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SUMMARY

Nevrodegenerative disorders are debilitating brain diseases. A number of these diverse genalic and
sporadic neurvfogical disorders fead to dementia andior abnormal mofor symploms, Among them are
those characterized by neurcnal or microgha-initiated  accumuiation of fau {r} profeins. These
tauopathies forrn a diverse group of diseases fhat have sevaral commonalifies, since most are
characlerized by accumulations of misfolded profeins thaf aggregate info fibriflar deposits that fead fo
the afrophy of the nervous system structures. The major ones include Alzheimer's Diseasa,
Parkinson's Disease, Amyolropfiic Lateral Sclerosis and Huritington’s Disease and affect a distinct
section/s of the brain, causing molor andior cognifive deficits,

Freguent dosing is a major imitation of the curment approaches. Ideal therapy could provide fong-term
controlled drug defivery. This may be achieved through the modification of pofymeric malerials
forming malrices with drugs. Biodegradable ihermoplastics, such as, poly (lachic-co-ghvoolic acid
{PLGA) have been verifiad as exceflent hioachive camers. owing o their biodegradability,
biccompatibility, and hence approved by the Food and Drug Agministration (FOA). Exploning the
mechanisms for the modifying the mhysicochemical and the physicomechanical properties of polymers
can fead to novel production technigues for polymers with desirable properties for drug defivery and
other biomedical uses.

In this regard, this study established the mechanisms associafed with the saiting-out and cross-inking
of PLGA in the presence of organic solvents. Using the foundation of these physicochemical and
physicomechanical transitions, a polfymeric scaffold and a compressed monolfithic matris sysfem with
both viscoelasticily and mechanical strength were designed. A combination of saffing-ourt and cross-
linking reagents such as NN dimethy! formamide {DMF), acetone and salts were utilized based on
statistical Design of Experiments, namely, Central Composite design {CCD) and Response Surface
Maifrod (RS

The principles of salting-out and cross-linking mechanisms were esfablished with respact fo the
influence of salting-out chemical inducers on fhe physicochemical and physicomechanical transitions
of PLGA. The extent of PLGA chain transiions and the appficabilify of the scaffold for confrofed drug
defivery were elucidated by scanming electon microscopy, calorimetric scans, Fourer Transform
Infrared, textural profiing, quanturm enengy computalion, in vilro pofymer degradation and in vitro drug
release studies.

Saiting-out and cross-inking demonstrated the capacily to modulate the properlies of PLGA though
the incomporated salis that produce stochastic Buctuations and non-coffapsible diffusion channels
within polymenic struciures thereby affering iheir physicochemical and physicomechanical properties,
Novef polymeric atiributes, such as the increase in matrix resifience and sfrengih were distinguished.
The vast quantum energy iransitions defermined al a molecufar level interaction in & congealed
energy state signified the abifity of the composite system to conkibule fo the sfabifization of the
physicochemical and the physicomechanical properiies of the newly formed PLGA scaffolds.
Furthermore, the findings indicated the flexibility and the potential for the PLGA scaffolds and it's
sultability for use in rate-modulated drnug delivery.

Subsequent to efucidating ifs structural infegrity, the scaffold was adapted into a 3-dimensional
compressed monolithic malix system. Facfors such as the compressibifity and the Brinell Hardness
Number of PLGA Resomer® grade empicyed in the formulation of the scaffold and the monolithic
maltix system were defenmined. The wo mods! drugs, mefafonin and amifiphyiine HC! were
incorporated info the PLGA scaffold and monolithic maix sysfem respectively, in order fo
demonstrate the appficability of ihese devices in the treatment of newrodegeneralive disorders and
the associafed deprossion. The devices were then subjected to in vitro erosion, degradalion and drug
release studies in Phosphale Buffer Safine pH 7.4.

The novel PLGA devices dispfayed an ideal zero-order melatonin and amitripfyling HCF release with
potential for use as implantable drug defivery devices. Kinetic modeling of sweling and erosion on
WinNontin® Version 5.1 confirmed the machanisms of drug mlease of these malrices. The presant
mechanisms of polymer modificalion have demonsirated fhe ability fo produce viscosfastic PLGA
scaffold and compressed monolithic makix sysfem capable to house and confrol the releass of boih
hydrophobic such as melatonin, and hydroptific drugs such as amifriptyline HC
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CHAPTER ONE

INTRODUCTION AND MOTIVATICN FOR THIS STUDY

1.1 Background

Biodegradable peclymers have presented new approaches to clinical medicine by
improving drug delivery technology (Burkcth et al., 2000; Kakinoki et al., 2003;
Kushibiki and Tabata, 2004; Chowdhury and Akaike, 2005). The use of these
polymers in the formulation of implantable devices has particularly allowed for
localized treatment and the controlled release of bioactives transported by the
device, such as, drugs, vaccines, hormones and cells for tissue engineering (Kim et

al., 20086; Li et al., 2008; Piotrowicz and Shoichet, 20086; Xue et al., 2008).

By virtue of its biodegradability, such a device is able to function for a predetermined
period of time, and subsequently degrade hydrolytically or enzymatically and be
completely eliminated from the body. Thus, biodegradable polymers not only
eliminate the need for subsequent surgery for the removal of the device, but alsc
enhance drug efficacy. Recently, there has been a significant advance in the science
of the behaviour of polymeric materials, which has permitted a more systematic
approach to their modification for drug delivery and tissue engineering {Dhanikula
and Panchagnula, 2004; Kimura et al., 2006; Li et al., 2006; Virto et al.,, 2008; Cheng

et al., 2007; Kumar et al., 2007; Yang et al., 2007}.

There is a huge demand for novel bicdegradable polymers with unique properties to
match their specific applications. The challenge is to accelerate research in the

development and modification of these materials in order to address the wide range



of biomedical applications. Such materials must have the ability to degrade
controllably with non-toxic degradation products witheut posing any immune reaction
in vivo. Hydrophobic aliphatic a-hydroxy {-OH) polyesters such as poly-lactic acid
(PLA), poly-glycolic acid (PGA), and particularly the co-polymer poly{lactic-co-
glycoiic) acid {PLGA) have been verified as excellent bioactive carriers owing to their
desirable properties, namely, biodegradability, biocompatibility, non-immunogenicity,
superb mechanical strength and hence has approval by the US Food and Drug
Administration (FDA) as ‘Generaly Regarded as Safe' (GRAS} materials,
Furthermore, the ability of PLGA to dissolve in both organic and inorganic solvents
as well as their potential to be designed into various drug delivery and tissue-
engineering devices has been instrumental in their use for medical applications

{Sander et al., 2004; Garvin and Feschuk, 2005},

1.2 Modification of Biodegradable Polymers for Drug Delivery

Biodegradable polymers can be natural or synthetic. Natural polymers are obtained
from numerous sources. With the aid of enzymes, some of the natural polymers can
degrade, however, the variability of polymer quality, the lack of stability and the
intricate  processing mechanisms have made them unpopular in biomedicine.
Alternatively, synthetic biodegradable polymers are more favourable, since most can

be produced with modifiable properties (Blometer et al., 2006).

The maijority of synthetic biodegradable polymers are linear thermoplastics such as
PLA, PGA and PLGA. Their physicochemical and physicomechanical properties are
mainly tailored by altering the molecular mass during polymerization or alternatively,

by altering the chemical backbone or side chain of the existing polymer {Kranz et al,



1889, Helminen et al, 2000; Middleton, and Tipton, 2000; Masahike, 2002:

Jayakumar et al., 2007).

The comelation between the physicochemical, physicomechanical and release
properties of drug delivery devices is key to the functioning of biodegradable
polymers in physiclogical media. The dynamics of these processes are primarily
dependent on hydrolytic degradation, and the infiuence of pH on disentanglement.
The performance of drug delivery devices in vitro and in vivo depends on the
mechanisms of engineering and transformation of the polymer in terms of such

parameters.

The significance of modified bicdegradable polymers in controlled and sustained
drug release, especially in illnesses that require chronic suppressive maintenance
therapy, cannot be sufficiently accentuated. The advantages of such a system
include maintenance of drug levels within the desired therapeutic range, fewer drug
administrations and optimal use of central nervous system (CNS) drugs.
Consequently, there is selectivity of the pharmacological activity at receptor site,
owing to the regulated pharmacokinetics and pharmacodynamics of drug effects

(Takatori et al., 2005; Ennett et al., 2006).

A future concept, namely, patient independence is extremely important. In diseases
that traditionally demand high care, it is vital to reduce nursing care, establish
patient’s autonomy and to reduce the psychological and fiscal burdens of nursing

care. In such cases a localized controlled drug release implant may be beneficial.



This in tumn, will eliminate the need for menitored and nurse-regulated drug therapy

{Jamzad and Fassihi, 2008).

1.3 Current Trends and Challenges of Neurodegenerative Disorders

The term neurcdegenerative disorders, encompasses a variety of underlying
conditions, sporadic and/or familial. A number of diverse genetic and sporadic
neurclogical disorders lead to dementia and/or abnormal motor symptoms. Among
them are those characterized by neurcnal or microglia-initiated accumulation of tau
proteins (Matsuo, 1994; Lee et al., 2001; Shahani and Brandt, 2002; Rissman et al.,

2004; King, 2005).

These tauopathies form a diverse group of diseases that have several commanalities
at the molecular level, since many of them are characterized by accumulations of
misfolded proteins that aggregate into fibrillar deposits with amyloid. Such disorders
are associated with atrophy of the central or peripheral nervous system structures.
The major disorders include Alzheimer's Disease, Parkinson's Disease, Amyotrophic

Laterai Scleresis and Huntington's Disease.

Each of these discrders affects a distinct section/s of the brain, causing motor andfor
cognitive deficits such as aphasia, apraxia and agnosia, consequently disrupting the
personality, intellectual, social and occupational functions in the patient (Broom et
al., 2004; Lefaucheur, 2004; Ahmed et al., 2005; lvanoiu et al., 2005; Veldink et al.,
2005). Postmortem investigations have enlightened researchers on the microglia-
produced inflammatory and neurotoxic factors such as cytokines and tumor necrosis

factor-a (TNFa) with free radicals that are deleterious to neurons {Gao et al., 2002).



These disorders usually begin after the age of 60, and risk goes up with age. For
example, the number of South Africans suffering from Alzheimer's Disease has
grown from 80,788 in the year 2000 tc 95,859 in 2005. The prevalence is
approximately 13% for age group 60-69 years and 35% for age group above 80
years (Potonick, 2005). Statistics by a United Mations (UN) project predicts a
prevalence of ¢ billion people by the year 2070 and 34% of that population to be over

the age of 60 {Potonick, 2005).

The world prevalence of Parkinson's Disease is 150 per 100,000 and increasing
rapidly in those over 70 years of age. Risk factors include age, sex, race and
gecgraphical! location. The incidence for Amyotrophic Lateral Sclerosis is
approximately 5000 people per year and 5 in a 100,000 people suffer from
Huntington's Disease world-wide. These are some of the most persistent and
devastating dementing disorders of old age, since they eventually lead to complete

loss of memory and the loss of ability fo function independently (Julien: et al., 2008).

The burden of neurcdegerative disorders on individuals, families and our health care
system makes it one of South Africa’s country’s greatest medical, social and fiscal
challenges (Hayden et al., 1980; Nzhin, 2005). Alzheimer's Disease, Parkinson's
Disease, Amyotrophic Lateral Sclerosis and Huntington's Disease are extremely
complex neurodegenerative disorders. Their etiology is mostly unknown; however
severe genetic mutaticns that lead to misfolding and aggregation in extraceliular
protein depositions have been observed. Currently, there are no completely effective
therapies that have been developed (Stuss and Levine, 1996; Ying 1996; Salmon

and Filotce, 2007).



Research findings that implicate the commonalities in protein aggregations and
molecular pathogenic mechanisms could insinuate that neurcdegenerative disorders
may share a common or overlapping pathogenic mechanism(s) which could be
targeted by synchronized therapeutic strategies (Huang, 2006; Limviphuvadh et al.,

2007).

1.4 Statement of the Problem

1.4.1 Limitations in the Current Therapeutic Approaches for
Neurodegenerative Disorders

The major limitations of current therapies for neurodegenerative disorders is that
they are either formulated as crally administered tablets, capsuies or liquids which
require frequent dosing and hence leading to continuous nursing, numerous
deleterious side effects and incompliance. An ideal form of therapy could provide
long-term controlled drug delivery, which would reduce nursing care, and in the

absence of nursing care, eradicate the need for patients te remember to take their

daily dose.

In addition, the formulation could be implanted into the central nervous system
(CNS} to provide localized drug delivery that improves drug efficacy. For example,
current limitations in Alzheimer's Disease include oral administration of
cholinesterase inhibitors {ChE-) such as donepezil (Aricept®, that is administered
daily, depending on the therapeutic goal. This results in greater frequency of side

effects at higher doses due to dose accumulation.



Galantamine _ﬁmmﬁ:_:iﬁ is also avzilable in the form of tablets and requires twice
daily administration {Masterman, 2004). in their study, Olin and Schneider (2001)
reported that galantamine consistently failed to dispiay statisticaliy significant
treatment effects at doses of 8mgfday and produced adverse gastrointestinal
symptoms similar to other ChE-Is with higher doses. Clinical trials demonstrated no
statistical benefit on increasing the regular dose of 8-12mg twice daily (Ritchie et al.,

2004).

The same shortcomings are experienced with other neurcdegenerative disorders,
such as, Parkinson's Disease and Huntington's Disease. In the treatment of
Parkinson’s Disease, levodopa is combined with an aromatic amine acid
decarboxylase inhibiter, carbidopa (Carbilev®), to reduce peripheral conversion of
levodopa to dopamine in an effort to reduce peripheral side effects. These oral
dosage forms, however, lead to increased peripheral ievodopa and the toxicity
causes dyskinesia, rigidity and fremor because of the uncontrolled rate of drug
delivery. For Huntington's Disease, olanzapine 2.5mg daily, a dopaminergic-
serotonergic antagonist, has been recommended (Squitieri et al., 2001; Laks et al.,

2004).

Alternatively, olanzapine 5mg per day is given with lofepramide 140mg per day for
psychiatric improvement, however, these formulations also lead to side effects such
as dizziness, akathisfa, asthenia and tremor due to peripheral toxicity. Few of these
side effects are due to peak-trough changes of the drug plasma concentration and

could be reduced by controlled drug delivery.



The above menticned conventional drugs and their respective delivery systems have
been found to have numerous side effects, such as, higher doses required, lower
therapeutic efficacy, drug toxicity and high nursing care. To date, there has been no
successful conventional tablet that has the ability for iocalized and controfled drug
delivery in the treatment of these disorders (Martin-Garcia et a., 2007; Voisine et al.,

2007).

1.4.2 The Constraint of the Blood Brain Barrier {BBB)

Another sobering fact in the freatment of neurodegenerative disorders is the
constraint of the BBB on the passage of drugs to the brain, and the drug release
kinetics that cause side effects. The BBB controls the passage of substances into
the brain, permitting only molecules that have a molecular mass smaller than 500
Da. Of all known central nervous system drugs, 8% have a molecular mass larger

than 500 Da and therefore cannct cross the BBB.

Consequently, the development of bioactives to manipulate central acetylcholine
systems has lagged behind due to the poor CNS penetration along with the
significant peripheral nervous system side effects. Therapeutic failure of some
bioactive agents in the diagnosis and therapy of neurodegenerative disorders may
not be due to a lack of drug potency, but rather attributed to the limitations in the

methods of drug delivery.

In view of these facts, local delivery of drugs to the brain may produce a solution to
these limitations. This will ensure a controlied increase in drug concentrations over

extended periods at the affected neurons as well as a reduction in side effects. Novel



mechanisms of polymer modification are being explored in order to design
therapeutic strategies that will deliver drugs to the CNS in a safe and effective

manner (Killian et al., 2000; Bartzatt, 2004}.

1.4.3 Drug Targeting to the CNS

The BBB has major repercussions for the passage of bicactives into the brain. The
passage of compounds across the endothelial cells of the BBB depends on the
physicochemical and the physicomechanical properties of the compound, such as,
lipid solubility, molecular mass and the extent of ionization, (Rapoport et al. 1979).
Considerable efforts have gone intc developing novel delivery techniques to the
brain, such as, prodrugs. While these options are available for drug delivery to the
CNS, few have serious limitations. Table 1.1 displays some of the cument strategies

employed in the delivery of bioactives to the CNS.



Table 1.1. The benefits and the limitations of the current and explored strategies of

drug defivery to the brain

Brain Delivery Benefits Limitations

Mechanisms

% Passive diffusion < Highly selective. < Diffusion is dependent on a

% Lipid scluble compounds concentration gradieni and the
can pass without properties of melecyles
diffictity. including size.

% HNon-homogenous distribution
of drugs and toxicity.

< Subject to an active efflux
barrier.

4 Drug Lipidization via < Increase of the % Increase uptake of lipidized
conjugation of lipid soluble permeabkilily surface area drug by systemic organs.
functional groups or carrier for nondipephilic drugs, % Loss of drug to the brain due

% Drugs larger than to conjugation.

S5000a can pass the * Decreased therapeutic
BBE. efficacy due to loss of drug.

*+ Catalyzed transport via % Canrecognise and selec! <  Only for small drug molecules.
camier-mediated Transport substrafe. *+  DOrug molecular structure must
of recepior-mediated % Mo need for energy. be similar to endogenous
transport molecules.

% Overzp of substrate specificity
leads to mistranspaortation.

< Prodrugs < High residence time in < Requires modification of

the brain, therapeutic agent to be

%  Good for drug delivered.
distribution. < Drug may be deactivated by

enzymes of the BEBB.

% Hyper-osmolar BEB % Non selective, % BBB disruption.
disruption % Can allow several iypes # (General increase in brain

of drug molecules upiake of plasma constituents,
including cancer and ¢ Causes neuropathological
neurpdegenerative drugs. problems.

% Intracerebro ventricular % This methed is a % Limited drug entiy into brain
Injection targeted, localized parenchyma and very costly.

delivery of a drug % Diffusion dependent, does not
work if the drug must reach
cther parts of brain in effective
concentrations.

* Infracerebral implantation of < Easily implantable by %+ Size dependent, if the
devices sterectaxy in discrete, molecule is very small, it may

precise and functional be taken up by macrophages
paris of the brain fissues 4 Meed for subsequent surgery
if not biodegradable
4+ Causas heuro-inflammation if
the device is immunogenic,

<+ Infranasal % Non-invasive and rapid. < Drug concentration is variable.

passage < Bypasses the BBB. < Infranasal drug degradation
< Good for proteins. may sause mucosal irritation.
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The need for improvement of drug delivery systems to the brain cannct be disputed.
Controlled drug release in the brain through implantable biodegradable polymeric

devices is an option that this research is proposing.

1.5 Proposed Solution to the Problem

1.5.1 Designing a PLGA-Based Impiantable Device for Localized Drug Delivery
Novel biodegradable materials are increasingly receiving attention to address the
growing need for controlled drug therapy {Eerikainen et al., 2004; Feng et al., 2004;
Jackson et al, 2004; Li and Lliu, 2004; Parcjcic et al., 2004; Puoci et al., 2004
Satturwar et al., 2004; Vogt et al., 2004; Yang et al., 2004; Yue et al., 2004}. in
neurodegenerative disorders such delivery devices based on polymer matrices
include in particular, the thermoplastic polymer, PLGA. These polymers have been
used in various applications, some of which include the fabrication of tissue scaffolds
(Katz, 2001; Vozzi st al, 2003}, surgical sutures {Benicewicz, 1991}, and the

formulation of drug delivery devices {Jain, 2000).

Most recently Sweet (2005) conducted both in vitro and in vive studies to investigate
the use of a PLGA-alginate pclyspheric drug delivery device as a potential
subcutaneous implant for the delivery of diclofenac sodium in the treatment of
Alzheimer's Disease. It was demonstrated that drug delivery could be achieved over
a period of more than three months. This subcutaneous implant could be further
upgraded inte a CNS implant, incorporated with anti-oxidants and anti-inflammatory

drugs for the localized treatment of neurodegenerative disorders.
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Despite the overall attractiveness of most thermoplastic polymers, they degrade
through bulk hydrolysis of the ester bonds (Ramchandani and Robinson, 1997}
When a native PLGA device is in contact with an agueous environment, water
penetrates into the implant and hydrolytic cleavage of ester bonds begin. Each ester
bond cleavage generates a new carboxyl end group that, in principle, can catalyze
the hydrolytic reaction of other ester bonds. Transiently, patially degraded
macromolecules remain insoluble in the sumounding medium and sequential

degradation proceeds homogenecusly.

As soon as the molecular mass of the partfally degraded macromclecules is low
encugh to allow dissclution in the aqueous medium, diffusion begins within the bulk
polymer, with soluble compounds moving slowly towards the diffusion front as
polymeric degradation simultaneously continues. This process combines diffusion,
chemical reaction(s) and dissolution principles, results in a differentiation between
the rates of degradation at the surface and the interior of the matrix. in general,
oligomers can escape from the polymeric surface before total degradation, resulting

in a smaller autocatalytic effect (Gapferich and Langer, 1985; Fu et al., 2000).

Considering the interdependence of polymeric degradation and polymeric properties,
the release rate of the bioactive agent may be significantly regulated. In addition to
diffusion and eresion, the processes of polymeric relaxation and disentanglement are
key to controlling the release of the bioactive agent. Other shortcomings of existing
micropariiculate PLGA formulations include the uptake by macrophages, which is
vastly dependent on the microparticle size, variabilty of drug loading and

encapsulation efficiency (average of 5-35%), as well as inadequacy and non-

12



reproducibility of formulation processes. This can therefore be a very costly process
especially when expensive materials such as proteins, vaccines and genes are

encapsulated (Gomez-Gaete et al., 2007; Haddadi et al., 2006; Lee etal,, 2007,

In consideration for the development of a drug delivery device for the treatment of
neurodegenerative disorders, the polymers shouid display enhanced adhesion {Kang
et al., 1999), superior physicomechanical strength and restricted swelling (Atta,
2002). The chemical nature, processing variables and morpholegic characteristics
affect the mechanical, electic and thermal properties of the polymer. Mechanical
properties are also profoundly affected by the increase in temperature. In general,
temperature reduces Young's modulus as well as tensile strength and hence the
overall chain fiexibility of the polymer. Changing the molecular mass and functionality
of the polymer can also control characteristics such as rigidity and permeability.

