drug release was
shown from the thermoresponsive acryloyl-L-proline methylester hydrogels (Miyajima et al.,
1993). A higher release rate was presented over the interval at 30°C compared to a lower release
rate at 0°C and was attributed to the shrinkage of the gel. Lau and Wu (1999) presented the
synthesis of a thermally sensitive and biocompatible poly(N-vinylcaprolactam). Some of the more
recent thermosensitive polymers may also potentially be biodegradable and include poly(amino
acids) polymers (Tachibana et al., 2003) and lactose based hydrogels (Lin et al., 1997). Other
authors, in an attempt to synthesise biodegradable thermoresponsive hydrogels based on PNIPA,
have incorporated biodegradable crosslinkers (Kurisawa et al, 1998; Oh et al, 1999) or

biodegradable comonomers such as poly(lactic acid) (Kim et al., 2000).
1.4.3 Positive temperature dependent gels

Hydrogels with an upper critical solution temperature would swell at high temperatures and remain
deswollen at lower temperatures. Less is known about hydrogels with an UCST. Katono et al.
(1991) showed positive temperature dependence of swelling with IPNs of poly (acrylamide/butyl
methacrylate) and polyacrylic acid. The transition temperature shifted to higher temperature with
increasing butylmethacrylate content and pulsatile release of ketoprofen was examined. The
presence of the UCST was attributed to a hydrogen bonded complex formation between
poly(acrylic acid) and poly(acrylamide). The same group (Sasase et al., 1992) have also attempted
to increase the UCST towards body temperature by altering the comonomers. Aoki et al. (1996)
synthesised polymeric hydrogels from 6-(acryloyloxymethyl)uracil which exhibited a more
shrunken state at the lower temperature and showed positive thermosensitive release of ketoprofen.
The UCST was again designed using a pair of polymers that showed attractive polymer-polymer

interactions such as complex formation via hydrogen bonding.

1.5 POTENTIAL USES OF THERMORESPONSIVE DRUG DELIVERY
SYSTEMS

Thermoresponsive polymeric systems undergo reversible volume phase transition or gel-sol phase
transitions upon changes in environmental conditions. This phase transition can potentially be
modified to respond to only small temperature change as described in section 1.3.2. In drug
delivery there is the potential to modulate drug release through temperature control of the device.
This would result in an alteration of the release rate or switching on or off the release. Such
pulsatile release may be required to match physiological needs or to respond to an external
stimulus. Potential uses of such systems, at temperatures above and below the LCST of the

polymer/hydrogel, are described in the following section.
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1.5.1 Constant temperature

In conventional drug delivery, the drug concentration in the blood rises when the drug is taken,
then peaks and declines. Multiple doses at specified intervals may then be required to keep the
drug at a therapeutic plasma level, above an ineffective level but below a toxic level. This led to
the development of constant rate drug delivery systems. Such controlled release devices, which are
available commercially, can maintain the drug within a given effective therapeutic range with the
administration of fewer doses. These drug delivery devices can also localise delivery to a
particular area of the body, preserve medications that are rapidly destroyed by the body and help

improve compliance.

As a constant drug delivery device at body temperature (37°C), the properties of thermosensitive
hydrogels could be tailored to match the desired release profile. If the LCST of the system is above
body temperature, the hydrogel will swell and the rate and degree of swelling can be controlled by
the monomers and crosslinker. If the LCST of the system is below this temperature, no swelling or
a lower level of swelling will occur. The non-crosslinked linear polymer would also dissolve or
precipitate depending on the LCST relative to body temperature. Uludag et al. (2001), for
example, engineered PNIPA polymers for delivery of therapeutic proteins to improve their

therapeutic efficacy.

A fully or partially swollen thermoresponsive hydrogel with a LCST lower than body temperature
could potentially be used for storage of the active agent. Administration at body temperature

would result in hydrogel contraction with a resulting drug pulse.

Linear and crosslinked thermoresponsive systems are also being investigated for use in controlled
release ophthalmic drops (Hoffman er al., 1995; Hsiue et al., 2002, 2003). Drugs such as timolol
maleate (Hoffman et al.,, 1995) and epinephrine (Hsiue ez al., 2002, 2003) were loaded at room
temperature and administered at eye temperature (34°C >LCST). The linear system precipitated as
a colloid/nanoparticle soft film after contacting the surface of the cornea and significant extended

release and prolonged clinical efficacy was observed (Hsiue et al., 2002, 2003).