Stress-strain curves may provide information on the brittleness and ductility of the

polymer.

Salting-out and salting-in have been used in polymer modification. Zhang et al.
(1995) described the use of inscluble electrolytes to modulate the release and
swelling of biodegradable pclyesters. The addition of salts to an agueous phase
causes an increase in the disfribution ratio of that particular solute, reduces the
mutual partiai miscibility of the two liquids, thereby, causing phase separation {Izutsu

and Aoyagi et al., 2005; Cilurze et al., 2005; Huang et al., 2005).

Furthermore, polyesters can be rendered sfiffer by introducing chemical bonds

between their monomers (cross-linking). The number of cross-links is propertional to

13



the rigidity of the material. The extent of cross-linking attained depends on the
relative concentrations of the polymer as well as the bi-functional molecule. Such
cross-linked polymers are extremely large, multi-dimensional molecules with
distinctly diverse physicochemical and physicomechanical properties. This study,
therefore sought to establish the mechanisms associated with the safting-out and
subsequent cross-linking of PLGA with ionic salts in the presence of organic and
Inorganic soivents, in order to design a polymeric scaffold to be used in the treatment
of neurodegenerative disorders (Cadee et al., 2001; Liu et al., 2004; Porjazoska et

al., 2006).

1.6 Rationale and Motivation for this Study

Development of novel biodegradable materials with both high initial strength and
controlled moduli is of great demand for new biomedical applications. Numerous
studies conducted on biodegradable polymers generally focus on biocompatibility,
physicomechanical properties, morphological behaviour and thermal characterization

(Sato et al., 2000; Deng, 2002; Mc Cullagh et al., 2004; Tapia et al., 2004).

Cne of the limitations associated with current thermoplastic polymers is that there is
a significant lack of research directed towards the mechanisms associated with the
manipulation of the actual methods for modifying the physicochemical and the
physicomechanical properties such as salting-out and the subsequent cross-linking
of polymers. Exploring the processes for the modification of the polymeric
physicochemical and physicomechanical properties may lead to the design of novel

materials with desirable properties for controlled drug delivery.
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Various polymeric materials need to be synthesized to appropriately match a number
of biomedical applications. An ideal biodegradable polymer should possess
physicochemical and physicomechanical properties that will allow it to match its
application. in order o achieve this, the flexibility in the synthesis of native polymers
may be enhanced. However for each application, the polymer has to be re-
synthesized from its initiator steps. This process can be exhaustive, time-consuming
and costly. Therefore, an alternative approach could be to apply a series of chemical

modffications to the existing backbone of the polymer.

The latter approach poses a challenge to most polymer scientists. If attainabie for all
biodegradable materials, this approach would allow for the design of tallor-made
polymers with physicochemical and physicomechanical properties that are consistent
with its application. In this study, we are recommending the modification of the PLGA
backbone. Thus specific physicochemical and physicomechanical properties of
PLGA can be precisely altered to achieve superior degradation and drug reiease

kinetics during its application as a drug delivery scaffoid.

To date, no research has fully explored the mechanisms of modifying the properties
of PLGA through salting-out. I this regard, the aprlication of salts and other solvent
systems may be used as salting-out and cross-linking agents to alter the properties
of PLGA. In this study, modification of PLGA was based on the principle of salting-
out and subsequent cross-linking of this hydrophobic polymer using the interaction
between a water-miscible organic sclvent and an agueous-salt environment. The

drug-loaded modified PLGA scaffold is envisaged to serve as an alternative device
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that could be implanted into the subarachnoid cavity of the brain by means of a

stereotaxic procedure in order to provide prolonged drug release.

1.7 Aim and Objectives of this Study

The overal! aim of this study is therefore, to establish the mechanisms associated
with the salting-out and subsequent cross-linking of PLGA in the presence of organic
and inorganic solvents. Based on the foundation of these physicochemical and the
physicomechanical transitions, a polymeric slab with a balance between
viscoelasticity and brittleness will be designed as a potential scaffold for the
controlled delivery of bioactive agents, such as, meiatonin, and amitriptyline HCI

which may be useful in the treatment of common neurodegenerative disorders and

depression.

In order to accomplish this aim, the following objectives are outiined:

1. To synthesize variants of PLGA using salting-out and subsequent cross-
linking technology and a combination of chemical inducers such as NN
dimethyl formamide {DMF) and acetone based on statistical Design of
Experiments, namely, Face-Centered Central Composite Design (FCCD) and
Response Surface Methodology {RSM);

2. To elucidate the physicomechanical and ab initio quantum energy transitions
of the nove! cross-linked PLGA scaffold during in vitro degradation ;

3. To elucidate the physicochemical and physicomechanical properties,
particularly the fibre morphology and stress-strain behaviour of PLGA through
textural profiling and the correlation between the reactivity of the chemical

inducers and the extent of polymeric cross-linking;

16



4. To formulate nove! drug delivery systems such as a scaffold and a
compressed monolithic matrix system incorperating bioactives for the
treatment of neurodegenerative disorders, the model drugs being melatonin
and amitriptyline HCI;

5. To assess the in vitro dissolution and drug release characteristics of the novel
PLGA scaffold and compressed monolithic matrix system; and

6. To predict and simulate responses such as polymer sweliing and eresion
kinetics based on Design of Experiments {DoE) such as Response Surface
Methodology (RSM) and kinetic modelling of drug release data using

WinNonlin® software V5.1 (Pharsight®, U.5.A).

1.8 Overview of Dissertation

Chapter One of this dissertation introduces the study by presenting the fundamental
aspects of modifying biodegradable polymers for drig delivery. It also outines the
current trends and challenges of neurodegenerative disorders and the delivery of
drugs to the brain. The limitations of the present therapeutic approaches for
neurcdegenerative disorders, the constraint of the BBB are specified. This section
then outlines the sclufion to these challenges using novel biodegradable polymers
and a preposed plan of action to be performed throughout the study. A flow diagram

Is provided for the reader not to lose focus of the fundamental issues of this study.

Chapter Two of this dissertation describes the development of the PLGA scaffold
through the process of salting-out and subsequent cross-linking. It attempts to
expiicate the mechanisms associated with salting-out and the subsequent cross-

linking of PLGA in the presence of crganic solvents and ionic salts. In this Chapter,

17



the author also discusses the selection process of the materials used and the

independent formulaticn variables.

In Chapter Three, the study elucidates the physicomechanical transitions and the ab
intio quantum energy transitions of the novel cross-linked PLGA scaffold during in
vitro degradation. Variants of PLGA scaffoids were synthesized using salting-out and
cross-linking technology in accordance with a statistical screening design, namely,
FCCCD, in order to select the optimal number of experiments needed for process
optimisation. The physicomechanical transitions in matrix resilience, energy
absorbed and mass deflection during degradation of the novel PLGA scaffolds in
phosphate buffered saline (PBS) are used as assessment tools for elucidating the

scaffold degradation dynamics.

In addition these fransitions are used to establish if it can be tailored to suit its
application as a device to be implanted into the subarachnoid space in the brain.
Quantum energy transitions in the conhgealed energy state of the scaffold and the
interacting molecules are used to indicate the ability of the composite system to
contribute to the stabilization of the physicomechanical properties of the PLGA

scaffolds.

Subsequent to establishing the stability of the novel modified PLGA in Chapter
Three, the Fourth Chapter of this dissertation demonstrates the effect of various
reagents on the degree of salting-out and cross-linking of PLGA. In this regard, the
comelation between the types of salts employed and the extent of PLGA chain

transitions are established.
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.

Variants of PLGA scaffolds were prepared using salting-out and cross-linking
technclogy in accordance with a Box-Behnken statistical design to select the optimal
number of experiments for optimisation. Geometric, urﬁmnon_._ma_n.m_.
physicomechanical and thermal transitions were then analysed by Scanning Electron
Microscopy (SEM), Fourier Transform Infrared (FTIR), Differential Scanning
Calorimetry (DSC} and textural profiing analysis. The principles by which the
physicochemical and the physicomechanical transitions of the polymer occur are

identified in this Chapter.

The applicability of the scaffold for controlled drug delivery is determined in Chapter
Five. in vitro dissolution and drug release studies were conducted, in order to
optimize the formulation for application in the delivery of melatonin to the brain. In
this Chapter, in vitro release studies are performed in phosphate buffered saline
(PBS; pH 7.4; 37°C), and the release media is sampled at pre-determined intervals
and analyzed by UV-spectroscopy (278 nm) to establish if the mnm.man_ is capable of

achieving an ideal zero-order melatonin release.

Chapter Six of this dissertation focuses on adapting the PLGA scaffold into a
compressed monolithic matrix system. In this section of study, two approaches were
adopted. The first approach incorporates the salting-out and subsequent cross-
finking of PLGA at various salt concentrations in the presence of the drug, which was
followed by direct compression of the samples into compressed monolithic matrix
systems. In the second approach, PLGA was salted-out and subsequently cross-
linked in the absence of the drug, which was followed by direct compression of the

drug and the modified PLGA. Amitriptyline HCI was used as the model drug. The
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drug release characteristics of the compressed monolithic matrix systems were

categorized. This section of the study also considered the compressibility of PLGA.

Finally in Chapter Seven, the author outlines the concluding summary of the study.

Supplementary to that are the recommendations for future research in this area.

The work plan is designed in a form of a flow diagram that guided the study in a
step-by-step manner through the entire project. The following flow diagram verifies
the objectives of the study and alsc delineates the practical work that is to be

undertaken in fulfilment of each objective.
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CHAPTER TWO

DEVELOPMENT OF A SALTED-OUT AND CROSS-LINKED PLGA SCAFFOLD

2.1 Introduction

A device for drug delivery must not fail or be rejected by the body after impiantation
because of cell immunity responses or unregulated drug delivery {Lallemand et al.,
2003; Laeschke, 2004). This means that the material must neither elicit an
unresolved inflammatory response nor demonstrate extreme immunogenicity or
cytotoxicity. It is therefore, imperative to select materials that exhibit good
biocompatibility. In addition, biocompatible and biodegradable polymers need to be
medified in accerdance with their specific applications, to develop materials that are
non-immunogenic and capable of controlling the rate of drug release (Mokry et al.,

2000}

This section of this study focused on the establishment of the mechanisms for
modifying the polymer, PLGA, in orger to develop a nove! biodegradable scaffold
with specifically designed physicochemical and physicomechanical features to suit
its application as a scaffold for implantation into the subarachnoid cavity in the brain.
In addition, the -device should have minimal undesired harmful degradation, and

must be readily processable {Shi et al., 2005, Savatani and Harris, 2006).

In this study, the medification of PLGA was based on the principles of rapidly salting-
out and subsequent cross-linking, where the polymer interacts with a water-miscible
organic solvent and an aqueous environment at a particular pH and ionic strength.

Due to the hydrophobicity of PLGA, it instantaneously coagulates upon contact with

22



an aqueous phase, thus resulting in a solid ‘ceramic-like’ material. The effects of
salting-out and cross-linking encompass a large variety of phenomena induced by
salts in polymer matrices that lead to the transformation of the physicochemical and

physicomechanical properties of the polymer.

Furthermore, this phenomenon is able mederate the swelling and ergsion kinetics of
an ionic and non-ionic polymeric matrix (Czimerova et al., 2004; Mei and Ballauff,
2005; Coughlan and Corrigan, 2006). Accordingly, preliminary studies were
conducted to establish the lower and upper limits for the dependent and independent
formulation variables to be employed in the process. In addition, factors such as, the
chemical composition, distribution of repeating units in multi-mers, the presence of
pofar groups such as —OH and -COOQH, configuration of structure, molecular mass,
molecular mass distribution and morphology of the polymer were determined.
According to Ckamoto and co-workers (2004) as well as Okamoto and Fukuzumi

{2005), these factors may impact the formulation process of a superior scaffold.

Thus, a polymer with desirable functional groups that can form complexation
networks through hydrogen and icnic bonding was selected. The processing
conditions such as the temperature and the pressure were also considered. For the
purposes of salting-out and cross-linking, the chemical inducers, namely, sclvents
and salts were examined for features such as the ability to disscive PLGA, adsorb
onto PLGA, icn exchange ability, ionic strength, ionic volume, pH in aqueous
solutions, density and the ability to stabilize water. For the final product, the site of
implantation of the device was also considered, as it would determine the

parameters of the implant that include size of the scaffold.

23



An ideal device for implantation into the subarachnoid cavity of the brain should

possess characteristics such as:

i,

Biodegradability, thus eliminating the need for a second surgery to remove the
implant;

Provide a depot effect of the drug and proleng its release over time:

Stabilise the drug in the physiological environment against rapid degradation;
Be readily reproducible, cost-effective with a stable shelf-life;

Be free from toxic degradation products and neuro-compatible;

Possess an optimum level of resilience, modulus and endurance in order to
retain its physicochemical and physicomechanical properties during its use /in
vivo (McCormick and Stoessl, 2003; Kulbatski et al., 2005; Georges et al.,

2008).

The consistency of a device’s performance strongly depends on the properties of the

polymer used, the mechanism used for polymer modification, chemical inducers

employed and the final physicochemica! and physicomechanical properties. Thus,

the polymer, the chemical inducers used to fransform the polymer and the

mechanisms of modification were selected in accordance with the above-mentioned

specifications. In addition, the product yield had to be considered, as it impacts on

the manufacturing costs and the feasibility.
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2.2 The Properties of Native PLGA

The type of polymer employed will have an influence on the degradation rate,
degradation type, nmm.anmmo: products and subsequently, the rate of drug release
and the success of the device's functioning in vivo. Thus, the material selected ought
to be easily bulk-producible and its properties readily tailored for specific
applications. This includes creating degradable polymers that allow room for
programmable degradation while eliminating the need for a second surgery to
remove the implant. The selection of a suitable polymer was therefore, a major

concem for this study {Basu et al., 2007).

PLGA is a copolymer of two aliphatic polyesters, polylactic acid (PLA} and
pelyglycolic acid (PGA). PLA is a poly-a-OH acid that posseses an asymmetrically
substituted —C= atom. it is found in two enantiomeric forms, namely, L{+}-lactide and
D{-}-lactide sterecisomers and a racemic mixture of D,L-factide. The presence of a
pendant ~CHs on the a-carbon of PLA offers the chirality (Jain et al,, 2000). In
contrast, PGA is one of the simplest linear aliphatic polyesters with no chiral centre
or enantiomer. It is a highly crystaline polymer as compared to the amorphous

Poly{D,L-lactide) {PDI.L) (Middleten and Tipton, 2000).

The degradation rates of the two enantiomeric forms of PLA differ considerably,
which implies that during the polymerization process of PLGA, the relative amounts
of the L{+) or D{-} will affect the physicomechanical properties and degradation rate
of PLGA in vitro and in vivo (Therin et al., 1992; Li, 1989). In addition, the ratics of
PLA:PGA tend to affect the degree of crystallinity of the co-polymer, which in turn

affects the functioning of the polymer in drug delivery. Thus, during the selection
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process of various PLGA grades, the ratios of PLA:PGA need to be verified in order
to achieve the required degree of crystallinity of the native PLGA (Park, 1954; Chung

et al., 2006).

The maijority of synthetic biodegradable polymers, including PLGA have a wide
range of moiecular masses and inherent viscosities. As the polymeric dimensions,
such as, molecuiar mass are increased, its viscosity tends to increase; however, its
solubility decreases (Rwei et al., 2005; Basu et al., 2006; Neuzillet et al., 2008). In
polyesters, such as PLGA, molecular mass increases in direct proportion with the

ester functional groups (Ranucci et al., 2006; Nadeau et al., 2005}.

The difference in molecular mass is attributed to various stochiometric quantities of
catalysts, temperature, as well as the position of equilibrium involving water during
esterification reactions in the process of polymerization. Viscosity is, in such a case,
a direct result of molecular mass {Kerhonen et al., 2008). As a result, PLGA grades

with higher molecular masses tend to have higher inherent viscosities (Table 2.1).
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Table 2.1, General physicochemical and the physicomechanical properties of native

PLGA grades
Property *RG 502 *RG 503 'RG 504
Type of Polymer A —OH polyester A-OH polyester a-OH polyester
Molecuiar formula [{C3H402).(C2H204)), [{C3H402).(CzH202)) {(C3H:02).(C2H:0:)),
Molecular Mass 15000 41000 55000
{g/mol)
Morphology Crthorombie Ortherombic Orthorembic
inherent 0.18-0.24 0.32-0.44 0.45-0.60
Viscosity (difg)
Glass Transition  40-55 40-55 40-55
Temperature {°C)

*RG= Resomer- Grade (Trade name)

Some of the properties of PLGA that has made this polymer a favourable candidate

for biomedical uses are as follows:

i.  Biocompatibility, nen-thrombogenicity and hon-toxicity {Langer and
Folkman, 1976; Visscher et al, 1985; Yamaguchi and Anderson, 1983,
Shive and Anderson, 1997, Johansen et g, 2000).

fi.  Hydrophobicity, chemical stability, excelient thermo-reversible properties
and =._m. madifiable intrinsic structure {Dong et al., 2006; Jeong et al.,
2006).

lii.  Non-toxic degradation preducts and modiffable degradation rate (Massey

et al., 2004; Fahmyet al., 2005).

The choice of PLGA as a polymer for the formulation of the scaffold originated from

its use in the medical device industry to make bioabsorbable sutures {Langer and
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Vacanti, 1893). This co-polymer's unique properties that include the established
safety, biocompatibility and biodegradability made it an ideal material for this
research. The degradation products of PLGA, namely, PLA and PGA and further to
lactic and glycolic acids respectively, enter into the tricarboxylic acid cycle (also
known as the kreb’s cycle), to be broken down into CO; and water and are
eliminated through the kidneys and the reticular endothelial system (RES) from the

body as illustrated in Figure 2.1 (Nam et al., 2000; Hsu et al., 2006}.

POLY(LACTIC-CO- GLYCOLIC) ACID

POLYGLYCOLIDE » GLYCOLIC ACID
+ /- Excretoc “.__” the urine
POLYLACTIDE ___ LACTIC ACID Reticuar endothotal
CO,
Hio "AGID CYOLE oxaL aci
_
GLYCOLIC ACID
|
/ . m_.wﬁa_m

ACETYL CGoA +—— PYRUVIC ACD +————  SERME

<

co,

Figure 2.1. Schematic diagram of the metabolic degradation of PLGA (Source: adapted from
Béstman et al., 1877; Garvin and Feschuk, 2005),

The PLGA device is intended for use in vivo and fast degradation would create
setbacks such as the decrease in pH and affecting the sumounding tissues.
Furthermore, the non-toxic elimination confers cost-effectiveness to the system, as

there will be no local inflammation in the area (Hsu et al., 2008).
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2.3 Establishing Suitable Independent Formulation Variables

During salting-out, an organic phase {containing the polymer) is separated from the
aqueous phase with subsequent cross-linking, where molecules are cevalently or
ionically bended. The reagents, namely, the solvents and ionic salts are incorporated
into the polymer in order to induce salting-out and cross-linking as well as enhance
the physicochemical and the physicomechanical properties of the polymeric matrix.
In addition, these reagents are incorporated to create and maintain the desired

solubility and stability of the scaffold.

There can be a synergistic interaction between the solvent, the salt and the polymer
that produces enhanced stability, improved viscoelasticity and strength of the
polymer. In contrast, the interaction between the chemical inducers may result in an
antagonistic effect such as decrease in reactivity, stability or solubility (Zangi and
Berne, 2006). During preliminary studies we set out to establish chemical inducers
that would salt-out PLGA into a polymeric scaffold with balanced viscoelastic and

britfle properties that are tailor-made to match its intended application.

2.3.1 Solvent Selection for Salting-Out and Cross-Linking

The solubility of polymers depends on the chemical and the physical properties of
both the polymer and the solvent employed (Basu et al., 2006). Most procedures of
pelymer modification and/or drug incorporation are performed in solution, Thus, the
solvent plays a key role in the chemical reactions that take place during the

processing and curing of the polymer, such as facilitating collisions between the

reactants and the polymer.
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Furthermore, the solvent offers a means of temperature control as a catalyst, by
either increasing the energy of celliding particles or absorbing generated heat in the
case of exorthemic reactions. For polymer synthesis and medification, the selection
of a suitable solvent is guided by theory and experience. An appropriate solvent for
salting-out and cross-linking should be inert to reaction conditions, water soluble,
with less solvent residual volume in the scaffold. Table 2.2 below lists some of the

properties of solvents selected to dissolve and sait-out PLGA.

Table 2.2, The physicochemical pro erties of solvents used in salting-out PLGA
Solvent’ Density Chemical DM° DC* BP Polarity Protic/
{giem®) Formula (°C) Aprotic
Water 0.9980 H,& 1.85 800 100 Polar Protic
Chlorobenzens 1.1075 CsHsC1 160 271 134 Paolar Protic

Dimethyl acetate 0.8820 CH:COOC,H, NiA NA 97 Polar Profic:

Methanol 0.7910 CHiCH 1.70 330 &8 Polar Protic
Acstone o780  (CTakC=0 288 207 56  Polar  /Profic
Acetonitrile 0.8000 CHiCN 382 2B85 B1 Polar Aprotic
Chloreform 1.4800 CHChL 180 4351 52 Palar Aprotic
NN Cimethyl 0.9540 HCOM{CH;), 382 383 153 Polar Aprotic
Formamide {DRF)

Dimethyl Sulfoxide  1.0920 (CH3)-80 396 472 18¢ Pclar Aprotic
{DMSO)

Dimethyl Sulfoxide  1.0020 (CH3).80 396 472 188 Polar Aprotic
{DMSO)

*All of these solvents are clear, colouriess fiquids;

*OM= Dipole Moment

“DC=Dielectric Constant

*BP= Boiling Point

*Wof avaitable
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The advances in the studies of solvation dynamics have allowed better
understanding of the solvents effect on slectron transfer reactions. During a chemical
reaction, the solvent offers an ion or free radical to the system, which acls as a
catalyst in the reaction. Protic solvents have a hydrogen atom attached te an
electronegative atom such as 0% or N* and can exchange profons. As a result,
water, a typical protic solvent can donate an H+ from its ~0OH group to ferm H-bonds
during a chemical reaction, while aprotic solvents such as acetone and DMF canniot
donate a proton, since they only have a =C=0 group. Polar solvation wil! differ from
non-polar solvation, because the dielectric constant of polar solvents is unequaliy
distributed, leading to different charges at each end. Thus, in polar solvation, van der
Waal forces, dipole-dipole and electrostatic forces are the key to the chemical

reaction (Gnanakaran, 1998; Chandra, A. and Bagchi, 2000; Bagchi, 2001).

Dipolar solvents such as acetone, DMF, and DMSO contain a C=0O bond without a
—OH bond and because they are protic, they will accept a proton from the aqueous
solution during the salting-out and cross-finking processes, thereby enhancing the
phase separation process. Sclvent induced interactions during salting-out and cross-
Iinking are greatly influenced by the type of salt in the aqusous solution {Gul et al.,

1998; Moelbert et al., 2004: Zangi and Berne, 2006).

2.3.2 Sait Sefection for Salting-Out and Cross-Linking

Salts were selected in terms of their capability to salt-out and cross-link polymers.
The effect of salts on the interaction between polymeric particles in aqueous solution
is a function of the salt's ionic charge density. Salts with ions that have higher charge

densities tend to increase the propensity of polymers to aggregate and salt-out
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{Zangi and Berne, 2006). Work done by Melander & Horvath (1977) deduced that in
aqueous-salt soiutions, the salt increases the surface tension of water, there by
changing the solubility and stabiiity of the polymer that will be introduced to that
solution. The principle of Hofmeister's precipitation of polymers such as, proteins
facilitated the disceming of the ideal ions for salting-out and subsequent cross-linking

of PLGA.

The Hofmeister series of precipitation can be given in terms cof the ability of saltsand
their ions to stabitize the structure of polymers, similar to the series displayed in
Table 2.3. Thus, salting-out can be elucidated in terms of the degree of binding of
ions to water. As the ions bind to water, the polymer concentration in the remaining
unbound water will increase, aggregate and salt-out {lzutsu and Aoyagi, 2005;

Maccarini et al., 2007; Renoncourt et al., 2007).

Table 2.3. Series iflustrating the ability of ions fo cause water stabitization, a
predictor of the degree to which the jon can saft-out the polymer

Most stabilizing == == == == == == == = = >  Most destabliizing

Citrate ™ > Sulphate * > Phosphate 7 > F >Cl > Br > [ > NO; > CIO;

N{CHz)s> NH, > Cs >Rb > K > Na' >H' > Ca® > Mg > AP

Weakly hydrated ions wm —m mm s= om = » Strongly hydrated anions

(Source: adapted from Hofmeister series, Para et al, 2008).

In aqueous soluticn, the hydration of jons fends to influsnce the breakdown of the

tetrahedral network of water by interrupting the hydrogen bonding capacity. The

stronger the hydration of fens, the weaker the hydrogen bonding between the water
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molecules will be. This will cleave the dodecahedral structure of water and free the

polymer ir order to salt-out (Sobott et al., 1989).

Moreover, salts may have preferential action on polymers. The subsequent
preferential exclusion of both salts from the solvation shell and from the polymer
paricles leads to stabilisation of polymeric aggregates during salting-out.
Kosmotropic saits such as Li*, Na* and F promote the aggregation of hydrophobic
solute particles (salting-out), while chaotrepic salts such as K*, Cs* and I act to
destabilise such aggregates and cause them to solubilize (salting-in) (Viachy, et al.,
2004). Table 2.4, presents various properties of the typical salting-out cations and
antons, which include molar aguecus ionic volume, entropy of hydration, and the

viscosity Jones-Dole 3-coefficient.
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Table 2.4. Classification of ions used in terms of molar agueous jonic volume,
entropy of hydration and the viscasity Jones-Dole B-coefficient

Cations “_ﬂ“”.n:..mm 48° mﬂq__Mnm. Anlans __H“p_hn:..mm A8° MM___M% .
AFY -58.7 396 +0670 Citrate™  +77.0 NAT  +0.270
Mg 322 -174  +0.385 S0 +250 126 +0.206
Ca® -28.9 -132  +0.298 POZ NraT N/AY  +0.382
H’ 55 N/A®  +0.088 F +4.3 -70 +0.127
Na* 6.7 5 +0.085 cr +233 +6 -0.005
K' +35 +34 -0.009 Br +30.2 +28 -0.0:33
Rb* +8.6 +52 -0.033 r +417 +55 -0.072
Cs’ +15.8 +50 -0.047 NOy +34.5 +9 -0.045
NH,' +12.4 +5 -0.008 Cloy, +49.5 +30 -0.061
NCHs),"  +84.1 N/A®  +0.123 - - R ;

(Source: adapted from Marcus, 1997)

°Moiar aqueous ionic volume, em” mol’, 298.15 K, the negalive vafues indicate confraction in vofume;
“Entropy of hydration, kJ mor®, 298.15 K, sfandard molar entropy minus the entrapy of the primary
“Viscosity Jones-Dole G-cosfficient, (dm® mof”)298 15 K

“Not available

Small fons are strongly hydrated, leading to negative entropies of hydration. This
creates a higher local density of water, while larger ions have positive entropies of
hydration and may reside comfortably within the dodecahedral structure of water
chlathrate shells, thus, decreasing the local density of water. When used for salting-
out and cross-linking the above-mentioned properties of the salts will influence the
physicochemical and the physicomechanical properties as well as the configurational
structure of the newly synthesized polymer. In addition, the hydration of the polymer
during dissolution and drug release in physiclogical media is attributed to the type of

salt employed (Sobott et al., 1999},



2.4 Mechanisms of PLGA Modification: Salting-Out and Subsequent Cross-
Linking

Salting-out occurs when solvated ions precipitate polymers in the presence of
aqueous solutions and cause them to dissclubflize, as opposed to solubilizing
{salting-in}. Salting-out employs thermodynamic principles to create polymer-rich and
polymer-poor phases within a water-salt-polymer solution. The 3-dimensional
polymer network is then removed from the solution, leaving a polymer-deprived
phase. Salting-out, a colloidal phenomenon, also has the capacity to modulate the
physicochemical and the physicomechanical properties of a polymer by incerporating
ions that produce stochastic fluctuations. This can be explained as a transition of the
polymeric *hydrophobic effect’, which is attributed to the reactivity of the salts (Lo et

al., 1996; Schugens et al., 1986; Nam and park, 1999).

In water-salt-polymer solutions, the salts tend to transform the motecular structure of
water permitting the polymer to aggregate, subsequently cross-link and form a 3-
dimensiona! scaffold. This phenomenon is termed the “hydrophobic effect’. It has
been postulated that the ‘hydrophobic effect’ is directly proportional tc the
concentration of the ion or salt species as illustrated in the following equation known

as Setchenow’s Equation (Equation 2.1) {Friedman, 1972).
In[cici(OY]=-ks*e, Equation 2.1
where,

¢i Is the molar solubilities of the hydrophobe {polymer) in salt solution:

¢{0) is the malar solubilities of the hydrophobe (polymer) in water:



Cs Is the molar concentration of the salt and

Ks is the Setchenow’s salting-out coefficient of the salt

The range of parameters that influence the salting-out system, and thus the resulting
physicocherrical and physicomechanical properties, include molar solubilities of the
polymer in water and in salt solution, the salt concentration, and the Setchenow’s
salting-out coefficient of the salt which can direct the interfacial tension between
phases and increase pore size and interconnectivity of the scaffold. lons that
possess higher charge densities tend to bind covalently to water, such that the
polymer is excluded from the first hydration shell of the solution. The polymer is thus
free from hydration, increases in concentration, coalesce and salt-cut, hence it is
cailed the ‘hydrophobic effect. Polymers that have polar groups such as —-OH and —
COCH tend to adsorb water molecules in a configuration that depends on the
properties of the polar group (Stephenson et al, 2007; Tereste et al., 2007;

Zainuddin et al., 2007).

Berthold and co-workers (1996} revealed that the quantity of adsorbed water
molecuies arcund a polar group also depends on the physicochemical properties of
the ions. Thus, the ion-pairs present in charged polymers are responsibie for their
swelling and gellation in aqueous media (Rinaudo, 1978). Hydrophilic sites of a
polymer are also an area of target for water to adsorb, such as, in Nylon-6 where the
~NH; groups are the specific sites of adsorption for water molecules
(Reimschuessel, 1978). Althcugh PLGA used in this study is a hydrophobic polymer,
it possesses pelar groups such as OH- and COOH- and therefore interacts with the

salt and water molecules in a similar manner.
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Cross-linking can bond the polymer and the salts both covalently and iscnicaliy.
Cross-linking ions are employed to generate flexible polymers and to augment
polymeric sfructurai integrity. Cations that have been ulilized in cross-linking of
polymers comprise sodium, a monovaient cation, as well as divalent, trivalent and
multivalent cations such as copper, calcium, aluminum, magnesium, strontium,
barium, tin, and di-, tri- or tetra-functional organic cations such as alkylammonium
salts. In this study, the inter-cross-linking between the monomers of PLGA strands
and the salts as well as the Intra-cross-linking among PLGA strands is subsequent to
the saiting-out of the polymer, due to ion interactions between the salts and the poiar

groups of the pclymer.

2.5 Materials and Methods

The following experiments were conducted to establish the lower and upper limits for
the independent formulation variables, synthesize the PLGA scaffold and to
determine the ability of the independent formulation variables to salt-out various

PLGA grades.

2.5.1 Materials

PLGA was purchased from Boehringer Ingelheim Pharma {Ingelheim, Germany)
(Resomer® RG502, RG503 and RG504) with 50:50 PLA:PGA ratios {The various
molecular masses and inherent viscosities of these grades are listed in Table 2.1.
Distilled water, acetone, acetonitrile, chlorobenzene, chloroform, DMF, DMSC and
methanol (Ultrafine Limited, Finchley, UK) were used as solvents. HC!, KCI, NaCl,
CaCl; CaCO; NasSO, AICl;, Alx(SO4);, CaDH;, Zinc Gluconate and NaHCOy

(Rochelle Chemicals, South Africa) were used as salts. An analytical mass balance
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(Denver Instruments Co., USA, £ 0.5 mg) was used to determine the mass of each

substance and the scaffolds.

2.5.2 Synthesis of the PLGA Scaffold

PLGA grades were salted-out and subsequently cross-linked with various guantities
of solvents and salts to form scaffolds. Approximately 0.2g and 0.4g of each native
PLGA grade was dissolved in 15mL of solvent, in separate glass vials. To salt-out
using HCI, a 100mL of hydrochloric acid (0.1M) was added to the solution to
decrease the pH to a pH range of 1,5 — 3. Salting-out and cross-linking solutions
were prepared as 5%"/, salt agueous solutions and added to the polymer-solvent
solution to induce salting-out of the pelymer. The resulting scaffolds were removed
from the cross-linking solution, washed with defonized water o remove any excess

solvent or salt and allowed io dry over a period of 48 hours.

2.5.3 The Effect of the Independent Formulation Variables on the Salting-Out of
Various PLGA Grades

The salts used were evaluated quantitatively in terms of the scaffold yield and
qualitatively in terms of their abiifty to induce salting-out PLGA. The efficiencies of
the solvents were evaluated with respect to the ability and the time taken to dissolve
the polymer as well as facilifating salting-out of PLGA. With regards to the salts,
indicators of success in salting-out were the ability of the salt to cause coagulation

and precipitation of the polymer as well as obtaining a desirable yield.
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2.6 Results and Discussion
The numercus interactions between variables during salting-out need to be
considered and has te be monitored individually as well as collectively. This will be

explicated in Chapters Three and Four of this study using a statistical design of

experiments approach.

This section wiil however, focus on elucidating the sclvents and salts that were
successful in salting-out and subsequently cross-linking of PLGA in pharmaceutically
acceptable quantities (yield). PLGA is insoluble in water due to the hydrophobic
nature of this polymer. Numerous solvents, namely, acetone, DMF and DMSO were
able to dissolve PLGA; however, there was a variation in the amount of time taken to

dissolve the polymer as cutlined in Table 2.5.

In any solvent that dissolved PLGA, the time taken to dissolve the Resomer® grade
was as follows: RG 502 > RG 503 > RG 504. This occurrence could ba explained in
terms of the inherent viscosity of each PLGA grade as listed in Table 2.1. This
suggests that the inherent viscosity of each grade was inversely proportional to the
time taken to dissolve, given that the inherent viscosity of RG 502= 0.16-0.24 dlig <

RG 503= 0.32-0.44 difg < RG504 = 0.45-0.60 dlfg.

Solvents, namely, acetonitrile, chlorobenzene, chloreferm and methano! succeded to
dissolved PLGA, but were not able to salt-out and subsequently cross-link the
polymer when a salt solution was added; Even though the salt solution was
successful in salting-out PLGA with other solvents. Solvents that could not salt-cut

PLGA were mainly the protic solvents, including methanol. The chloride and sulphate
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salts including NaCl, CaClz, AICi;, Naz;SO4 and Al{SO4); successfully salted-out
PLGA in pharmaceutically acceptable quantites (Table 2.5). Salts that did not
succeed to salt-out and subsequently cross-link PLGA include, CaOH: and NaHCO3

and Zn Gluc.

Table 2.5. The reaction of random input variables on the salting-ouf of various PLGA
_grades (RG 502, RG 503 and RG 504)**

Solvent Employed and Interaction Salts Outcomes
with Polymer Employed
for Salting-
out
«  Water = HCI lons that salted-out PLGA
D=N; i= 0 min S/0=N successiully
« KCI
s+ Acetonitrile e HC!
D=Y; t= 1.0 min S/0=N « MNaCl
e KCI
+« Chlorobenzene s NaHCOy
D=Y; t= 10 min S/0O=N « NaCl
s BaCl
«  {Thloroform ‘ s CacCly
D=Y; t= 3.0 min S/0=N « CaCh
= AICI
» DMF + CalH,
B=Y; {= 2.0 min S/0=Y + BaS{O,
s Zn Gluc
+ DMSO « Na:S0,
b=Y; t= 2.0 min S/0=Y *» AICI
« AL{SO4);
*  Methanol s Na 50,
D=Y; t= 3.0 min S/O=N lons that did not salft-out
e Al{SO4); PLGA
s Acetong
D=Y; t= 1.0 min S/O0=Y s CaQH;
»  Acetone + DMF ¢ Zinc Gluconate

0=Y; t= 1.5 min S/0=Y
s MaHCOCy
+ Acstone + DMSO
D=Y; t= 1.5 min S/0=Y

« Acetons + DMF + DMSO
D=Y; t= 1.5 min SfO=Y

**The polvmer was vaned bafwesn 0.8% o 4% W7, in each solvent, {concenfration gradients sistable
for practical applicabilify].

The expenment was conducfed at T= 25°C and Pressure= Atmuospheric;

D=Dissotved; 5/0 = Salting-oul; Y=Yes, N=Not salted-out, {=Time iaken to dissolve polymer {(minhr)
Salt sofution ranged between 0 and 10% ™/, in distifed waler arnd PH 1.6 to 3.0 for Prolonated waler.
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During salting-out reactions, there is an interaction between the salt solution and the
sclvent, whereby a proton may be momentarily transferred from the salt solution to
the polymer solvent. A solvent that is unable to accept the proton from the salt
solution may not be able to salt-gut PLGA. This study earlier menticned that in a
chemical reaction, a protic solvent, such as, methanol donates a proton. This could

be the reason most protic solvents failed to salt-out PLGA.

Further illustrations on this phenomencn are found in Figure 3.3 (Chapter Three),
where DMF and protonated water undergo temporary charge transfer between water
and DMF molecules, and subsequently causes coagulaticn and salting-out of PLGA
from the solution. The effectiveness of the salts to salt-out PLGA was further
measured with respect fo the scaffold yield as listed in Table 2.6. The scaffold

measured was the cohesive ceramic-like structure.
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Table 2.6. Scaffoid yield (g) after salting-out and cross-linking with various salfs

Resomer Resomer Resomer Resomer Resomer Resomer

Salt’ 502 502 503 503 504 504

(F1)° (F2)° (F1)° {F2)° (F1)° {F2)°
HCl 0.162 0.260 0.195 0.348 0.218 0.433
KCl 0.100 0.165 0.110 0.218 0.135 0.274
NaCl 0.158 0.269 0.185 0.359 0.213 0.448

BaCl; 0.132 0.225 0.164 0.286 0.187 0.374

CaClz 0.148 0.243 0.174 0.323 0.199 0.404
AICI3 0.167 0.272 0.129 0.362 0.225 0.452
Na;S0, 0.073 0.178 0.086 0.238 0.098 0.297
Al{SO4)a 0.083 0.242 0.154 0.334 0.204 0.428

{Yield may be greafer than polymer mass, due o incorporafed salfs)
2Aqueous salf sofulion 5%wi.

(1} input mass of polymer=0.2g

%(F2) input mass of polymer=(0.4g

The results displayed in Table 2.6 reveal that the scaffokd yield was influenced by the
salt and the polymer grade employed in salting-out the PLGA. In general, the
chloride salts produced higher quantities of scaffold yield in comparison with the
sulphate salts with the exception of Al{SQO,)s. This implies that chloride ions could
be involved in salting-out by enhancing the formation of bonds, thus augmenting the

coalescence of the PLGA strands.

The rapid solvation of PLGA in any biacompatible crganic solvent is fundamental for
employing PLGA in the formulation of devices for in vivo application. This study has
revealed that the fime taken by PLGA to dissolve depends on both the type of
sclvent and the viscosity of the polymer. In dissolving PLGA in the various solvents,

two distinct stages were observed,
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.. PLGA absorbed the solvent to form a gel and;
i. The solution turned into a yellowish sticky gel, which then slowly

dispersed into a less viscous yellow solution.

The time taken to change the viscesity of the sclution from a gelf to a less viscous
solution was influenced by the solvent and PLGA grade used. The Gibbs free energy
(G) change of mixing a polymer and a solvent depends on the temperature,
pressure, volume and the number of moles present in the system. This can be
explained thermodynamically using Sperling’s solution thermodynamic nomenciature

as presented in Equation 2.2.
AGy=kT (N InVy + NofnVo +20 N, Wz} mﬂtmu_qch_ 2.2

Where,

AGy is the Gibbs free energy change of mixing;

k is the Boltzman’s constant {1.38066 x 10® Joules per Kelvin, relates energy to
temperaiure);

Tis the temperature;

N:is the number of solvent molecules;

Vy is the volume fraction of the solvent;

Nzis the number of polymer molecules;

V2 is the number of solvent molecules and

Xy is the Flory Huggins interaction parameter.
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The temperature and pressure of the system are influenced by the interaction
between the polymer and solvent. The factors delineated in the above Equation 2.2
reveal that the quantities of solvent and polymer molecuies will influence the
pressure and temperature of the reaction. This in tum will affect the rate of polymeric

salting-out and cress-linking on addition of a salt sclution.

Furthermore, in solution, the polymeric chains adopt a configuration such that the
attractive and repulsive forces on each polymeric segment {owing to other
moncmers as well as solvent molecules) are exactly counter-balanced. The coupled
effect of these forces leads the polymer to assume a configuration that permits a free
rotation about the bonds between segments, with no interaction between the

segments, resulting in an intact configuration.

Polymers that have their chemical backbone based on C-C such as PLGA have the
C-C-C bond-angle fixed at 108° and the C-C molecular distance at 1.54 A. However
when a salt solution is added, the soivent interacts with water molecules whilst the
salts interact with the polymeric chains causing them to salt-out and form a 3-
dimensional structure. Thus the polymer is activated by the sclvent to interact with
ions during salting cut and subsequent cross-linking. The monomeric units of PLGA

are multi-functional, and have sites that can react with several adjacent molecufes

including salts.



2.7 Concluding Remarks

The yields were found tc vary, depending on the various factors such as salting-out
and cross-linking species as well as the viscosity, molecular mass and concentration
of PLGA. The chloride salts such as NaCl and AICl; demonstrated a higher yield
when compared to other salts. Thus, the ability of the polymer and the salt to
coagulate into a thick gel appeared to be influenced by both the salt and the

maolecular mass of the polymer.

Chapter Two of this study focussed on establishing the type and the quantities of
independent fermulation variables that may be used in synthesizing the PLGA
scaffolds. Chapters Three and Four that follow evaluates the physicochemical,
physicomechanical and the ab initic quanturm mechanical energy transitions of the

novel PLGA scaffolds produced.
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CHAPTER THREE

ELUCIDATION OF THE /N VITRO PHYSICOMECHANICAL AND AB INTIO
QUANTUM ENERGY TRANSITIONS OF THE PLGA SCAFFOLD

3.1 introduction

In this section, the study elucidated the in vitro physicomechanical transitions of the
PLGA scaffold, utilizing quantum mechanics to compute the ab initio energy
requirements of the salted-out and subsequently crosslinked PLGA scaffold
interacting with simulated physiclogical fluid, phosphate buffered saline {PBS) at a
molecular level. These studies were conducted fo understand the degradation
characteristics and the stability of the potential scaffold from a molecular viewpoint in

an attempt to predict its suitability for use in rate-modulated drug delivery.

Conventional drug delivery systems are characterized by vigorous polymeric
degradation, with uncontrolled release kinetics of the delivered bicactive, due to lack
of toughness and viscoelasticity (Blagoeva and Nedev, 2006). In physiological
media, these devices undergo rapid degradation and instantaneous drug relsase
causing & sharp rise of the drug plasma concentration. This is often foliowed by an
analogous decrease in the concentration, which leads to toxicity and a ‘peak-trough’
effect. Jn addition, the accumulation of degradation products in vivo tends to cause

art immune and an inflfammatory tissue response.