1.5.2 Changing temperature

The use of thermoresponsive systems in the above situations involved only one temperature upon
administration of the drug delivery device. There is also the potential to utilise more than one
temperature in order to optimise the drug release. Such situations can be divided into externally

controlled pulsed release and self-regulated pulse release using thermoresponsive hydrogels.
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1.5.2.1 Pulse release modulated by external temperature

External heat or cold sources may be used to alter the temperature of the drug delivery system,
thereby increasing or decreasing the drug release rate. Subdermal implants are a possible method
of controlling the swelling state of an implanted hydrogel and the subsequent release rate. Such an

implant could be useful in patients where frequent but non-continuous drug release is desirable.

The use of local heat along with a thermoresponsive system is also attracting attention as an active
way of targeting solid tumors (Meyer et al., 2001; Weidner, 2001; Chilkoti, 2002; Yokoyama,
2003). Attaching cytotoxic agents to soluble polymers is known to improve drug pharmacokinetics
and accumulation at the tumor site due to passive targeting (Weidner, 2001). Hyperthermia is also
known to preferentially increase the permeability of tumor vasculature compared to normal
vasculature. Combining a soluble thermoresponsive polymer with local heat administration may
synergistically enhance the delivery of drugs to tumors (Meyer ef al, 2001; Weidner, 2001).
Meyer et al. (2001) used thermoresponsive systems to target solid tumors. Thermally responsive
polymers were synthesised with an LCST of 40°C and they were found to selectively accumulate in
the solid tumor, which was maintained above physiological temperature by externally applied,
focused hyperthermia (42°C). Using a slightly different concept of thermal targeting, Yokoyama et
al. (2003) combined local hyperthermia caused by ultrasound with thermoresponsive polymeric
micelles containing the drug to target solid tumors. In this case, contraction of the
thermoresponsive polymer on the outside of the micelle allowed the drug to selectively diffuse out

from the core in the vicinity of the tumor.

Linear thermoresponsive polymers have recently been proposed as carriers for DNA delivery
(Hinrichs et al., 1999; Kurisawa et al., 2000; Alexander et al., 2004). Non-viral vectors such as
cationic lipids are low in transfection efficiency in comparison to viral vectors. Polymeric carrier
systems are an alternative. Cationic lipids and polymeric carrier systems must fulfil two
requirements simultaneously: (i) complex formation for cell uptake and prevention of DNA
degradation and (ii) complex dissociation for transcription by RNA polymerase (Kurisawa ef al.,
2000). Since these are opposite phenomena, an intelligent thermoresponsive system was used with
complex formation above the LCST (for cell entry) and dissociation below the LCST (for
transcription). Kurisawa et al., (2000) showed enhanced reporter gene expression by lowering the

incubation temperature.

Smart hydrogels such as thermoresponsive hydrogels can also potentially be used for flow control
in drug delivery devices (Eddington and Beebe, 2004). The hydrogel in its swollen state prevents
the flow of media from the device and therefore the drug release. In the shrunken state, diffusion

of the drug from the device can take place.
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1.5.2.2 Pulse release auto-regulated by change in body temperature

There is also the potential to make use of body temperature to activate a thermoresponsive drug
delivery system. Actual body temperature depends on the site in body. There are normal
fluctuations in body temperature during each 24-hour period (circadian rhythm), being lowest in
the morning before dawn and highest in the afternoon. There are also regional changes in
temperature around the body due to altered flow to extremities e.g. stress. Other factors that affect
body temperature include exercise, hormones, food intake and drug intake. Two potential systems
exist. Firstly a system could respond to an increase in body temperature (hyperthermia) by
releasing an antipyretic drug (e.g. paracetamol) to lower the temperature. Drug release would stop
when the set temperature is reached. Possible causes of hyperthermia include fever (caused by
microorganisms), febrile seizures, diseased states (e.g. inflammation, cancer, blood clots,
connective tissue disorders, and central nervous system hemorrhage or stroke), menstrual cycle and
drugs (e.g. ecstasy related hyperthermia, antidepressants and antibiotics like vancomycin). In cases
such as febrile seizures antipyretic prophylaxis may be difficult, as seizures may have already
occurred by the time a febrile illness is identified. A “smart” system could potentially respond

instantaneously to the slight rise in body temperature.

A second potential system could respond to a decrease in body temperature by release of a
stimulant drug (e.g. immunostimulant drug if immunocompromised) or a potential drug to help the
body recover its normal homeostatic state. The elderly, sick, frail and immunocompromised are
particularly susceptible to hypothermia. It can also occur postoperatively and can be a serious side

effect of some drugs e.g. antipsychotics such as chlorpromazine
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2.1 INTRODUCTION

In swellable drug delivery systems such as hydrogels, the dissolution medium or penetrant
surrounding the controlled release device diffuses into the polymer meshwork resulting in swelling
of the system. The entrapped drug can then dissolve and diffuse out of the system into the bulk
media. Section 2.2 briefly describes the processes of drug dissolution and diffusion relevant to the
present work. This is followed (section 2.3) by the examination of diffusion in terms of swelling
and drug release from hydrogels. Section 2.4 examines the specific case of swelling of, and drug

release from, thermoresponsive hydrogels.