Amid the array of polymeric bicmaterials that have been explored for drug delivery
and tissue engineering devices, thermoplastic aliphatic polyesters such as PLA, PGA
and PLGA are renowned for their biocompatibility and bicdegradability (DelLuca et
al, 1993; Mehta et al., 1994; Sisay et al, 2000; Doriza et al., 2002). PLGA is



increasingly being utilized for fabricating drug delivery devices and scaffolds for cell

seeding in tissue engineering.

Structural stability studies on PLGA regarding solvent addition, physicechemical and
physicomechanical transitions, and molecular dynamics during in vitroin vivo
degradation still require further exploration (Li and Vert, 1995; Shive and Anderson,
1997; Wu, 2004). The influence of these factors on application and adaptation to the
microenvironment of the tissueforgan is pertinent to the performance of the device

{Oldham et ai., 2000; Garg and Kokkoli, 2005).

A limitation of employing PLGA in fabricating drug delivery devices is that bulk
erosion occurs when exposed to physiological media. Devices made of native alpha-
CH polyesters, PGA, PLA and PLGA usually undergo bulk degradation with
simultanecus loss of mass (Spain et al, 1998, Yoon and Park, 2001). Fluid
infiltration instigates hydrolytic cleavage of the ester bonds. Each ester bond
cleavage generates a new carboxyl end group that catalyzes the hydrolytic reaction
of the other ester bonds. Partially degraded macromolecules remain insoluble in the
surrcunding medium and sequential erosion procesds homogeneously (Witt and
Kissel, 2001; Von Burkrrsroda et al., 2002). Once the molecular mass of the partialiy
degraded macromolecules is sufficiently low, diffusion begins within the matrix,

leading te bulk ercsion.
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Some of the facters that influence PLGA degradaticn include:
I. Polymer intrinsic properties, such as, Hydrophobicity, chemical structure, the
ratio of lactic:glycolic acid in PLGA, crystallinity, and molecular weight (Shin et
al., 20086);

ii. Physiological fluid or release medium properties such as, temperature, ionic
strength, pH, solvent, presence of biocatalysts (Tomoda et al., 2005);

iii. Formulation properties, such as, shape, size, presence of salts in the device,
particle size, presence of plasticizer or coating {Ishihara et al., 2005; Dong et
al., 2008) and

iv. Incorporated bioactive, such as, acidic drugs, salt based drugs and tertiary

amine-based drugs {Siegel et al., 2006).

Thus the morphology of the device, the amount of biological molecules incorporated
into the device, the pH of the system, the environmental temperature, as well as the
solivents and ions that are present in the system will determine the type and the rate
of qmmqmn.mmoz of the device (Blanco and Alonso, 1998; Barakat and Radwan, 20086;
De Jong et al., 2005). In a study by Dong and co-workers (2006} the degradation of
PLGA in in-situ forming systems was found to increase with the increase in storage

temperature and water content in the biccompatible solvents used.

In addition, Dong and co-warkers {2006) revealed that degradation of PLGA may be
accelerated by polar protic solvents, such as 2-pyrrolidone as compared to polar
aprotic solvents, namely, DMF, DMSO and acetone. Curing and sterilization of the
PLGA. devices has also been found to considerably affect the degradation rate of the

OH-polyesters. This tendency to physical and chemical degradation during storage
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and during application presents a limitation in the use of this thermoplastic pclymer

{Siepmann, 2008).

3.2 The Degradation of PLGA

3.2.1 Chemical Degradation of PLGA

Biodegradable polymeric devices can degrade either by enzymatic or non-enzymatic
hydrolysis of the fabile bond. This is fermed chemical degradation. Polymers can be
classified according to the type of hydrolysis they undergo. Several mechanisms of
chemical degradation have been reported, which include, Type |, where cleavage of
the iabile bond in the pelymer backbone result in low molecular weight degradation
products that underge selubilization. Gépferich (1996) detailed that PLGA degrades
predominantly via chemical hydrolysis of the hydrolytically unstable ester bonds inte
lactic acid and glycolic acid. These non-toxic products are bioercdible, and are

eliminated from the body by normal metabolic pathways.

The next mechanism, Type |, is where the hydrophobic side groups of a polymer are
ionized and hydrolyzed, leading to the solubilization of the entire structure. Type Il
mechanism involves the cleavage of unstable linkages of a cross-linked network that
cause the liberation and the solubilization of the polymer fragments. Type W
mechanism is a combination of the three mechanisms. Zhang and co-workers (1993)
revealed that native PLGA, being an a-OH polyester undergoes the Type |
degradation mechanism. This is one of the challenges of this polymer, as menticned

in section ane.
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3.2.2 Physical Degradation of PLGA

Polymeric devices synthesized from polyanhydrides and poly{ortho)esters usually
underge surface erosion, (Dickers et al., 2002). The rate of degradation of these
polymers occurs in such a way that the mass loss is more rapid than the ingress of
water into the bulk polymer. The device undergoes surface erosion that is

predictable such that drug release may be easily controlled.

On the other hand, devices made from PLGA display bulk erosion, where the ingress
of water into the bulk polymer is faster than the degradation of the polymer. This
implies that the degradation of the polymer will occur simultaneously throughout the
polymeric device and proceed until the critical molecular weight of the polymer has
been reached, where chemical degradation takes place. At this paint, the degraded

polymeric particles start to solubilize (Vélimaa and Laaksovirta, 2004)

The limitation of this type of degradation is that the entire polymeric device degrades
concurrently at an unpredictable rate. In terms of PLGA, there is a decrease in the
pH of the surrounding area fissues caused by the increase in the degradation
products, nhamely, lactic and glycolic acids. Although PLGA has been used in many

health care devices, the challenge of uncontrollable degradation still exists.

In order to solve this problem, one needs to revise the factors that influence the rate
and type of degradation of the polymer. PLGA undergoes two degradation stages,
where water diffuses into the amorphous regions quickly and then cleavage of the
ester bond occurs. During this stage the physicomechanical properfies, such as

resilience and work preformed are compromised. The second stage is the hydrolysis
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of the crystalline regions, which causes a decrease in the weight of the PLGA

device.

3.3 Effects of PLGA Modification on the Stability and Degradation of PLGA

In Chapter Two of this dissertation, we investigated the logical development of the
scaffold through the process of salting-out and cross-linking PLGA. Modification of
PLGA matrices by a salting-out and subsequent cross-linking technique to form a 3-
dimensional biodegradable polymeric scaffold under conditons of altering
monomeric ratios, malecular mass, cress-inking reagents and salting-out reaction
times may result in a polymeric material with improved degradation rates,

physicochemical and physicomechanical properties.

Salting-out confers partial covalent bonding leading to cross-linking between PLGA
polymeric chains and increased viscosity of the evolving structure. Polymeric voids
resulting from cross-linked interactions have a stereochemical orientation that is able
to constantly engulf clusters of fluid molecules in the presence of physiological
media. These voids are a result of interactions between short and long distance
chains and cross-linking ions, due to the presence of electronegative sites within
inter-atomic reactions. Salting-out and cross-linking techniques can be used fo
modify the physicomechanical properties of the device to restrict the transport of
water inside the polymer matrix {(Grassi and Grassi, 2005). The presence of cross-
links between the polymeric chains obstructs the free movement of water molecuies

and impedes dissolution of the polymeric network.
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The overall textural properties and energy transitions occurring at a molecuiar level
within the scaffold will depend on the extent of cress-linking ions located within the
matrix that couid be either cross-linked within the polymeric voids or salted-out
extemnally and thus will elucidate the overal! design of the scaffold. If ionic or covalent
bonding is restricted, the contours of the scaffold may be aftributed to hydrogen
bonding. Otherwise, the polymeric chain dimensions may outline the nature, stability

and performance of the intermediate sol-gel matrix as well as its energy status.

A polymeric scaffold whereby the sterecchemical configuration provides a void area
for hydrated and unhydrated ions to bind without cbscuring other atoms is assumed
to be moderately stable. Restriction of these voids and subsequently fewer hydrated
ion clusters within the matrix will result in further stability to the polymeric backbene.
When hydrated and unhydrated ions are bound externally fo voids it may result in
increased swelling of the micro-environmental structure with a decrease in quantum
energy. Studies by Paulaitis and Pratt (2002) have yielded evidence cn the
dependence of polymeric hydration free energy on the solute size and shape {Swest,

2002).

The physicomechanical properties such as the energy absorbed and matrix
resilience are projected to be augmented by salting-out and subsequent cross-linking
of native PLGA, through the formation a scaffold that links the PLGA structural
backbone with solvation ions. However, the degree of these physicomechanical
enhancemenis may decrease during incubation in PBS that is attributable to

cleavage of the cross-links resulting in PLGA chain disentanglement.
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However, it is assumed that PLGA scaffolds may react slower than hydrogels,
depending on the stereochemica! configuration of the polar groups. In general, the
degree of PLGA chemical-backbone hydrophobicity combined with hydrolytically
degradable anhydride cross-linking may result in a controllable surface erosion
mechanism, with degradation timescales ranging from 48 hours to 1 year {Cochran
and Cox, 1992; Alvarez-Lorenzo et al., 2002; Fries W and Schlapp, 2002; Sweet,

2002; Manjubala et al., 2005).

The resultant molecular dynamics of a salted-out PLGA scaffold and stereochemical
configuration of molecules may also lead to pertinent energy transitions within the
matrix of the newly formed scaffold at 2 molecular level. The energy flux of molecular
interactions during salting-out may further elucidate the scaffolds final energy of
stability. The emerging field of molecular modeiing with ab initio quantum energy

computations can aid in elucidating these energy transitions.

3.4 Ab initio Quantum Mechanical Energy Calculations

An additional aspect of equal importance, when a polymeric device is introduced into
physiological fluids, is the transitions in the quantum mechanical energy of the
system, that resuit from molecuiar interactions between the polymer, incorporated
bioactive and the aqueous environment. The transition in energy is used a significant
indication of the stability of the device in buffer solutions, in storage and at variable
conditions, as well as to predict the polymeric interactions between PLGA chains and

various biological molecules of lower and higher molecular weights.
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To our knowledge, the effects of molecular interactions um?..._.mmn PLGA and varicus
substances, such as DMF, water, hydrochloric acid and phosphate buffer ions on the
stability of PLGA scaffolds have not been reported. Morecover, the structural stability
studies on PLGA regarding solvent addition, incorporation of biclogical fragments,
physicochemical and physicomechanical advancement, and the molecular dynamics
during in vifro/in vivo degradation still require further exploration {Li and Vert, 1995;
Shive and Anderson, 1987; Wu, 2004). The infiuence of these properties on
application and adaptaticn to the microenvironment of the tissue/organ is pertinent to
the performance of the device during drug delivery or tissue engineering (Oldham et

al., 2002; Garg and Kokkoli, 2005).

The primary objective of quantum chemical and mechanica! studies is to be able to
verify geomefries and force constants for regions of a molecule's potential energy
surface near local minima or transition states. The advancement in computational
chemistry and numerical analysis in the last few decades has made possible the

fuifilment of the enduring promise that quantum mechanics has held for biochemistry

{Pedersen et al., 1985).

The theory and the mathematics of interference postulate that if two processes or
particles interfere with one another, they both contribute to the net energies of the
system, which is smaller than it would be if either of the particles was on its own. The
study of quantum mechanical energy is concerned with the motion of such particles
and the forces that act upon them, as well as the kinetic energy or the potential
energy stored in their physical arrangement. These parameters can be employed to

determine the stability of molecules (Qiu et al., 2007).



The change in the average kinetic energy of the particles is reflected in the
carresponding change in temperature of the molecules, and the potential energy is
stored within the bonds of that molecule. In bonded atoms, the energy components
results from the vibrational motions, angular motions and electrical charge on the
nuclei. Further energy transitions of bonded atoms may be attributable to secondary
electremagnetic considerations such as Van der Waals forces and the guantum

mechanical contributions derived from the energy state of the electron shells.

The most common ways to predict the energy for a molecular system were defined
by Schaefer {1972). Firstly to formulate the moa.o_uum::m._imq approximation and
secondly, to assume the Hartree-Fock theory wherein the simplest useful wave
function, A, for an n-electron system, is the single determinant of the occupied
molecular orbitals. In addition toc energies, equilibium and transition-state
geometries plus frequencies, the effects of solvation on the conformation energies of
polymers can be studied by ab inific calculations up to MP2fcc-pVTZ/MP2/6-31G,
utilizing the polarizable continuum model (PCM} to mimic these effects. The changes
in potential energy change throughout the interactions between the solvent, ions,
water and polymer melecules, can be estimated by ab inific quantum mechanical

calculations following molecular dynamics (MD} simulations (Nielsen st al., 2007).

This method is able to determine the proton-transfer processes that occur when a
pelymeric molecule is placed in a solvent or a buffer system by molecular dynamics
and quantum chemical calculations. In their study, Yoshiharu and ce-workers (2006)

revealed that potential energy change during the proton transfer is tightly regulated

55



by the composition and the gecmetry of the surrounding molecules of the polymer

and the incorporated ions from the buffer and the solvent.

In this work we set to use both the textural analysis and the ab initio computational
chemistry data in order to elucidate the physicomechanical and energy transitions of
the PLGA scaffolds cbtained by salting-out and subsequent cross-linking of the
native PLGA. The salted-out PLGA scaffolds can be analyzed using textural analysis
for their physicomechanical properties but the data generated from such experiments
do not provide further insight into the occurring at a molecular level which may
related to the physicomechanical transitions occurring on formation of the novel
PLGA scaffold. Understanding the chemistry at a molecular level is crucial in
elucidating the effect of salting-out and cross-linking reactions on the transiticned

physicomechanical properties of the nove! salted-out PLGA scaffold preduced.

Computational chemistry will permit us to study the chemical and the physical
phenomena by running calculations on computers rather than by examining
reactions and compounds experimentally. This is of prime interest if we want to
establish a reaction mechanism since computational chemistry can be used to model
transition states which may provide information about molecules or reactions and
how they are able to impact on the overall physicomechanical transitions of the
PLGA scaffold which are difficult and even impossible, to render evident threugh
laboratory experiments. These programs are able to predict a realistic description of

the interactions between the molecules and the transitions that result.



Computational chemistry is therefore both an independent research tool that uses
the power of molecular mechanics and quantum chemical calculations which alfows
us to confirm experimental results, and a crucial adjunct to experimental studies
which allows us to obtain additional information such as the chemistry related to the
physicomechanical transitions occurring during salfing-ocut of native PLGA to form

PLGA scaffolds through.

3.5 Statistical Design of Experiments

In the preliminary studies of the scaffold development, the experiments employed
were screening designs that comprise the trial and error runs at the extreme lower
and upper levels of the combinations of the variable study ranges. This type of
information, however, only provides information on the direct additive effects of the
study variables on a pair-wise interaction effects. The preliminary studies in Chapter
Two, accordingly, enabled us to single cut the best materials and equipments for the
study, as well as also to focus cn the significant variables for the deveiopment and

optimization of the study.

In this part of the experimental work, the goal is shifted from screening to scaffold
optimization. Most of the tests conducted on the scaffold involved several factors and
were conducted in order te optimize certain processes, such as the in vifro chemical
and physical degradation of the scaffold and to investigate and understand the

relationships between the physicomechanical factors such as the resilience and the

characteristics of the responses of interest.
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In order to design experiments efficiently and be able to monitor each formulation
process, and to achieve the desired characteristics of a drug delivery device, it is
necessary that we can identify factors that are influential to the properties of the
formulation. Design of Experiments {DCOE) is therefore an efficient statistical
procedure for setting up experiments with the intention that the data obtained can be
analysed to yield applicable and cbjective conclusions. DOE can be used to perform
a planned sequence of tests, called a design, the influence of the random input

variables and their interactions on response variations can be established.

The experimental design strategy is selected in accordance with the particufar
objectives of the study, and it may be successfully employed in order to find the best
variables and experimental conditions for achieving the optimized process. The most
widely used statistical experiment designs for the optimization of experiments are
known as the response surface methods (RSMs). RSMs are based on the
fundamental hypothesis that low-order polynomial models can be used to
approximate the refationship between a set of centrollzble random input variables
and a simulated response within restricted regions of the operability space (Donohue

et al., 1990).

RSM allows one to define empirical models, such as quadratic polynomials, that
illustrate precisely how respcnses behave at all values of the variables in the
experimental region {Myers and Montgomery, 1995). In general, the first-order
experimental designs are applied when locating the region containing the optimal
response. Second-order experimental designs are then, employed to fit a quadratic

response function in order to predict the system optimum more accurately.

58



The RSM include trials in which one or more of the independent variables are set at
the midpoint of the study range, while the other levels in the interior of the range may
also be represented. Moreover, the RSM is able to provide information on the direct
effects, pair-wise interaction effects and curvilinear variable effects on the rasponse
of interest. The basic dilemma of experimental designs is deciding what pattern of

design points will best reveal aspects of the process of interest (Box et al., 1978).

One of the most preferred RSM to solve this dilemma is the central composite design
(CCD). CCD is one of the RSM designs that can fit a full quadratic model. A Box-
Wilson CCD, commonly known as CCD contains an imbedded factorial or fractional
factorial design with center points, augmented with a group of star points that permit
the estimation of curvature. To determine quadratic regression model coefficients,
each design variable has to be studied at three distinct levels at least and, therefore,

the CCD is often used to provide estimation of a second-order equation.

Each CCD consists of cube points at the corners of 2 unit cube that is the product of
the intervals [-1,1), star points along the axes at or outside the cube, and center
points at the origin. A CCD for k factors consists of 2* factorial points, 2k axial or

‘star’ points and ny 2 2 center peints. The axial points are located at a distance o,

from the design center.

a= (Ng™ Equalion 3.1

Where,
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Ne represents the number of factorial runs used to study the variables at not more
than three levels {-1; 0; +1) (Lewis et al., 1999). The CCDs have gained popularity,

owing to their following advantages:

i. CCDs are very efficient with respect to the number of runs required, and are
able fo provide much information on experiment variable effects and overall
experimental error in the least number of required runs {Donato et al., 2008).

ii. A CCD can be conducted sequentially, that is, it can be partitioned into two
subset estimates linear and two-factor interaction effects while the second
subset estimates curvature effects. The second subset need not be run when
analysis of the data from the first subset points indicates the absence of
significant curvature effects.

ii. The CCDs are extremely flexible and can be used under different

experimental regions of interest and operability due to their variability.

Furthermore, a face-centered CCD can be used when the region of operability
includes the region of interest as defined by the variable bounds. There are three
types of CCDs, namely, Circumscribed (CCC), Inscribed {(CCl) and Faced-centred
(CCF) designs. CCFs have three levels per factor, in contrast with the other types,
which have five levels per factor. A face-centred CCD {FCCD) was chosen for this

study, with a = 1 {Pinzauti et al., 1996).

This study therefore, propeses to explicate the in vifro physicomechanical property
transitions of novel saltedcut and subsequently crosslinked PLGA scaffold

employing Design of Experiments. Furthermore, the ab initio quantum mechanical
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energy transitions employing PLGA monomeric units and interacting molecules in
PBS, (pH 7.4, 37°C} was explored to deduce the in vifro stability of the novel PLGA

scaffold at a molecular interaction level.

3.6 Materials and Methods

3.6.1 Materials
Resomer® grades comprising poly(lactide-co-glycolide) (PLGA) with a 50% lactide

content and inherent viscosities ranging from 0.16-8.2dl\g were utilized {Boehringer
Ingelheim, Ingelheim, Germany}. N, N dimethyl formamide (DMF) was used as a
solvent (Rochelle Chemical, Jochannesburg, South Africa) and disodium hydrogen
orthophosphate, sodium chloride and potassium dihydrogen phosphate were used to
prepare the phesphate buffered saline (PBS}, (Saarchem (Pty} Lid., Brakpan, South

Africa). All other reagents were of analytical grade and used as supplied.

3.6.2 Formulation of the PLGA Scaffolds

PLGA of various molecular masses designated as 1, 2 and 3 in Table 1 were
weighed, dissolved in DMF, and placed in 200mL giass beakers. Varying quantities
of protonated water {(pH 1.5), {H:0") was added to the pclymeric solution and
induced salting-out into scaffolds that were vacuum dried to remove excess mu_.....m_.__.‘
The dehydrated scaffold samples were then immersed in 100mL PBS {pH 7.4, 37°C)
and oscillated at 100rpm in a shakerbath {Labex, Stuart SBS40® Gauteng, South

Africa). At 0, 7, 10, 26 and 30 days post-incubation the scaffolds were assessed for

their physicomechanical properties.
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3.6.3 Construction of the Experimental Design

Table 3.1. Normalized factor fevels of the independent variables for the FCCD

Factor Level
Independont Variables Units
Low Middie Upper
Water volume 10 55 100 mL
PLGA molecular Mass® 1 2 3 Daltons
PLGA concentration 1 55 10 % ¥,
Salting-out time 2 13 24 Hours

1= 55,000 Daltons; 2=100,000 Daltons; 3=180,000 Dalfons

A four factor, two centerpoint quadratic Face-Centered Central Composite Design

(FCCD) was selected for optimization of the PLGA scaffolds. The statistical model

allews for simultanecusly studying the effect of several independent formulation

variables influencing the desired responses, by altering the variables in a limited

number of experiments. FCCD was employed in this study to detemine coefficients

of a second order. This is more superior to conventional methods of optimization

which involves varying one factor at a time, while keeping constant all other

parameters, thus not screening the main interactions and effects of all the invoived

factors simultanecusly (Cochran and Cox, 1992}

62



Table 3.2. Randomized expermental runs generated from the FCCD
Formulation Water Volume PLGA Mw® [PLGA}J’ Salting-out

No. Reaction Time
1 10 1 10 2
2 100 2 55 13
3 100 1 1 24
4 10 3 1 24
5 10 1 1 2
3] 55 2 1 13
7 100 1 1 2
B 55 2 10 13
g 10 2 55 13
10 10 3 10 24
11 55 2 55 13
12 100 3 10 24
13 55 P 55 13
14 100 1 10 2
1& 55 3 5.5 13
18 55 1 5.5 13
17 55 2 5.5 2
18 100 3 1 2
19 10 3 10 2
20 10 1 10 24
21 10 1 1 24
22 100 1 10 24
23 100 3 10 2
24 55 2 5.5 24
25 10 3 1 2
26 100 3 1 24

TPLGA Molecuiar weight: 1=55,000 Dalfons; 2=100,000 Daftons; 3=116.000 Daitons
*Concentration

3.6.4 Physicomechanical Profiling of the PLGA Scaffolds

3.6.4.1 Defermination of the Matrix Resilience, Matrix Tolerance and Energy
Absorbed

The physicomechanical transitions of the salted-out PLGA scaffolds in PBS were
analyzed using a Textural Analyzer (TA.XTplus Texture Analyzer, Stable

MicroSystems, Surrey, England} which captured stress-strain profiles with a high
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degree of accuracy and reproducibility. Textural parameters calibrated for the

analysis is shown in Table 3.

Table 3.3. Textural parameters and settings

Parameters Energy absorbed Matrix resilience
Pre-test speed 1mm/{sec 1mmfsec

Test speed 0.5mm/sec 0.5mm/sec
Post-test speed Tmmfsec 1mm{sec
Compression force / strain 40N : 50%

Trigger type Auto Auto

Trigger force 0.5N 0.5N

Load cell 5Ckg 50kg

Matrix resilience and energy absorbed were the two physicomechanical properties
that were determined by Force-Distance and Force-Time profiles generated {Figure

3.1).
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Figure 3.1. Typical fextural force-distance and force-time profiles of salted-out PLGA
scaffolds for the determination of (2) and (b) energy absorbed and (c) matrix resilience
{N=10).
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Figure 3.1a depicts the prefile anchors used in calculating the energy absorbed i.e.
area under the curve (AUC) [Nm=Joules]. Figure 3.1b depicts the anchors used for
computing the matrix tolerance to assess the tendency of the PLGA scaffolds o
change shape on application of stress. Figure 3.1¢ depicts a Force-Time profile used
for calculating matrix resilience, which is represented by the ratio of the AUC

between anchors 2 and 3 and 1 and 2 {AUC3fAUC ;).

3.6.4.2 Gravimetric Analysis of Safted-Out PLGA Scaffolds

Scaffold samples were pre-weighed, immersed in 100mL PBS and oscillated at
100rpm in a shakerbath {Labex, Stuart SBS40%, Gauteng, Scuth Africa) at 250rpm.
At 7, 10, 14, 26 and 30 days post-incubation scaffolds were removed, dried and
gravimetrically analyzed utilizing a calibrated analytical mass balance. The mass of
the scaffolds recovered at 7, 10, 14, 26 and 30 days after incubation were compared

to their initial mass that was pre-weighed at time zero. The mass deflection from time

zero was computed and recorded.

3.6.5 Ab Initio Quantum Mechanical Energy Computations

Energy ftransitions were calculated using Sparan 04, M 001 (HF/3-21G
Wavefunction, Inc., Minato-ku, Tokyo, Japan) software which predicted a
hypothetical template of PLGA monomeric interactions with various guantities of
dimethyl formamide {DMF) molecules, water {H20), hydrochloric acid {HCI) and PBS
buffer ions (POy, NaCl, KCI). Templates were built by the atomic fragments,

molecules, and ligands provided in the software.



The simulated minimization energy levels were obtained for the optimized stable
conformations at the global minimum energy fevels for interacting molecules in a
template framework of singular and collective interactions. The values obtained were
for PLGA at room temperature and pressure (excluding moisture, radiation, effects of

other physical variants like magnetic field, gravitation and electric current).

3.7 Results and Discussion

3.7.1 Stereomicroscopic Image of a Salted-Out PLGA Scaffold

The external merphological features of the salted-out PLGA scaffolds are indicative
of the physicomechanica! transitions that occurred during salting-out and subsequent
cross-linking. Such ftransitions may directly impact the percentage of drug
entrapment, degree of cell and tissue regeneration as well as the rate of drug

delivery upon application of the scaffold for intended purpose.

Figure 3.2. A stereomicroscopic image of a salted-out PLGA scaffold depicting the exterior
surface morphciogy.
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Figure 3.2 depicts the surface morphology of a woven composite flat-shaped salted-
out PLGA scaffold {thickness=1mm) cbtained. Surface folds and inter-connectivity,
resembling the body’s extra-cellular matrix were present. The exterior roughness and
interconnected folds may be ascribed to cross-linked fibers within the PLGA matrix to
form a scaffold. These folds provide an increased surface area for further drug

entrapment as well as cell-seeding in drug delivery and tissue engineering.

3.7.2 Simulation of PLGA Monomeric Interactions during Solubilization,
Salting-Out and Subsequent Cross-Linking intc the PLGA Scaffold

Solvation was conducted via mixed quantum/molecular mechanics. This allowed for
computing the solvation energy and the solvent effects at a molecular interaction
level. The interactions between PLGA, DMF, H.O and HCI are depicted in Figure
3.3. The model predicted experimentally observed trends such that by increasing the
pH of the system resulted in increased partitioning of PLGA that led to immediate
salting-out by phase separation of the organic and aqueous phases and subsequent
cross-linking of native PLGA. Cross-linking of the matrix occurred mainily by covalent

bending of reactive molecules to form a 3-dimensional scaffold.

During solubilization of PLGA in DMF, two distinct stages were observed. Initially
PLGA adsorbs DMF to form a gellike stage that slowly dispersed into solution.
During the second stage PLGA chains assumed a configuration such that the
attractive and repulsive forces on each chain were precisely counter-balanced. The
coupled effect of these forces induced the PLGA chain to adopt a meticulous
sterecchemica! configuration, with a free rotation about the chiral carbens that

resuited in the unperturbed formation of the C-C-C bond-angle fixed at 103° and the



C-C molecuiar distance of 1.54 A, as depicted in Figure 3.3. Accordingly, this model
allowed us to speculate the relative importance of polymer-solvent (PLGA-DMF) and
ion-solvent (H*-DMF) interactions on phase separation during salting-out of native

PLGA to form the novel scaffold.
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Figure 3.3. PLGA- interactions. Figures 2{a)-{c) iflustrating PLGA, an a-OH polyester and a)
interaction after DMF addition, b) interaction after water adadition to the solubilized polymer,
note cuter solvation shell depicting water molecules and ¢) interaction after acid addition or
addition of protonated water. In the last structure, OMF and protonated water interaction
showing temporary proten and charge transfer from water molecule to DMF molecule.
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Figure 3.3a depicts the ionic bond interactions between the N-O atoms of DMF and
PLGA respectively. In Figure 3.3b, the hydrophobicity of PLGA networks drives
water melecules to the periphery, thereby causing water clathrates to form at the
surfaces, forming of an outer solvation shell. In Figure 3.3c, as the reaction
proceeds, ionic interactions involving HO and DMF occurred. The charge transfer
from H.O molecules to DMF allowed PLGA to salt-out. Jt is presumed that the
salting-out effect increased due to acidity of the system and thus the polar aprotic

solvent was key during the reaction.

Furthermore, the ‘Hydrophobic Effect may have also enhanced the salting-out of
PLGA into scaffolds. Owing to the hydrophobic nature of PLGA, junction zones were
formed around the PLGA, which affected the configuration and solvation shells of
HzO, directing them away from the immediate surface of the PLGA. This
phenomenon is proposed to have exerted a preferential partitioning of the
hydrophohic PLGA chains. |n addition, the salting-out and subsequent cross-linking
of PLGA may have resulted in an increase in steric strain and internal energy of the

scaffold, which is caused by a gain of electron energy introduced by the ions in the

salls.

The summation of energies of the system during molecular interactions, determined
the final quantum energy of the newly formed PLGA scaffold, which in tum
influences its stability. The enthalpy changes during salting-out and cross-linking of
PLGA resulted from bond formation, resenance, and steric strain. Bond stretching,

bond-angle deformation, as well as interactions between atoms augmented the

internal energy of the system.
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Formation of a 3-dimensional PLGA scaffold decreased chain delocalization and
resulted in resonance stabilization that alsc caused an increase in the enthalpy of
the system. Bond formation and configurational changes of the structure during
salting-cut brought about transitions in the physicochemical and physicomechanical
properties of native PLGA. However, these properties are anticipated to transferm as
the scaffelds erode in PBS over time. In order to assess the integrity of the salted-out
PLGA scaffold during residence in PBS the physicomechanical transitions of PLGA

scaffolds were assessed.

3.7.3 Physicomechanical Analysis of the PLGA Scaffolds Employing Textural
Profile Analysis

The physicomechanical transitions of the PLGA scaffolds interacting with the PBS
environment were analyzed. The extent of physicomechanical modification was
quantified in order te predict the dynamic transitions for flexibility and reproducibility
of each scaffold variant The PLGA scaffolds degraded at varying rates when
immersed in PBS. Scaffolds may have interacted with the PBS by means of polar-

hydrophobic interactions and hydrogen bonding.

The physicomechanical properties of the scaffolds were governed by the PLGA
melecular mass, PLGA concentration, velume of water and salting-out reaction time.
These variables may have also affected the cross-inking density. As the cross-
linking density is reduced, the matrices will have increased resilience and a

decreased degradation rate in PBS.
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Figure 3.4. Profiles depicting the physicomechanical transitions of the salted-out PLGA
scaffolds immersed in PBS (pH 7.4, 37°C). Plot {a) Matrix resilence, (b) Energy absorbed

and (c) Mass deflection, over a 30-day period.

73



Figure 3.4a depicts the transitions in matrix resilience of the twenty six PLGA
scaffold formulations immersed in PBS for 7, 10, 14, 26, and 30 days. Matrix
resilience decreased with an increase in the incubation period {Figure 3.4a) and
depended on the PLGA scaffold formulation. For instance, the matrix resilience of
scaffeld formulation numbers 1, 8, 10, 12, 14, 19, 20, 22, and 23 indicated a
transition in matrix resilience between 35-45% during the 30-day incubation.
Scaffolds that were salted-out utilizing higher PLGA concentrations exhibited minimal
transition in matrix resilience whereas higher salting-out water volumes decreased

the mairix resilience.

The ability of the scaffold to absorb energy was found to correlate with the residence
time in PBS. Higher water volumes caused a decreased quantity of energy to be
absorbed by the scaffolds during textural probe penetration (Figure 3.4b,
formutations 2, 3, 7, 26). On the contrary, higher PLGA molecular masses caused an
increased resistance to textural probe penetration. This indicated that excess energy
was absorbed by the scaffolds when higher molecular masses of PLGA were used.
The peak energy absorbed by the scaffolds occurred at day 10. The mass varfation
of scaffolds was also observed fo decrease with an increase in scaffold residence in

PBS which signified ercsion.

Several deductions could be made from these findings. The genera! trend revealed
by the data was that the scaffolds with higher PLGA molecular masses and
concentrations were less susceptible to degradation and physicomechanical

transitions when immersed in PBS. The salted-cut PLGA scaffolds produced were
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more hydrophobic and hence less prone to hydrolysis in PBS, hence, retarding

degradation and conferring further flexibility to control drug release.

3.7.4 Response Surface Opiimization of Scaffold Formulations

By utilizing the salting-cut and subsequent cross-linking process scaffolds with novel
physicomechanical properties were obtained. Surface plots were able fo focus on
establishing the optimal combination of independent formulation variables for the
enhancement of the scaffold physicomechanical properties making them suitable for

controfled drug delivery.
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Figure 3.5. Response surface plots depicting resilience vs water volume and polymer
molecular weight (a); water volume and salting-cut time (b}, water volume and polymer
concentration {c}; polymer molecular weight and salting-out reaction time (d}; polymer
molecular mass and polymer concentration {e); polymer concentration and salfing-out time

().

Response surface plots indicated that the PLGA molecular mass increased matrix
resilience up to an optimal leve! of 100, 000 Daltons. As the PLGA molecular mass

increased further matrix resilience decreased linearly (Figure 3.5a, b and &).
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Increasing the PLGA concentration increased matrix resilience in spite of changes in
water volume or salting-out reaction time (Figure 3.5¢, d and /). Thus the PLGA
concentration and maolecular mass were significant in determining the matrix
resilience. Also an increased water volume generally led to decreased matrix
resilience values, especially when the salting-out reaction time is decreased (Figure
4.5f). These observations also highlighted that higher PLGA molecular masses
increased matrix resilience only when the salting-out reaction time was longer. The
salting-out reaction time proved to be effective in augmenting the PLGA

concentration in increasing matrix resilience.
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Figure 3.6. Response surface plots depicting energy of absorption vs water volume and
polymer molecular weight (2); water volume and salting-cut time (b); water volume and
polymer concentration {c}; polymer molecular weight and salting-out time (d); polymer
molecular weight and polymer concentration {e}; polymer concentration and salting-out time

.

Figure 3.6a, b and ¢ demonstrated that water volume was found fo influence the
quantity of energy abscrbed during textura! probe penetration of the scaffolds.

Higher water volumes caused lower quantities of energy to be absorbed. The
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increased volume of water during salting-out may have resulted in the entrapment of
excess water molecules within the polymeric voids coupled with ion hydration,
thereby decreasing the absorption of hydration-free energy. Higher PLGA
concentration and molecular mass resulted in increased energy absorption (Figure
5d). However the PLGA concentrations reached a threshold level of 5% ¥/, whereby

the absorption of energy started to decrease.
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Figure 3.7. Response surface plots depicting weight defiection vs water volume and polymer
molecular weight (a), water volume and salting-out time (b);, water volume and polymer
concentration [c); polymer molecular weight and salting-cut time {d); polymer molecular
weight and polymer concentration {e}); polymer concentration and salting-out time (f),
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Figure 3.7 demonstrates similar trends for mass deflection as shown by Figures 3.5
and 3.6 and concluded a fairly close cormrelation between all three physicomechanical

properties of the navel PLGA scaffolds formed.
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3.7.% Comparison of the Experimental Vs. Predicted (Fitted) Response Values

for Matrix Resilience, Energy Absorbed, and Mass Deflection Properties

Raslllance (%)

L] 5 18 15 20 2 1]
Exparimantal runs

Flgure 3.B. Profiles demonstrating the correlation between experimental and predicted
{fitted) values for the responses. R=Matrx resilience; E=Energy absorbed; WD= Mass

deflection.

82



Figure 3.8a, b and ¢ depicts the close correlation between the model experimental
and fitted values for the dependent formulation variables. No statistically significant
differences were noted between the fitted and experimental values {p>0.05),

indicating a good fit to the model chosen.

3.7.6 Elucidation of the Quantum Mechanical Energy Transitions at a Molecular
interaction Level
A single PLGA monomeric unit was found to be stakilized at a minimum energy level

of 38.03Kcalimol utilizing Spartan 04, M 001 software.

The addition of 1 DMF molecule for solitary interaction with 1 PLGA monomeric unit
produced an energy level of 5.35Kcal/mol, with the H-bond of DMF unbroken in the
primary melecuiar interaction after repeated energy computations for a global
minimum. The lower energy level value of 5.35Kcalimo! indicated the stability and
scope for further molecular interactions to occur. This observation prompted the

addition of more than 1 DMF molecule versus 1 PLGA monomeric unit during

analysis.

The addition of a second DMF molecule, yielded an energy value of -1¢.25Kcal/mol
followed by a third molecule of DMF to confer a minimum energy constraint for the
most stable conformation to co-exist at -44.95Kcalfmol. This indicated an
endothermic nature of the interaction comprising of 3 DMF molecules and 1 PLGA

monomeric unit.



The decreasing energy values revealed a trend of energy conservation that
accounted for the lower sclubility of PLGA when DMF was used as a solvent. The
energy requirement for this stable conformation of afl 4 molecules (3 DMF molecules
and 1 PLGA monomeric unit) formed a PLGA-DMF interaction template at a unit
level which was a thecretical requirement for the primary solvation shell of DMF
malecules versus the entire PLGA backbone. The energy levels were lower for the
interactions resulfing in minimal interaction and slower solvation of PLGA in DMF.
The solvation of PLGA in DMF was achieved mainly over longer periods of time (>12
hours) and under the constant supply of external mechanical energy in the form of

uniform magnetic agitation with minimal distortion of molecules.

The addition of H2O to this composite system (1 PLGA unit; 3 DMF molecules)
raised the energy requirements. Energy wvalues of -28.95Kcalimel and -
37.14Kcal/mol were obtained at this level with 1 PLGA monomeric unit, 2 molecules
of DMF, and the presence of 1 and 2 H;O molecules respectively. The difference
between the H,O-bome energy requirements for a stable energy system was -
10.00Kcalimol which indicated a superior endothermic energy domain capable of

imparting further stabiflity to the system.

The composite system having an energy requirement of -44.95Kcalfmol indicated a
stronger interaction between DMF and H;O molecuies. The system consisting of 1
and 2 H,O molecules at -28.95Kcal/mol and -37.14Kcalimol respectively required the
presence of 1 PLGA monomeric unit for its energy dynamics. Significantly, all energy
requirements at this level of interaction indicated subtle positive energy contributions

of approximately 8.00Kcalimoi [-44.94-(-37.14)Kcalfmol] and 15 Kcal/mol [-44.95-(-



28.95)Kcal/mol] to the system tc raise the energy profile from an endcthermic to
exothermic interaction phase between DMF and HzO molecules. This exothermic
phenomencn was short-fived but significantly contributed to the primary solvation

shell formation between PLGA and DMF which was important during sclubilization.

The strong molecular interaction between DMF and H.O molecules predictably
formed the secondary scilvation shells around electronegative moieties of the PLGA
moleculs. The disptacement of DMF molecules by H;O from the primary solvation
shells at the electronegative moieties around the PLGA backbone was anticipated.
However, this reaction was measured and possessed a2 weak energy profile thus not

instantly favored.

Addition of 1 molecule of HCI to the solvation template comprising of 1 PLGA
monomeric unit, 2 molecules of DMF, and 2 molecules of H:O further lowered the
energy requirements to -42.32Kcalfmol. This indicated an endothermic energy
requirement and hence the ability to absorb more energy. The energy profile
changed further with the addition of a further HCl molecule (-45.45Kcal/mol). The
energy level of the composite system at -44.95Kcalimol and a 2 HCI molecule
system with an energy value of -45.45Kcalfmol stocd out in terms of similar energy

requirements and revealed the complexity of the systems energy profile.

The fact that the composite and the 2 HCI melecule systems had similar energy
values at -44.95Kcalifmol and -45.45Kcalimol, respectively, indicated a significant
fact regarding the solvation and thermodynamic stability of the reaction. In terms of

energy the system remained stable ai this leve! by a percentage of S9% per



100.00Kcalimo!. This indicated the overall stable energy required in the system to
afford transient stability from DMF solvation to H2O interactions and ultimately to the
HC{ stage of the compesite system. The higher energy requirements when H.O
molecules were added displayed an excthermic phenomenon in comparison to when
DMF molecules were added. The presence of HCI in the system neutralized the
effects of H:O molecules and restored the system to the primary solvaticon levels with
an energy level of -45.45Kcal/mol. More significantly, an energy exchange of equal
values at this level may lead to biphasic phases, with a few DMF, H:O and HCI

molecules in the ge! phase while others might tend to remain in a solution phase.

Upon additicn of PBS to the template it significantly changed the energy profile of the
system. A difference of approximate -280Kcalfmo! occurred with the addition of 1
phosphate ion {PCy4} in the presence of DMF, H:0, HCI, and 1 PLGA monomeric
unit constituting the computation domain. The addition of 1 molecule of sodium
chlcride (NaCl) affected the system further to yield an energy vaiue of -BKcalmol

with the minimum energy level arising at -338.16Kcalfmol.

Further addition of 1 molecule of potassium chloride {KCI) decreased the energy
requirements by SKcalimol to -343.8%Kcal/mol. Addition of 1 and 2 HzO molecules
changed this energy requirement to -353.56Kcalfmol and -361.44Kcal/mol
respectively {1 molecule of H2O, effective change ~ 10Kcal/mol) thus contributed to
the predeminant endothermic energy frend which was relatively more stable. A
further leap in energy occumred with the addition of 1 more POy that resulted in an

almost twofeld change in energy to a value of -563.72Kcal/mol. This value was
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CHAPTER FOUR

THE EFFECTS OF SALTS ON THE PHYSICOCHEMICAL AND
PHYSICOMECHANICAL PROPERTIES OF THE PLGA SCAFFOLD

4.1 Introduction

Based on the findings of the preceding Chapter Three, on the effects of polymer
concentration and Mw on the in vitro degradation of PLGA, grade RG 504, with
molecular mass of 55,000 Daltons was selected for further investigation towards
attaining an oplimized scaffeld with modified physicochemical and
physicomechanical properties. Numerous laboratory findings have shown that the
modification of aliphatic thermoplastic polyesters, such as, PLGA can be achieved by
manipulating of the chemical backbone using salts {Gao et al., 1998; Ju et al., 2000;

Hasirci et al., 2001; Smith et al., 2001; Kuo and Leou, 2006).

Furthermore, evidence has shown the influence of salts on the stability and release
of biactives from PLGA delivery devices (Zhu and Schwendeman, 1989). The
alteration of the 3-dimensional polymeric network that resuits from changes in bond
vibrations, morphology, resilience and glass-transition temperature can be attained
through ionic inferactions between polymer-salt and polymer-polymer during salting-
out and cross-linking (Smith et al., 2001; Di Noto and Zago, 2004). Therefore, this

work evaluates the pivotal role of salts in the transformation of the chemical

backbone of PLGA.
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4.2 Poiymer Modification with Salts and ilons

Several other studies have explored the use of salts in to enhance the properties of
polymers. The incorporated salts are capable of changing the polymeric network
from a homogenous to a heterogeneous matrix which leads to the transition in the
physicochemical and the physicomechanical properties of the polymer {Muhiddinov
et al, 2004). Nam and co-workers (2000) reported on the use of ammonium
bicarbonate salts as gas foaming agent ang porogen additives and further immersing
the semi-solidified polymer-salt mixture inte an aqueous solution of citric acid for the
gas-foaming process at room temperature in order to produce macroporous

biodegradable scaffolds.