2.2 DRUG DISSOLUTION AND DIFFUSION

Diffusion is defined as a process by which matter is transported from one part of a system to
another as a result of random molecular motions (Crank, 1975). The flow of molecules through a
barrier such as a polymeric membrane can occur by molecular diffusion/permeation through a non-
porous medium or by diffusion through solvent filled pores of a membrane. The former depends
on dissolution of the permeating molecules in the bulk membrane while the latter is influenced by

the relative sizes of the penetrating molecules and the diameter of the pores (Martin, 1993).

In transport studies across membranes, the steady state flux is governed by Fick’s first law of
diffusion, which states that the rate of transfer of diffusing substance per unit area (J) is

proportional to the concentration gradient:

Equation 2.1
Where

D = the diffusion coefficient of the penetrant
C = the concentration of the penetrant

x = the distance of movement perpendicular to the surface of the barrier
The negative sign signifies that diffusion occurs in a direction opposite to that of increasing

concentration. The chemical nature of the diffusant as well as temperature, pressure and solvent

values can affect D values.
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Fick’s second law examines the rate of change of diffusant concentration at a point in the system.
It states that a change in concentration with time in a particular region is proportional to the change

in the concentration gradient at that point in the system (Martin, 1993):

Equation 2.2

Dissolution is the process by which a solid dissolves and enters into solution. The dissolution
process can be diffusion controlled, surface reaction controlled or a function of both processes.
Diffusion controlled dissolution is the norm in most cases of dissolution of solids in liquids. In this
case, the liberation of the solute molecules at the interface is much faster than the diffusion of the

solute from the interfacial boundary to the body of the solution.

Nernst and Brunner (1904) developed a diffusion controlled dissolution model or film theory,
which postulated the existence of an aqueous diffusion layer or stagnant liquid film at the surface
of the solid undergoing dissolution. They applied Fick’s first law of diffusion (Equation 2.1) and

developed equation 2.3a to describe the dissolution process at steady state:

Equation 2.3a
dC DA
oo

Equation 2.3b

Where:

dC/dt = rate of change of concentration with respect to time
C, = saturation solubility of the solid

C, = concentration of the solute in the bulk solution at time t
D = Diffusion coefficient

A = Surface Area

V = Volume of dissolution medium

h = diffusion layer thickness
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Equation 2.3a interpreted the dissolution of a solid as a diffusion controlled process in which
dissolution of the solid at the interface occurs in a thin stagnant layer around the particle of
thickness, 4. The rate-determining step of diffusion then occurs from this boundary layer to the

bulk media where rapid mixing occurs.

When the concentration of solute in the bulk solution is much less than drug solubility, sink
conditions occur and C, becomes negligible compared to C,. In such cases, equation 2.3a can be

written as equation 2.3b.

Hixson and Crowell (1931) modified the above equations to develop an equation that expresses the

rate of dissolution of uniformly sized particles based on the cube root of the weight of the particles:

Equation 2.4a
Where

w, = initial powder weight

w = powder weight at time t
5 et . il BC,
k = the cube root dissolution rate constant, approximated by: k” N /- T (Costa and Lobo, 2001)

N = number of particles

k’ = constant relating to the surface, shape and density of the particles

D = diffusion coefficient
C, = solubility at equilibrium temperature

o = diffusion layer thickness

This is known as the Hixson-Crowell cubic root law where k is the cube root dissolution rate

constant.

W, —w

Since the fraction dissolved F = (0 <F <1), then equation 2.4a can be expressed as (Rost

o0

and Quist, 2003):

Equation 2.4b
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Equation 2.4b gives the fraction dissolved of a number of identical particles, each having the initial
weight w, and can be used for the non-linear fitting of the cube root law to dissolution profiles

(Rost and Quist, 2003).

Diffusion controlled drug delivery systems can be divided into two main classes: reservoir devices
and matrix devices. Reservoir devices are characterised by a core of drug, the reservoir,
surrounded by a polymeric membrane. The nature of the drug and membrane determines the

release of drug from the system with the diffusion process described by Fick’s laws of diffusion.

A matrix device consists of a drug dispersed homogeneously throughout a matrix. In unsaturated
systems such as topical creams and ointments, the drug is dissolved in the aqueous phase and must
diffuse out of the system. Higuchi (1962) showed that such release obeyed Fick’s second law
(Equation 2.2) and that the release of drug in solution from a single surface of a homogenous

ointment could be described by equation 2.5a

Q=2C (D,sz

T

Equation 2.5a
Where:

Q = Amount of drug released per unit surface area
D = Diffusion coefficient of the drug in the matrix
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