In polymer modification, the mineral salt is primary selected based on its cation as
the modifying effect is a function of this cation’s capacity to react with the polymer.
The anion selected should not be not be an electron pair donor or a strong oxidant
as it would induce reduction-oxidation reactions and initiate the degradation process
of the polymer. In addition, the anion should not form strong complexes with the

metal cation. The anion also determines the solubility of the salt.

In accordance with the key findings from the preliminary studies in Chapter Two and
in conjunction with the above-mentioned conditions, this study considered metal
chlorides as suitable salts for the use in the salting-out and subsequent cross-iinking
of PLGA. This study adopted the use of monovalent, divalent and trivalent chloride

salts in order to enhance the properties of the PLGA scaffold.
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Salting-ocut, a colloida! phenomenon, has the capacity to change the morphology,
resilience and glass-transition temperature of polymers, by means of salts that cause
stochastic fluctuations of the free energy proportional to the salt concentration
{Horvath, 1985; Tanaka and Takahashi, 2000). Zhang et al. {1995) showed that the
salts can also modulate the release and swelling kinetics of bioerodible pelyesters.
Pillay and Fassihi {1999) reported on how electrolyte inclusions can alter the
configuration and the micro-environment within hydrating matrices to control their
swelling kinetics as well as physical rigidity. Furthermore, the complexation of icns
such as calcium and magnesium to polyesters by ion-dipole bonds was illustrated by
various researchers {Judas et al., 1986; Weihe et al., 2002; Mariette et al., 2005).
These ionizable salts allows for non-collapsible diffusion channels to form within the
polymeric structure. The salts functicn as both a pore forming reagent and cross-
linker for the formation of PLGA networks; the process combines creating pores and

cross-linking polymers in one step.

The presence of salts in polymeric matrices can control the rate of polymeric
hydration and subsequent degradation. As the matrix hydrates, the saits and
polymer cornpete for water of hydration, resulting in a2 programmed degradation and
drug release rate (Pillay and Fassihi, 2001; Swenson, 2001). Thus the salts will
attract water molecules in an sffort fo solvate themselves, thereby dehydrating the

polymer and retarding dissolution and degradation.
One of the principal mechanisms of salting-out is the salt-induced surface tension

increase of the water molecules (lzutsu et al., 1998; Melander and Horvath, 1977).

Electron donerfacceptor interactions are a significant part of the saiting-out
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Salting-out, a colloidal phenomenon, has the capacity to change the morphology,
resilience and glass-transition temperature of polymers, by means of salts that cause
stochastic fluctuations of the free energy proporticnal to the salt concentration
(Horvath, 1985; Tanaka and Takahashi, 2000). Zhang et al. {1995) showed thai the
salts can also modulate the release and swelling kinetics of _u_omBa_Em pclyesters.
Pillay and Fassihi (1999} reported on how electrolyte inclusions can alter the
configuration and the micro-environment within hydrating matrices to contro! their
swelling kinetics as well as physical rigidity. Furthermore, the complexation of ions
such as calcium and magnesium to polyesters by ion-dipo'e bonds was illustrated by
various researchers {(Judas et al., 1986; Weihe et al., 2002; Mariette et al., 2005).
These ionizable salts allows for non-collapsible diffusion channels to form within the
polymeric structure. The salts function as both a pere forming reagent and cross-
linker for the formation of PLGA networks; the process combines creating pores and

cross-linking polymers in one step.

The presence of salts in polymeric matrices can contrel the rate of polymeric
hydration and subsequent degradation. As the matrix hydrates, the salts and
polymer compete for water of hydration, resulting in & programmed degradaticn and
drug release rate (Pillay and Fassihi, 2001; Swenson, 2001). Thus the salts will
attract water molecules in an effort to solvate themselves, thereby dehydrating the

polymer and retarding dissolution and degradation.

One of the principal mechanisms of safting-out is the salt-induced surface tension
increase of the water molecules (lzutsu et al,, 1998; Melander and Horvath, 1977}.

Electron donorfacceptor interactions are a significant part of the salting-out



technique, since the various anionic and caticnic species in aquecus sclution order
certain extents of changes according to their efficacies in salting-out thermopiastic

polymers such as OH-polyester (Smith et ai., 2000).

Thermodynamic studies by Arakawa and Timashef (1983) demonstrated that the
salis that decrease dissolution of hydrophobic polymers are preferentially excluded
from the vicinity, strongly bind to the polymers and are called kosmotropes, whereas
salts that increase the polymer solubility display weak preferential binding with the
polymer and tend to settle at the polymeric surfaces (Arakawa and Timasheff, 1985;

Galinski et al., 1997; Moelbert et al., 2004).

Although there is a large variety of forces present, including electrostatic and Lifshitz-
Van der Waals, the interactions responsible for the salting-out ghenomena seem to

be dominated by the hydration forces ruled by electron donorfacceptar. Kosmotropes
tend to tighten the inter- and intra-molecutar structure allowing polymeric interactions,
thus enhancing the polymeric properties that include resilience, energy of absorption

and the defermability modulus of the polymer.

In aguecus polymeric sclutions, salting-out creates stabilization of the water
structure, thereby decreasing the hydrogen-bonding between water molecules and
the polymeric chain. This is an altemate mode that enhances the hydrophobic
interaction between polymeric chains {Bolen and Baskakov, 2001} These chains are
rendered stiff by the introduction of chemical bonds between their monomers (Cross-
linking), and between the polymeric chains and the salts, which further transform the

properties of the polymer (Nystrom et al., 1995).
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The resulting cross-linked polymeric networks are dimensionally stable, with minimal
hydrolysis of the polymer bonds, and exhibit superior structural integrity, making
them suitable for sustained drug delivery applications. While polymeric strengths are
controlled by the degree of cross-linking, the degradation rate of these networks can

be controlled independently by the chemical composition.

In this work, ‘Em evaluate the physicochemical and physicomechanical transitions
occurring within salted-out poly lactic-co-glycolic acid (PLGA), an a-OH polyester,
using a statistical approach to develop & mechanistic understanding. These salted-
out complexes are termed “scaffolds”. In order to achieve this various techniques

were employed namely, textural analysis, SEM, FTIR and DSC.

4.3 Materials and Methods

4.3.1 Materials

PLGA was obtained from Boehringer Ingelheim Phamma (ingelheim, Germany)
,.”mmmosmqﬁ RGS504 50:50; M, 48,000; iv. 0.48-0.60dl/g). Acetone was used as a
sclvent, and analytical grades of sodium chloride (NaCi), calcium chloride {CaCly),
(Rochelle Chemicals, South Africa) and aluminium chloride {AICK) (Merck,

Darmstadt, Germany) were used as the ionic salts.

4.3.2 Building the Experimental Design
A 3 factor, 3 level Box-Behnken statistical design was built in order to model the
number of experiments needed for formulation optimisation and to establish the main

and interaction effects of the independent formulation variables on the
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physicochemical and physicomechanical properties of the PLGA scaffolds using

Minitab V14 {Minitab, USA).

4.3.3 Preparation of PLGA Scaffolds

PLGA scaffolds were prepared by salting-out and subsequent cress-linking using a
combination of acetoene and ionic salts in accordance with a Box-Behnken design
template outlined in Table 1. Fourteen polymeric solutions comprising 0.4g of PLGA
dissolved in 15mL of acetone were prepared. The cross-linking solutions comprising
75ml of 0%, 5%, or 10%", of NaCl, CaCl; or AICl; was added to the polymeric

solution and agitated for a period of 30 minutes.

The resultant PLGA scaffolds were removed from the cross-linking solution washed
thrice with 500mL deionised water and dried to constant mass at room temperature.
Each PLGA scaffold was stored for a maximum of 48 hours prior to physicochemical
and physicomechanical evaluation. Table 4.1 below designates the independent
variables and the factor levels used in the Box-Behnken Design, with generated

PLGA formulations that are shown in Table 4.2 below.

Table 4.1. Factor levels of the independent variables for the Box-Behriken Desigr

Factor Level
Variables Units
Low Middle Upper
NaCl 0 5 10 % 7,
CaCly 0 5 10 % ¥/,
AlCl; 0 5 10 % ¥/,
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Table 4.2. Box-Behnken template with randomly generated PLGA formulations

Scaffold Randomized [NaCI) [CaCl] {AICI,]
Formulations Run Order (%" {%"1) {%"1)
1 g 10 5 5
2 11 5 10 0
3 7 5 5 g
4 4 5 0 10
5 2 10 5 10
6 3 5 10 0
7 5 8 5 5
3 12 10 5 10
9 8 5 10 0
10 13 5 5 5
11 9 5 o 10
12 14 10 5 10
13 1 5 10 |
14 10 5 5 5

The quadratic model for the responses is shown in Equation 4.1:

Response = b + biNaCl] + bfCaCl + bafAICH] + bafNaCIf + bsfNaCljfCaCly] +

bafNaCIlJAICHS] + b2{CaClgfAICI] + befCaClF + bsfAICIF Equation 4.1

where, the Responss is associated with each factor level, bo. be are the regression

coefficients, and [NaCl], [CaCl] and [AIC):] are the independent formulation

variables.

4.3.4 Morphological Characterization of the PLGA Scaffolds
The surface morphology of the PLGA scaffolds was assessed from Scanning

Electronic Microscopic (SEM) images employing a thermal emission JEOL JSM-



{Japanese Electronic Optical Laboratories, Tokyo, Japan) electron micrograph.
Samples of PLGA scaffolds were sectioned and mounted on aluminium stubs prior to
sputter-coating with a layer of carbon. Each sample was viewed under varying

magnifications at an accelerating voltage of 20 kv.

4.3.5 Determination of the Physicomechanical Properties of the PLGA
Scaifolds

The physicomechanical properties of the PLGA scaffolds were evaluated using a
Texture Analyzer (TA.XTplus Texture Analyzer, Stable Microsystems, UK). Stress-
strain profiles with a high degree of accuracy and reproducibility were capture at a
rate of 200 points per second employing Texture Exponent software V3.2 and
subsequently analyzed. A 3.5cm flat-tipped circular steel probe was attached to the
force transducer. The parameter settings employed to obtain the energy absorbed,

deformability modulus and matrix resilience are shown in Table 4.3.

Table 4.3. Textural parameter settings

Settings Energy Absorbed and Matrix Resilience
Deformabkility Modulus

Pre-test speed imm/sec 1mm/sec
Test speed 0.5mmisec 0.5mm/sec
Post-fest speed 1mm/isec 1mmfsec
Compression force f strain 40N 50%
Trigger type Auto Auto
Trigger force 0.5N 0.5N

Load cell 50kg 50kyg
Distance 20mm 20mm
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To elucidate the energy absorbed, matrix resilience and deformability modulus,
Force-Distance and Force-Time profiles for each PLGA scaffold was generated.
Typical textural profiles used for quantifying the physicomechanical properties are

depicted in Figure 4.1.
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Figure 4.1. Typical Force-Distance and Force-Time profiles of PLGA scaffolds for
determining (a) energy absorbed (b} deformability modulus and (¢} matrix resilience (N=10).
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Figure 4.1a depicts the anchors used in a Force-Distance profile for calculating the
energy absorbed ie. the total area under the curve (AUC) [Nm=Joules] between
anchors 1 and 2. Figure 4.1 depicts the anchors employed for determining the
deformability modulus (the tendency of the PLGA scaffolds fo change shape upon
the application of stress) i.e. the gradient between anchor 1 and the maximum force
attained during sample analysis. Figure 4.1c depicts the anchors employed for
calculating the matrix resilience, i.e. the ratio of the AUC between anchors 2 and 3

and 1 and 2 (AUC:2/AUC 2} for a Force-Time profite.

4.3.6 Elucidation of the Molecular Structural Transformations within PLGA
Scaffolds

Fourier Transform Infra-Red (FTIR) spectroscopy was performed on native PLGA
and on the novel PLGA scafiolds to determine chemical transformations potentially
occurring within the polymeric backbone due to salting-out and subsequent cross-
linking using a Nicolet Impact 400D {Nicolet Instrument Corporation, Pennsylvania,
USA) instrument. The potassium bromide {KBr) disc apprcach was employed,
whereby 7.5mg samples of each PLGA scaffold was triturated with 200mg of KBr
and compressed in a transparent circular disc using 2 Beckman Hydraulic Press
{(WIKA Instruments {Pty} Ltd, Johannesburg, South Africa). Background scans were

obtained for all samples and the % transmittance was recorded between 4000 —

400cm! at an intermediate resolution.
4.3.7 Thermal Transition Analysis of the PLGA Scaffoids

Differential Scanning Calorimetry (DSC) was used to record transitions in specific

heat capacity and [atent heat, which indicated changes in the amorphous or
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crystalline structure as a result of scaffold formation from cross-linking native PLGA.
Thermal transitions were recorded on a Perkin-Elmer Pyris-1 connected to a
controller model TAC1/0X (Perkin-Elmer, Inc. USA). Samples were heated in
increments from 25°C to 400°C at a rate of 10°C/min. Samples of 5-10mg of each
PLGA scaffold was placed within a crimped aluminium pan and subjected to the heat

gradient. Thermograms were obtained and subsequently analyzed.

4.4 Results and Discussion

4.4.1 Proposed Interactions between PLGA Chains and Cross-linking fons

The solvated ion pairs of Na*, Ca®*, and A" develop into electron nodes that
facilitate ionic reactions. These solvated fon pairs are able to attract the adjacent
cations of Cf and O within the polymeric matrix thus contributing to cross-linking of
lactide and glycolide chains within the PLGA molecular structure. The sodium,
calcium and aluminium salts function as pore forming reagents and as cross-linkers
for the formation of PLGA networks; the method combines creating pores and cross-
linking polymers in cne step (Liu et al., 2003). This cross-linking reaction depends
primarily on the ionization energies of the salting-out ion, hydration enthalpies in

sclution and the thermodynamic stability of the monomeric PLGA units.

Furthermore, the coordination number of each salt (8, 6 and 4 for AP*, Na* and Ca®
respectively) along with the atomic radii of the metals of the salts, (Table 4.4)
manipulated the attraction of adjacent cations during cress-linking. The salt andfor
icn that possesed the highest coordination number and atomic radius exerted the

most influence on the cross-linking reaction and subsequently becoming a central



factor in modifying the native PLGA polymeric structure to produce a robust PLGA

scaffold.

Table 4.4. Physicochemical properties of the salts employved during cross-finking of
PLGA

Salt Atomic radius of Metal Coordination Cation Coordination
Typo Metals (pm) Number Number

MaCl 186 & 6

CaCls 157 4.2+/-0.5 54+-03

AICI; 125 8 3]

The salts used in this study, namely NaC!, CaCl» and AICI; differ with regard to the
physicochemical, physicomechanical and morphological structure of the resulfant
PLGA scaffolds. Furthermore, the shape and sterec-orientation within the PLGA
structure differs and therefore, the ability of water molecules tc be imbibed within the
matrix depends on the rate of polymer-salt interactions, the reactivity, atomic size
and coordination number of the concerned ions, the nature of the crystal-lattice
packing of ions and the poiymeric substrate present during salting-out and

subsequent cross-linking.

4.4.2 Scanning Electron Microscopic Image Analysis of the PLGA Scaffold
Morphology

3-dimensional architecture comprising wvarious fiber volume and diameters,
interconneciions and pore sizes were cbtained from polymer-salt interactions as a

result of cross-linking during PLGA scaffold formation. The presence of salts
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generated areas of high entropy at the solid-liquid interfaces resulting in altered
fibrous structures with distinct momphologies (Figure 4.2). The icnic interactions
between the salts and PLGA mclecules were dependent on the ionization energies
of cross-linking icns, hydration enthalpy of the salt in solution as well as the
thermodynamic stability and molecular accumulation of salts and water at the lactide-
glycolide strands of native PLGA. As a result several morphological conformations of
each PLGA scaffold were obtained {Figure 4.2). Furthermore, the coordination
number of each salt influenced the number of covalent bonds formed. Hence, H-
bending and other intra and inter-ionic forces located on the PLGA molecule (cxygen
residues) cluster-packed with water molecules influenced the nature and size of

pores and fibers of the newly formed PLGA scaffolds.
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Electron Micrographs of Salted-cut PLGA. These micrographs
demonstrate the surface morphology of PLGA: salted-out with NaCl [Figure 4.2{(z) and
4.2(bY at 2000X Mag (a nd b}, WD of 23mm and 37mm; CaCls, (Figure 4.2{¢) and 4.2{d}] at
2000X Mag (c) and 20X Mag {d), WD of 22mm {c and d} as well as AICI; [Figure 4.2{g) and
4.2(fy] at 2000X Mag {e) and 1000x Mag (f}, WD of 20mm (e and f}.

Mag= Magnificafion, WD=Weight distributfion.

Figure 4.2. Scanning
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SEM images of PLGA scaffolds salted-out with NaCl revealed a uniform distribution
of interconnected pores, divided by struts of microporous structures that maintained
homogeneity of cross-linked fibers in a neuronal meshwork archetype {Figure 4.23
and b). These fibers possessed pores and fiber diameters ranging between 0.1-
1.4pm, and fiber volumes ranging from 0.01-0.03pm>. In Figure 4.2¢ and d, the
divalent salt CaCi, produced a fibrillar composite PLGA scaffold with interconnecting
channels in a distinct voluminous trabecular formation with scales of pore sizes and

diameters ranging between 7.5-15pm and fiber velumes of 800-14000pm?.

In Figure 4.2e and f, PLGA scaffolds salted-out with a frivalent salt namely AICI;
revealed fine fibrous morphologies with distinct cross-links that resuited in a ramified
interconnection of the PLGA scaffold design with pore sizes and diameters ranging

from 0.03-0.10um and fiber volumes between 0.08-0.17pm°.

In general, introduction of salting-out ions to the polymeric solution facilitated the
native PLGA polymeric structure to assume a fixed 3-dimensional configuration into
cross-linked lactide-glycolide chains. The configuration depended significantly on the
nature of the salt, which is explained by different degrees of structuring of the
polymeric matrices caused by the ions of the salts. Furthermore, the adjacent voids
resulting from such a configuration were able to accommodate water molecules in
accordance to the dimensions of voids created due te short and long distance
interactions between native PLGA chains. These voids significantly provided the
space for binding water molecules which was dependent on the size and the rate of

the jon in salting-cut and subsequently cross-linking PLGA.
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An increase in the fibrillar nature of the PLGA scaffolds augmented the
physicomechanical properties such as matrix resilience. The distinct differences in
morphology revealed in each micrograph of the PLGA scaffolds suggest the
versatility of the scaffold and hence may be suitable for tailored Smncﬂmo_:z._._m that

match specific applications.

4.4.3 Textural Profile Analysis to Quantify the Physicomechanical Properties of
PLGA Scaffolds

Analysis of the textural profiles provided an insight on the Stress-Strain relationships
for the PLGA scaffolds. Results demonstrated that native PLGA coukd be modified
into a highly resilient polymeric material by rapid icnic salting-out and subsequent
cross-linking in order to achieve elasticity that depended mainly on the type and the
concentration of salt employed. The matrix resilience values of PLGA scaffolds

salted-out with NaCl and AICl; were superior to that of PLGA scaffolds salted-out

with CaClz (Figure 4.3).
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Figure 4.3. Profiles depicting differences in the physicomechanical properies of PLGA
scaffolds. Plot (a) Resifence (R), (b) Energy absorbed {E} and {c) Deformability modulus
{DM).

The physicochemical nature of the salt employed during salting-out created a micro-
environment which accentuated the viscoelastic behaviour of the PLGA scaffold. The

viscoelasticity caused densification of the PLGA scaffolds, which resulted in

resistance of the scaffcld to deform under stress during textural anzlysis. Figure 4.3a
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and b revealed significant increases in the resilience and energy absorbed when
concentrations of NaCl and AICl; were increased, for instance in formulations 2, 12
and 14. The concentration of CaCl; was found to be inversely proportional to the
energy absorbed as demonstrated in formulations 6, 9 and 13. The increase in
resilience and deformability moduli was linearly correlated to the quantity of energy

absorbed by the PLGA scaffolds per unit volume shown in Figure 4.3b and ¢.

The modification of the physicomechanical properties revealed by these profiles is
consistent with the dense surface morphology of the PLGA scaffolds depicted in
Figure 4.2. In general, salts that produced more compact polymeric structures with
smaller and more uniform pores, such as NaCl and AICI; accentuated the
physicomechanical properties of the PLGA scaffolds, whereas salts that produced

larger pores decreased the resilience.

Furthermore, the resultant accumulation of additional water molecules within the
polymeric chains conferred more dipcles to the matrix, which causes them to be less
responsive to the resilience activity within the PLGA backbone. Ferry {1980} reported
that the presence of water molecules which are dipole and contributors of interfacial
tension decreases matrix resilience. The proximity of the polarising dipoles to the
PLGA backbone and the extent to which they are influenced by the configurational
activity of the PLGA chain directly influenced the total resilience, energy absorbed,

and deformability modulus of the PLGA scaffold.
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4.4.4 Response surface Performance

Surface plots (Figure 4.4) were constructed te visually demonstrate the individual
and synergistic effects of the salts on modifying the physicomechanical properties of
native PLGA by scaffold formation. Figure 4.4a revealed that at lower concentrations
(between 0 and 5%"/,), NaCl significantly increased resilience of PLGA scaffolds up
to a limit of 15% at which any further increase of NaCl {above 5%"/,) resulted in a
decreased resilience. At low concentrations (between 0 and 5%*A) of AICL a
resilience of 10% was maintained and a further increase in AICl; beyond 5%™/,

restited in a linear increase of resilience.
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Figure 4.4. Typical surface response plots depicting the effects of the independent
formulation variables on the physicomechanical properfies of the salted-out PLGA scaffolds,
namely (a) Resilience (R) {%); (b) Energy absorbed (E) (J); and (¢} Deformability modulus
(DM) (Nfmmy}. AC= AIC/;, CC= CaCf, SC=NaCl. -1=0%", 0=5%" 1=10%"/,

Figure 4.45 demonstrated that a concentration of CaCl. above 5%"/, lowered the
energy abscrbed and that a 10%"/, CaCl: significantly diminished the ability of the

PLGA scaffolds to absorb energy. Furthermore, Figure 4.4c depicts that the

108



concentration of CaCi; had a minor effect on the deformability modulus of the PLGA
scaffolds, whereas an increase in AICI; concentrations largely increased the
deformability modulus of the PLGA scaffolds. The following 3-dimensional surface
plots depict each of the responses {physicomechanical preperties) resulting from

changes in the independent formulation variables.

4.4.5 Determination of the Main and Interactions Effects on the Various
Responses

The main and interaction effects of the salt type and concentration and their
influence on the physicomechanical properties of PLGA are demonstrated in Figure
4.5. The plots of main and interaction effects were run to provide a visual
authentication of the significant variables on the resilience, energy absorbed, and
deformability modulus model terms. The effects on the responses were found to be
attributable to the main effects (i.e. the salts) as well as other interactions such as
the polymeric substrate, solvent, water volume, and salting-out reaction time up to

the last variable interactions.

The degree of interactions was observed to rise exponentially with the number of
factors. Digression from the centre-point designated a change in response over the
tested range. Visually, the discrepancies in the mean values of the plot are the least
squares estimate for the effect. Huge discrepancies indicated by higher gradients as
in Figure 4.5a, ¢, d, and f signified important variables while diminutive discrepancies
indicated by lower gradients signified trivial variables in a given plot. Parallel plots as

in Figure 4.5b and e impfied minimal or no interaction of the independent formulation

variable.
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Figure 4.5. Typical profiles used to construe the main and interactions effects of NaCl (a)
and {d); CaCl; (b} and {e); AICI; (c} and {f} for resilience in the presence of a combination of
parameters.

As demonstrated in Figure 4.5, the type and concentration of sait played a vital role
in the nature and extent of PLGA modification. In Figure 4.5¢ NaCl, a monovalent
salt had the greatest effect on resilience with optimal resiiience experienced at
5%"/.. The divalent salt CaCl; had a minor effect on resilience, regardless of the

change in concentrations. It was also cbserved that the resilience increased with the
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increase in concentration of the trivalent salt AlC!i3 from 5%%/,. A similar correlation

could be seen from Figure 4.3 and Figure 4.4.

These observed fransitions in resilience can be explained as a confribution from a
combination of several effects such as variations of the water molecule structure
present in the matrix hydration sheath as well as the adjustments of the interactions

between the PLGA and solvent due to the presence of various salts.

4.4.6 Correlation between the Experimental and Predicted (Fitted) Responses

Employing a Quadratic Mode!

Figure 4.6 depicts the close correlaticn between the experimental and fitted values
for the dependent formulation variables, namely, resilience, energy absorbed, and
deformability modulus. No significant differences were noted between the
experimental and fitted values (p>0.05). This therefore, indicated that the Box-
Behnken design provided a suitable statistical approach to evaluate the effects of

various salts on maodifying native PLGA into salted-out PLGA scaffolds.
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Figure 4.6. Profiles demonstrating the correlation between experimental and predicted
(fitted) response values. R=Resifflence; E=Energy absorbed; DM= Deformability modulus.
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4.4.7 Assessment of the Polymer-Sait Interactions and Polymeric Structural
Transitions

As observed in the FTIR profiles depicted in Figure 4.7, the functional groups of
PLGA involved in interactions with the salts were simitar. However, the degree and
extent of these bond vibrations at finger-print regions varied. This implied that the
polymer-salt interaction in solufion was clearly influenced by the molecular structure
of the salt as well as the chemical backbone of PLGA that resulted in the diverse
morphological, physicochemical, and physicomechanical transitions demonstrated

by the PLGA scaffolds.

During salting-out and subsequent cross-linking the salts ionized in water and
reacted with the 5, m, o, C-O and H-groups, to form hydrogen, ether bonds and salt-
oxygen bonds between the PLGA chains. This resulted in cress-linking of the lactide-
glycolide units within the PLGA molecular structure. Hydrogen, ether and ion-oxygen
bonds were formed by the salts between free pendant carbony! groups of PLGA into
resonance stabilized bonds. This was demonstrated by the prominent vibrational
increase in the frequency ranges of 1180-1300 cm™ (COC), 3200-3700 cm™ {OH
stretching), 1600-1900 em™ (CO) and the synchronous decrease in the C=0 groups

(bending) vibration intensities in the range of 1530-2500 cm™.

The intensities of transmittance of aliphatic ester bonds present in PLGA were also
decreased. Furthermore, cross-links formed by the non-uniform length of polymeric

chains resulted in a 3-dimensional dense network that caused further vibrationa!

intensities (Figure 4.7}.
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Flgure 4.7 Five superimposed FTIR profiles depicting transiions from native PLGA to
salted-out PLGA scaffolds. {a) = Native PLGA, (b)-(e} = PLGA salted-out with NaCl, CaCl,,
AICl; and a combination of NaCl + CaCl; + AICI, respectively.

4.4.8 Thermal Transitions within the PLGA Scaffolds

Figure 4.8 demonstrates the enthalpy changes due to wvarious polymer-sait
interactions. During salting-out of PLGA, the enthalpy of the PLGA scaffolds was
enhanced by the increase in steric strain attributable to a gain of electron energy.
Furthermore, enthalpy changes also occurred as a result of bond formation that
increased the bond-energy of the system and resonance stabilization thereby
increasing the internal energy and enthalpy of the PLGA scaffolds. Furthermors, the
steric strain caused by bond stretching, bond-angle deformation, and polymer-salt
interactions increased the internal energy and enthalpy of the system. As molecules

gained sufficient mobility to initiate the cross-linking reaction exothermic changes
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accurred in the temperature range of 40-47°'C which essentially described the glass

transition point.
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Figure 4.8. Differential Scanning Calerimetry (DSC) profiles of native and salted-out PLGA
scaffolds demonsirating thermal transitions of (a) native PLGA, (b) PLGA salted-cut with
HaCl, (c) CaCl, (d) AICI;, and (e) a combination of NaCl, CaCi;, and AICl;.
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Table 4.3 lists the significant parameters obtained from analysis of the DSC profiles.
In Figure 4.8a-e¢ a step transition from giass to rubbery state on the heating cycle
was clearly observed as sharp peaks at 47.24, 41.79, 40.19, 43.35 and 42.82°C
respectively. The melting point range of PLGA scaffolds was 140-160%C which was a
significant reduction from native PLGA that has a melting point range of 280-300°C.
Re-crystallization and further decomposition of the polymeric-salt complex tock place

between 410-430°C.

Table 4.5. Thermal parameters of native and safted-out PLGA employing DSC

Formulation Tg°C mp'C Tc°C Td'C

Native PLGA  47.24 280-300 354,85 411.65
B 41,79 148.30 285.61 428.05
C 40.19 280.00 315.30 426.94
D 43.35 166.54 343.04 420.06
E 42.82 270.10 293.85 420.00

Tg =Glass fransifion fempearature; mp =Melting point: Te =Re-crystallization tamperature;
Td =Degradaiion termperafure

Depending on the type of salt employed, water can be trapped within the polymeric
matrix and thus depress the T,. The size of ions (A" < Na® < Ca®) determined the
degree of T, depression. Kelly and co-workers (1887) reported that a significant
change in T, is observed with a 10% increase or decrease in the water content
within the polymeric matrix. Thus the dynamic activity of PLGA chains may be
restricted by confines of water molecules within the matrix. The large ionic radius of
Ca® led to an increase in the number of voids within the scaffold utilized by water

molecules.
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Conversely, Na* and AP** ions decreased the number of voids. Hence PLGA
scaffolds salted-out with CaClz had a lower T of 40.19°C. Studies by Paulaitis and
co-workers (2004} have vielded verification on the dependence of polymeric
hydration free energy on the solute size and shape. Moreover, work done by
Bernazzani and co-workers (2003) demonstrated that precipitation of polymers from
dilute solutions would depress the Ty which may be attributed to the cross-link
induced shorter and free chain ends that disarray the crystallinity of the matrix. This

was consistent in the findings of this study as well.

4.5. Concluding Remarks

The salting-cut and subsequent cross-linking approaches applied in the study in
order to modify the physicochemical and the physicomechanical properties of native
PLGA displayed significant potential. The resulting cross-linked PLGA scaffolds
exhibited superior structural integrity as determined by parameters such as
resilience, energy of absorption and deformability moduli which contributed to the

overall robustness and level of porosity of the PLGA. scaffolds making it a favourable

candidate for controlled drug delivery.

The close comrelation between the experimental and predicted {fitted) response
values demonstrated the reliability of the selected statistical design for experimental
optimisation. The monovalant, divalent and trivalent ionic salts employed in the study
proved to be suitable in transforming the structure of native PLGA inte a modified
PLGA scaffold with superior physicomechanical properties. These superior
properties were confirmed by textural profile analysfs, SEM, DSC and FTIR studies.

In general, the degree of bond formation in the PLGA backbone demonstrated by
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vibraticnal intensity transitions from FTIR studies, in combination with the newly
formed hydrolytically degradable PLGA cross-links present a possible application of

the PLGA scaffolds in rate-modulated drug delivery.

This study has also demonstrated that salting-out and subsequent cross-linking of
PLGA can significantly modify the physicochemical and the physicomechanical
properties of native PLGA into a riovel scaffold with superior structural integrity that
show potential to be used ton control the rate of drug release as a result of strong
bonds formed between the drug and PLGA during cross-linking ultimately leading to
zero-order release kinetics. The following study in Chapter Five, is to identify the in

vitro dissolution and drug release characteristics of the novel PLGA.
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CHAPTER FIVE

MODEL DRUG: MELATONIN {WATER INSOLUBLE}

IN VITRO DRUG RELEASE STUDIES OF MELATONIN-LOADED PLGA
SCAFFOLDS

5.1 Introduction

Melatonin is a2 potent model drug that would benefit from a localized drug depot
system prior to being released at its site of action, as it has a short half-life (f:z), 32-
40 minutes, and a high first pass metabolism (Challa et al., 2005). One successful
approacht to control the release of such drugs is to synthesize a polymer with more

desirable properties through cress-linking the polymer with a biocompatible salt.

Hence, the thermoplastic biodegradable PLGA scaffold was prepared and
characterized in Chapters Two, Three and Four, in order to explore the in vifro
release of melatonin from the cross-linked PLGA scaffold in this section of the study.
The objective of the present and the subsequent studies is therefore, to assess the
PLGA scaffolds employing in vifro drug release studies in order to optimize the

formulation for applicaticn in the delivery of melatonin to the brain.

Controlled drug delivery technology signifies one of the frontier areas of
pharmaceutical science that engage multidisciplinary contributions te clinical
medicine. These novel drug delivery systems are of key signfficance to the
implementation of present-day therapeutic freatment, which accentuates drug
effectiveness and patient compliance. The desirable features of controlled release

systems are the ability to sustain the bioactive concentration in the physiclogical
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medium, at a desired quantity, warrant control of the release rate and prolong the
duration of action of the bioactive agent (Langer and Wise, 1984; Siepmann and
Peppas, 2001). Substantial surveys by Kydonieus {1992) and Park {(1997) identified
three main types of drug release systems, namely passive pre-programmed, active
pre-programmed and active self-programmed systems illustrated in Figure 5.1.
However, some controlled release systems may behave slightly different from the
norm. The PLGA scaffold formulated in the study is envisaged to behave in a

manner that is mostly passive pre-programmed system.

Figure 5.1. Flow diagram displaying three main types of controlled drug release systems
{Source: adapted from Kydonieus {1992) and Park {1997).
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In order fo understand the effect of polymer modification on disselution and
controlled drug release, the theory of dissolution needs to be considered. Dissolution
studies remain the most frequently used tool in the development and
characterization processes of controlled release devices. During the formulation of
phamaceutical devices, in vilro dissclution testing becomes the major tool of

evaluating the best formulation and the bicavailability of the drug (Dave et al., 2004).

Dissolution is defined by Amiji and Sandman, 2003, as the process by which a solid
solute with relatively low sclubility enters inte a solution in the presence of a scivent.
Whereas the dissolution rate is defined as the quantity of active ingredient in a solid
dosage form dissolved per unit time, under standardized cenditions of liquid/solid

interface, temperature and media composition.

The role of dissolution studies in pharmaceutical science include:

i. Screening formulations during development,

ii. The assessment of batch to batch quality, where the performance
specifications of the device depends on its dissolution;

iii. To provide process control and quality assurance;

iv. To control bioavailability and avoid the possible risk of toxicity that result from
in vivo dose dumping;

v. To characterize or compare different batches of drug substances using the
dissolution rate;

vi. To assess the need for further bioequivalence {BE) studies relative to minor

post-approval changes {Almeida et al., 2008; Cho et al., 2006; Kalantzi et al.,
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2006; Khan et al., 2008; Panchagnula et al., 2006; Wei and Lobenberg, 20086,

¥Yu et al., 2008).

Dissolution and drug release studies are therefore, the key predictors of a drug
delivery device's performance in vifro and in vivo. The efficient development of in
vitro models of the physiclogical media is fundamental to the appiications of the
device in vivo, as this is able o mimic specific parameters that include the
temperature and pH of physiological fluids, as well as the drug release rate. In
addition, in vifro dissolution studies should be able to detect the least variations in

formulaticns that may affect i vivo performance of the device.

In this section, salted-out and subsequently cross-linked melatonin-loaded PLGA
scaffolds were evaluated with respect to their ability to release melatonin in an active
pre-programmed manner as illustrated in Figure 5.1, and the influence of the salt
employed in the modification process was alsc explored. In addition, the drug
entrapment efficiency (DEE) into the PLGA scaffold, the mean dissolution time
{MDT) and the drug release kinetics {k} were determined and optimized. During
dissolution of PLGA, degradation can be varied between weeks and months

depending on the design of the polymer to match its application.

In physiological media, PLGA undergoes chain cleavage, the _a..:m_ step in its
degradation process followed by a decrease in melecular mass and matrix erosion,
as outlined in Chapter Three. In salted-out and cross-inked OH-polyesters, the
ability to predictively contrel the process of dissolution and drug release lies in the

full understanding of the drug, the incorporated salt and the polymeric properties
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{Hite et al, 2003). Thus, ocne may envisage the interactio ns between these

variables, and how each of them affects the rate of drug release.

During dissolution, the principal mechanisms by which bioactives are released from
a device include diffusion, swelling, erosion and degradation. The drug may be
released from drug delivery devices by diffusion through fluid-filled pores within the
polymeric matrix. In the case of drugs with higher molecular masses, polymer

erosion becomes a key causal factor to drug release {Kiortsis et al., 2005).

Diffusion is when a drug passes through the pores of a polymeric matrix orfand
between the polymer chain. Drugs with lower mofecular masses such as melatonin
can easily escape from the device by diffusion. Amid the basic features required for
dissolution, a pelymer should have inherent physicochemical and physicomechanical
properties that promote the attainment of retarded swelling and erosion as well as

complete dissolution of the polymer at the end of drug release.

Altematively, a programmed release system is sought, for which swelling and
erosion remain the prime factors in controliing drug release. The ideal polymer would
permit these processes to operate synchronously, thereby allowing a balance

between the key processes of swelling, erosion and dissolution.

Furthermore, dissolution and drug release from a salted-outicross-linked device will
be affected by the physicochemical and the physicomechanical properties of the
modified polymer, the salts incorporated, the fluid within which it is immersed, as wel?

as upon environmental factors such as, temperature, pressure, and the pH of the
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soiution. Studies by several researchers have revealed that even though salts may
retard polymeric disentanglement and slow the degradation of polymers, they can
however, acceierate the release of drugs and increase the initial burst effect,
depending on the drug solubility (Abbrent et al., 2000: Pillay and Fassihi, 2000; Pillay
and Fassihi, 2001). Salts achieve this through their contribution by creating a
contractible micro-environment within the matrix, whereby pH is then mediated by
the pKa of the salt, thus either enhancing or suppressing the solubility of the
polymer. As the matrix hydrates, the salts and the polymer compete for the water of
hydration, which slows the dissclution of the polymer and retards drug release. Thus,
in such systems, degradation of the PLGA device and the drug release will vary
according to the type of salts loaded in the polymeric matrix and the drug itself (Bae,

2003).

In PLGA devices, the release of a drug may take place by:

i Diffusion of the drug through agueous peres that are generated during
degradation of the polymer.
it. Another mechanism fnvelves the leaching of drug from bicactive domains
at or near the surface of the device.
jii. In addifion, the degradation of the polyester may decrease the rigidity of
pclymeric chains, which could compromise the pore structure of the matrix
and facilitate the release of drug. The hydrolytic chain scission of PLGA
which is auto-catalyzed by its carboxylic acid end-groups could cause the
commencement of drug release by increasing the degree of polymeric
hydration and decreasing the glass transition temperature {Shah et al.,

1992; Park, 1895).
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6.2 The Use of Melatonin in Neurodegenerative Disorders

Melatonin is a pineal neurchcrmone with decrease levels during aging, especially in
neurcdegenerative patients. It is the principal hormone produced by pinealocytes of

the pineal gland. It is a derivative of the amino acid tryptophan and alsc produced by

the retina of the eye and the gastro-intestinal-tract cells, on a smaller scale.

Table 5.1 The Physicochemical and the Physicomechanical Properties of the

Neurchormone Melatonin

PHYSICOCHEMICAL AND THE PHYSICOMECHANICAL PROPERTIES OF

MELATONIN

Trade Name

Chemical Name

Empirical formula

Molecular mass

Bioavailability

Melting Range

Solubility at 25°C

Stability in light

Atmospheric and chemical stability

Storage

Melatonin®

5-methoxy-N- acetyitryptamine
C1aH1gN202

232.28 g/mol

30-50%

118-118°C

Low solubility in water

Photolabile

Interacts with reactive oxygen and nitregen

Below 20°C, air tight
amber container, away from light

Melatonin is metabolized in the liver and its elimination half-life (ti2) is 32-40
minutes with a high first pass metabolism {Challa et al., 2005). A dosage of 3mg
melatonin one hour before bedtime is usually effective for insemnia, although doses

as low as 0.1 to 0.3mg daily may improve sleep. In addition, this bioactive has strong
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antioxidant properties and there is evidence that it may help strengthen the immune

system.

Scientists have uncovered that melatonin has the capacity to scavenge numerous
free radicals that include O -CH, H2O2 and NO, attributable te its configuration and
chemical structure. Furthermore, studies have demonstrated that this neurohormone
has protective effects against Af-induced apoptosis of microglial cells in
neurodegenerative diseases. These microglia-produced inflammatory and neurotoxic
factors, including the cytokines and tumor necrosis factor-o (TMFa) produce free

radicals that are deleterious to neurons, as mentioned in Chapter One.

5.2.1 Structure-Function Reiationship of Melatonin as a Free Radical
Scavenger in the Treatment of Neurodegenerative Disorders

The amide and methanol side chains are significantly active scavenging chemical
groups in the melatonin molecule. However, the major scavenging action can be
attributable to the indole moiety due to its higher resonance stability and very low
activation energy barrier towards free radical reactions, The N-C=0 structure in the
C3 amide side chain is the main functional group. The carbonyl in the N-C=0 is the
key group for melatonin to scavenge the second reactive free radical species. The
nitrogen in the N-C=0 structure is necessary for melatonin to form the new five
membered ring after the drug's interaction with a reactive species. The methoxy
group in Cs prevents melatonin from exhibiting pro-oxidative activity (Kato et al.,

2007; Yasuo et al., 2007}
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CHy

Figure 5.2. Chemical structure of melatonin; {5-methoxy-N-acelyfiryptamine) (Source:
adapted from Lehnig and Kirsch, 2007},

Unlike classical antioxidants, melatonin is devoid of pro-oxidative activity and all
known intermediates generated by the interaction of melatonin with reactive species
are alsc free radical scavengers. This phenomenon is defined as the free radical
scavenging cascade reaction of the mefatonin class. Due to this cascade, cne
melatonin molecule has the potential to scavenge up to 4 or more free radicals. This
makes the drug very efficient as an antioxidant in neurodegenerative disorders.
Melatonin is a good candidate for use in neurodegenerative disorders due to its anti-
oxidative and anti-inflammatory properties (D'Agostino et al., 2007; Gulati et al.,

2007 Liu et al., 2007; Paredes et al., 2007)

However, it has a very short half-life and is promptly metabolized to &-sulphatoxy
melatonin {6-STMT) after oral administration. Due to the first pass metabolism of
melatonin, it is not available in therapeutic amounts to cross the blocd-brain barrier
{Kikwai et al., 2002). Therefore, the objective of this study was to develop a novel
implant employing the PLGA scaffolds loaded with melatonin in the treatment of

neurodegenerative disorders. The in vitro drug release studies and optimization of
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melatonin-loaded PLGA scaffold was performed in order fo pursue its use as a drug

delivery implant for treatment of neurodegenerative diseases.

5.3 Developing the Experimental Design

The independent formulation variables may affect DEE, MDT and k expression
profiles. It is therefore recommended that an experimental design be applied. In the
study, a 3 factor, 3 level randomized Box-Behnken statistical design was canstructed
in order to model the number of experiments needed for formulation optimisation and
to establish the main and interaction effects of the independent formulation variables

on the of the DEE, MDT and k of the PLGA scaffolds, using MINITAB®, (v14,

Minitab, USA).

5.4 Determination of the Drug Entrapment Efficiency (DEE) of the PLGA
Scaffold

Several parameters, such as, the type and quantity of model drug, the type and
concentration of salt, along with the method by which the drug is loaded into the
device, may influence the DEE of a polymeric device {Peltonen et al., 2004). By
evaluating the effects of formulation parameters on the DEE of the hydrophobic
PLGA scaffold, one can improve the percentage of drug particles that can be

entrapped by the device during synthesis, thus affording more higher and consistent

drug-loading.

Although PLGA has been investigated for the controlled release of drugs, most

studies have involved nanc- and microparticle formulations and the efficiency of the
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methods in encapsulating drug within these particles. The entrapment of drug
particles in a porous PLGA scaffold has not been adequately ventured. DEE of
hydrophobic drugs in PLGA nano- and micro-particles has been found to be less
challenging than that of hydrophilic drugs, due to the lack of affinity between the
hydrophilic drug substances and the hydrophobic polymer (Barichello et al., 1999;

Govender et al., 1999).

Furthermore, during salting-out, if the interactions between the drug and polymer are
weak, the drug tends to migrate from the polymeric organic phase to the agueous
phase thus becoming excluded from the polymeric device. in this study, the model
drug, melatonin has low water solubility (3.17+/- 0.06 mg/mL) and easily dissolves in
the solvent used to dissolve PLGA {Kikwai et al., 2002). This, therefore, facilitated
blending of the polymer and the drug solutions before and during salting-out. One of
the aims of this study was also to increase the melatonin entrapment efficiency into
the PLGA scaffold The DEE was explored by changing the salt type and

concentration used in the salting-out and subsequent cross-linking of PLGA.

5.5 Optimization of the Drug Entrapment Efficiency, Mean Dissolution Time

and Drug Release Kinetics of the PLGA Scaffold

Optimization techniques allow for the investigation of the effects of process
parameters concurrently, without having to examine all possible combinations of the
factors involved. The application of a statistically designed experiment for
optimization techniques allows one to investigate associations between the

interacting formulation variables. Statistical software is employed to perform
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extensive analysis of the observed cutputs and their rates of change as the inputs
are varied te guide the selection of new trial values {Aslan et al., 2006).The most
common technique used for solving constrained optimization problems, is the
ANCVA, employing the Taguchi approach (Jadoun et al, 2006). In this study, the
drug entrapment efficiency (DEE), the mean dissolutior: time (MDT) and the quantity
of drug released as a function of time were validated ufilising the Analysis of

variance (ANOVA) (Minitab® Statistical Software, v14, Minitab, USA).

5.6 Kinetic Modeling to Determine the Drug Release Meachanism from the

PLGA Scaffold

Several mechanisms have been elucidated to describe drug release from polymeric
systems including diffusion, swelling, and erosion- controlled release. In order to
characterize the drug release mode from the PLGA scaffold, the experimental data
was fitted to the Peppas (Korsemeyer et al., 1985; Peppas, 1985; Harland et al.,
1988), Higuchi {Higuchi, 1861; Higuchi, 1963), Fickian diffusion and matrix relaxation
(Peppas, 1985) and the Hopfenberg mncmzo:m.. by the application of WinNonlin®
software V5.1 {Pharsight®, U.S.A). Kinetics of drug release, namely, swelling and
erosion were analyzed with relevant mathematical and statistical models in order to
confirm the mechanistic operation of the PLGA scaffolds. The development of
suitable kinetic and mathematical models to predict drug delivery is a significant and
fundamentai activity during the design of controlled drug delivery systems (De et al,,

2002).
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5.7 Materials and Methods

5.7.1 Materials

PLGA was purchased from Boehringer Ingelheim Pharma {Ingelheim, Germany)
(Resomer® RG504 50:50; M, 48,000; i.v. 0.48-0.60dl/g). Acetone was used as a
solvent, and analytical grades of sodium chloride (NaCl), calcium chloride (CaCla},
{Rochelle Chemicals, Scuth Africa} and aluminium chloride (AICL) (Merck,
Darmstadt, Germany) were used as the ionic salts. Disodium hydrogen
orthophosphate, (Na;HPQ4), and potassium dihydrogen phosphate {KH-PO.4} were
purchased from Saarchem (Pty) Ltd., South Africa. Model drug, melatonin was
obtained from Sigma-Aldrich Co., Germany. The apparatus used for the in vitro drug
release studies was a closed compartment system. A thermostated rotating

shakerbath {Labex, Stuart SBS40%, Gauteng, South Africa) was set at 37.0 £ 0.5°C.

5.7.2 Building the experimental design

A 3 factor, 3 level randomized Box-Behnken statistical design was employed in crder
to model the number of experiments needed for formulation optimisation and to
establish the main and interaction effects of the independent formulation vartables on
the physicochemical and physicomechanical properties of the PLGA scaffolds using
MINITAB®, (v14, Minitab, USA). In this design 3 factors were evaluated, each at 3
levels, and experimental trials were performed at all 14 pessible combinations. The
amounts of MaCl, CaCl: and AICl; were selected as independent formulation
variables. The DEE, MDT and k, were selected as dependent formulation variables.
A statistical mode! incorporating interactive and polynomia!l terms was utilized to

evaluate the response as conducted in Chapter Four of the study.
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Table 5.2. Faclor Levels of the Independent Formulfation Variables

Factor Level
Variables Units
Low Middle Upper
NaCl 0 5 10 % "1,
CaCl; 0 5 10 %
AlCl; o 5 10 % “f,
Melatonin* 10 10 10 mg

*Meslatonin fevels were kept constanf at 10mg

5.7.3 Preparation of the PLGA Scaffoids

PLGA scaffolds were prepared by salting-out and subsequent cross-linking using a
combination of acetone and ionic salts in accordance with 2 Box-Behnken design
template outlined in Table 4.1 Chapter Four. Fourteen polymeric solutions
comprising 0.4g9 of PLGA and 10 mg melatonin dissolved in 15mL of acetone were
prepared. The cross-linking solutions comprising 75mL of either 0%, 5%/, or 10%"/,
of either NaCl, CaCl, or AICI; was added to the polymeric solution and agitated for a
pericd of 30 minutes. The resultant PLGA scaffolds were removed from the cross-
linking solution washed thrice with 500mL deionised water and dried to constant
mass at room temperature. Each PLGA scaiffold was stored for 48 hours for

equilibration prior to physicochemical and physicomechanical evaluation.

5.7.4 Preparation of a Calibration Curve for the Spectrophotometric
Determination of Melatonin Release from the PLGA Scaffold

Both the accuracy and precision of spectrophotometric measurements is dependent,
in part, upon the calibration technique used. A calibration curve of the analytical

signal (the instrument or detector response) as a function of analyte concentration
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was plotted in order to determine the concentration of melatenin released from each
PLGA scaffold at each time interval. It was obtained by measuring the signal from a

series of standards of known concentrations.

The Lambert Beer law describes a relationship between concentration and
absorption, the law states that the the absorbance {A) ¢f an absorbing species in
solution is directly prepertional to the pathlength () through the solution and the
concentration (¢} of the absorbing species. Thus, the higher the concentration of the
absorbing substance is, the higher is the absorbance. In accordance with Lambert
Beer law, the concentration of a melatonin in solution was determined from its
measured absorbance. A calibration curve of absorbance, measured
spectrophotometrically, versus concentration was constructed for melatonin in PBS
pH 7.4 at the 278.2nm absorption peak. In order to determine the best-fit straight

Iine, linear regression analysis was used. From the equation vy = mx + b we

substituted in the ¥ value (response) and we solved for x.

5.7.5 Drug Entrapment Efficiency of the PLGA Scaffolds

DEE studies were performed by immersing each scaffold in 100mL acetone to effect
complete dissolution of the scaffold. Thereafter, melatonin content was determined in
triplicate using UV-spectroscopy at 278nm. The DEE percentage was then

calculated utilizing Equation 5.8.

Mass of drug in scaffold «
Mass of drug loaded in formulation

DEE% = 100 Equation 5.8
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5.7.6 In Vitro Drug Release from the PLGA Scaffolds

Drug release studies were conducted in 100mL phosphate buffered saline (PBS) (pH
7.4; 37°C) at 50 rpm. Melatonin assays were performed with UV-spectroscopy (278
nm) (SPECORD 40, Jena, Germany). The dissolution data was subjected to a
model-independent analysis known as the time-point approach. Briefly, the mean
dissolution time set at 30 days (MDTaq) for each formulation was calculated. The
application of the mean dissolution time provided a more precise analysis of the drug
release performance and a more accurate comparison of several dissolution data

sets. Equation 5.9 was employed in this regard.

5.7.7 Statistical Optimization

Analysis of variance (ANOVA) (Minitab® Statistical Software, v14, Minitab, USA) was
performed on the data presented in Table 5.2 utilising Institution of a model-
independent approach to optimize the PLGA scaffold formuiation. The independent
formulation variables were the type and concentration of salts employed in the
salting-out and cross-linking of the polymer. The dependant formulation variables
were the DEE, MDT and the release constant (k). Statistical optimization was
therefore employed to ascertain the ideal PLGA scaffold with the desired
physicochemical and u:ﬂm__ncimnzm:mnm_ properties capable of attaining optimum

CEE, MDT and k.

3.7.8 Kinetic Models Employed to Flucidate the Drug Release Mechanism from

the PLGA scaffolds
Drug diffusion, erosion and polymer chain relaxation are the core parameters in

determining drug delivery from the PLGA scaffold matrices. Models such as the
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Power Law and its variants, Hopfenberg, Swelling interface Number and Deborah
Number may be applied to experimental data to predict such parameters. The
purpose of this section of study was to explicate the principal drug release
mechanisms from the melatonin-loaded PLGA scaffolds and to predict the time-
dependence of fiuid infiltration and drug release. fn vifro drug release data of the
PLGA scaffold formulations were fitted into the following phencmenological

mathematical expressions.

(a) The Power Law Equation

Drug release mechanisms are complex phenomena. In order to characterize the
drug release mode from the PLGA scaffold, the experimental data was fitted to the
kingtic models. The mathematical expressions employed to describe the drug
release kinetics from the scaffold include the Power Law equation, also known as the

Peppas equation {Equation 5.1):

M /M. =kt Equation 5.1

Where:

-M;is the quantity of drug released at time t:

-M.is the drug loading;

M; /M., is the fraction of drug released up to time §;

-k is an experimentally determined kinetic constant and
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-n is an exponent that depends on the geometry of the polymeric device boundary
and indicates the release mechanism (Ritger and Peppas, 1987: Karatas and

Baykara, 2001).

In the case of a delay in release or lag time {f;}, as in a highly cross-linked polymer,

the Higuchi equation {Equation 5.2) may be used.

M /M., = Kkt = #)" Equation 5.2

The Higuchi equation expresses a diffuse release mechanism.

In the case of a burst effect, & (Kim and Fassihi, 1996), Equaticn 5.3 may be used.

M /Mo=k"+b Equation 5.3

Faor Fickian diffusion and matrix relaxation, the expanded version of Power Law

equation is used, as illustrated in Equation 5.4

M/M.,.= }.ﬂu: + foot? _m.ntmm...cb 5.4
Where:

-k is the Fickian kinetic constant;

-K; is the relaxation/dissolution rate constant and

- is the release exponent, with 1=1, 2, 3 for a slab, cylinder or sphere respectively.
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{b) The Hopfenberg Model

The erosicnal behaviour of the cross-linked PLGA scaffold can be analyzed with the
Hofpenberg model (Hopfenberg, 1976), which allows for the differentiation between
the diffusicnal and relaxational contributions during solvent penetration or sorption in
polymers. This model also known as Hixon-Crowell equation was developed for

polymers in the form of slabs, cylinders, or spheres, which exhibit heterogeneous

erosion {Equation 5.5).

Mi/Mu=1-(1=k §) Equation 5.5

Where,

= kofCo 15

-kg is the erosion rate constant;

-Cois the uniform initial concentration of drug in the polymeric matrix and

-rpis the initial radius for a sphere or cylinder or the half-thickness of a slab.

The Hopfenberg model assumes that time-dependent diffusional resistances, such
as drug particle size, do not affect the release kinetics. In addition, this model
indicates an erosion-depended release mechanism.

{c) The Swelling Interface Number

The Swelling Interface Number is generally computed to determine the swelling and

release behaviour. Franson and Peppas, 1983, studied the physica! conditions that
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influence the kinetics of drug release from swellable matrices and introduced the

Swelling Interface Number Sw (Equation 5.6).

Sw=v. /D Eguation 5.6
Where:

-v is the velocity of the swelling front;

-&f) is the time-depandent thickness of the swelling phase and

-Dis the drug diffusion coefficient in the swollen phase.

This dimensionless number compares the mobility of the solvent front relative to drug
mobility in the presence of polymer relaxation.
{d) Deborat Number (De)

Swelling of PLGA scaffolds can also be analyzed by consideration of the De value.
Under normal conditions the relaxation might be 0.1 and the shear rate 100/s, and
thus De = 10 (0.1 divided by 1/100). ¥When De << 1, the polymer behaves as a purely

viscous fluid while for De >> 1 the polymer behaves as an elastic solid (Rothstein

and Mc Kinley, 1999; Cormier et al., 2001).

Debreiease = Dikafror) Equation 5.7
Where,

D is the drug diffusion coefficient in a matrix;

kqis the erosion rate constant;
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f> is the outer radius of the scaffold:

ii is the inner radius of the scaffold.

{e) To expiore the nature of volatility of the model, the Akaike Jnformation Criterion
(AIC) and the Shwartz Bayesian Criterion (SBC) were computed. These statistics are
based on the log ikelihocd value at the estimated vector. The AIC and SBC are
functions of the log itkelihood values as well as the number of free parameters in
estimation. They incorporate a penalty for a karge number of parameters, which gives

us a bias towards more parsimonious specifications. The SBC is given by:
SBC=[n-2. In L + k i (n¥/n] Equation 5.8

Where,

n is the number of observations, equivalently, the sample size:

k is the number of free parameters to be estimated. If the estimated model is a linear
regression, k is the number of regreassors, including the constant and
L is the maximized value of the likefihood function for the estimated model.

Under the assumption that the model errors or disturbances are normally distributed,

BIC becomes, Equation 5.9 is employed.

SBC= In (RSS/n) + & (in nin) Equation 5.9
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Where, RSS is the residual sum of squares from the estimated model. In any given
mode, the one with the lower value of SBC is the one to be preferred. The SBC is a
decreasing function of RSS, the goodness of fit, and an increasing function of k. The

BIC penalizes free parameters more strongly than does the AIC.

5.8 Results and Discussion
The regression coefficient, R?=0.9983 for the calibration curve generated for
melatonin demonstrated linearity in phosphate buffered media (pH 7.4) at 37°C

achieved over the concentration range from 0.294 to 0.932 mg/mL.
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Figure 5.3. Melatonin calibration curve at 278.2nmt in PBS (pH 7.4) (S.D. within 20,043}
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5.8.1 Drug Entrapment Efficiency of the PLGA Scaffold

DEE varied between 46-90% depending on the type and concentration of the salt
employed. When CaCi, was employed, an average DEE of 55% was achieved.
Conversely, when NaCl and AICI; were employed in the salfing-out and cross-linking
processes, an average DEE of 50% was achieved. The type of salt used during
saiting-out and subsequent cross-linking has been demonstrated earlier in the study
to have an influence the network structure of the polymeric matrix. Chapter Four
demonstrated how the physicochemical nature of the salt used in salting-out and
cross-linking may influence the architecture of the PLGA scaffold matrix. This was
evident in the PLGA micrographs shown in Figure 4.2. Furthermore, the nature of the
micro-environment may enhance or reduce the ability of the scaffold to entrap drug

particles due to the fiber structure and the pore morphology of the matrix.
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Figure 5.4. Plot depicting the differences in the DEE of the salted-out and cross-linked
PLGA scaffolds.

The enhancement of the DEE demonstrated by these profiles in Figure 5.4 also
conform to the dense surface morphology of the scaflolds as revealed in the
scanning electron micrographs in Figure 4.2. NaCl and AICI; produced fiber
networks of microporous structures that maintained hemogeneity of cross-linked
fibers in a neuronal-ike meshwork (Figure 4.2a to 4.2e), with pores and fiber

diameters ranging between 0.03-1.40pm, along with fiber volumes ranging from

0.01-0.03pm".
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The divalent salt CaCl: as demonstrated in Chapter Four produced a fibrillar
composite PLGA scaffold with interconnecting channels and pores as large as 15um
and fiber volumes of 14000um>. In general, melatonin is a small drug molecule such
that salts that tend to produce a more compact polymeric structure with minor and
more uniform pores, such as NaCl and AICl; entrapped more drug particies, whereas

salts that created larger pores reduced the DEE.

5.8.2 Characterization of the In Vitro Drug Release from the PLGA Scaffolds

Table 5.3 and the release profiles revealed that the scaffeids salted-out and
subsequently cross-linked with NaCi and AICL; were able to achieve up to less than
20% melatonin over a period of 30 days {Figure 5.2¢}. Whereas scaffolds salted-out
and subsequently cross-linked with CaCl; had more than 75% drug released over a

period of 30 days.

Scaffolds also demonstrated a mean dissolution time at 30 days (MDTan) of 6 to 26
(Table 5.3). The lowest MDT 3, was demonstrated in scaffolds salted-out with NaCl
and AICI; Fractional drug release (MyM.), and the drug release kinetics were
calculated using the Power Law MyM..=kqt, where k;, the kinetic constant was found
to be between 0.004 and 0.038, the lower values in scaffolds salted-out with NaCl

and AICl; and higher values in scaffolds salted-out with CaCl,.
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Table 5.3. The drug refease at 30 days {%), Mean Dissolution Time (MDT)spand
the refease constant (K) of the PLGA scaffolds

PLGA DR30%(%} ' (MDT30)°
Formulations

1 25147 0.0356 8738
2 54.435 0.0322 14.277
3 23.423 C.0235 §.246
4 72.857 0.0162 19.078
5 54 531 0.0256 15.318
8 29.784 0.0155 11.531
7 38.610 0.0294 13.821
8 17.982 0.0116 B.670
9 24515 0.0125 10.286
10 75.471 0.0202 17.179
11 24.911 0.0137 10.487
12 100.060 0.0120 28.745
13 20.435 0.0299 6.725
14 53.796 0.0127 15.382

*Drug Release at 30 Davs (%)

®Refease Rate Constant
“Mean Dissofution Fime ar 30 Days

In general, the melatonin release profiles of all the scaffolds displayed a biphasic
melatonin release model. Firstly, an initial burst was observed, followed by a slower
steady diffusional phase release. The inftia! burst may be attributed to the rapid

release of melatonin deposited on the surface of the scaffolds. The rate of melatonin
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release during the diffusional phase was influenced by the type and concentration of

salt employed during salting-out and subsequent cross-linking of the scaffold.

Subsequently, all the PLGA scaffolds went through a2 process of erosion and
degradation that resulted in the release of the drug. Melatonin molecules dispersed
in the PLGA mairices were released as the polymer starts eroding and degrading.
Thus this system combined the advantage of long-term constant rate drug release
with biodegradability. Thus, the drug delivery kinetics of these scaffolds was
multifaceted and influenced by a large number of factors, such as the type and the
concentration of the salts. Swelling-erosion kinetics were manipulated in order to

control the mechanism and rate of drug release through the incorporation of salts.

This study demonstrated that the different types and concentrations of salts have
significant rates in controlling the rate of drug release due to the strong interactions
between the drug and polymeric chains. The slow diffusion of melatonin from PLGA
saited-out and subsequently cross-linked with NaCl and AiC!; PLGA occurred due to
shielding and cailing of polymeric reaction sites which prevented the maintenance of
the same effective collision rate at which chemical reactions are obtained between
the same functional groups and the aqueous environment in polymer molecules

cross-linked with other salts such as CaCly
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The type of salt used in salting-out and subsequent cross-linking of PLGA was
shown to have influenced the quantity of drug released. The curent cbservations
may be explicated in terms of the compactness of the scaffolds. NaCl and AICI;
tended to generate highly compact scaffolds with smaller pores, and hence were
able to decrease the drug release rate. On the other hand, CaCl, generated scaffolds
that were less compact with more porous polymeric matrix structures, through which

the drug easily diffused from the matrix to the outer phase.

5.8.3 Response Surface Plots Indicating the Effects of Salts on the Dependent
Formulation Variables

Response surface plots (Figures 5.6, 5.7 and 5.8) were constructed fo visually
demonstrate the influence of the salts on the mean dissolution and the drug release
characteristics of the PLGA scaffolds. Figure 5.6a-c demonstrates that DEE was
higher at lower concentrations of NaCl, and was significantly decreased with the
increase in NaCl concentrations as shown in Figure 5.6a and b. On the other hand,
AICl3 concentrations did not mmma‘ﬂ_nmz% affect the DEE. Figure 5.6a demonstrates
that the lower concentrations of NaCl and CaCl; had no statistically significant effect
on DEE. Scaffolds safted-out with a mixture of AICH and CaCl, showed that CaCly
concentrations between 0 and 5% "/, decreased DEE, whilst CaCl, concentrations
between 5 and 10% ", increased DEE above 70% (shown in Figure 5.6¢). However,
the opposite is true for AICI; concentrations. AICI; concentrations between 0 and 5%

Y1, increased DEE, whiist concentrations between 5 and 10% */, decreased DEE

drastically.
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Figure 5.7d-f revealed that in scaffolds salted-out with a mixture of CaCl; and NaCl,
the increase in NaCl concentration caused an increase in the rate constant as shown
in Figure 5.7e. In contrast, when combined with AICl; at lower NaC! concentrations
{between 0 and 5%"/,) significantly increased the value of k to a limit of 0.225, at
which any further increase of NaCl (above 5%"/,) resulted in a decreased k value,

demonstrated in Figure 5.6f. CaCl; concentrations increased linearly with k.

In Figure 5.8¢ and /, MDT was increased at lower CaCl; concentrations (between 0-
5%"/}) whereas an increase of CaCl; (above 5%"/,) caused a decrease in MDT.
NaC! concentration increased MDT only at iower AICI; concentrations. These results
are in close correlation with the results of the preceding studies outlined in Chapter
Four, where NaCl and the AICI; maintained an increase in resilience, energy
absorbed and deformability modulus of the PLGA scaffolds as well as a matrix with
fine fiber architecture and smaller pores. CaCl, produced scaffolds with a decreased
resilience as well as voluminous polymer fibers with larger pore sizes and diameters.
In general, these plots demonstrated that the presence of CaCl; in the scaffolds
caused increased drug release. This study has demonstrated that factors such as,
DEE, k and MDT may be influenced by the type of salt employed in the formulation

of the PLGA. scaffold.
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Figure 5.7. Surface response plots depicting the effects of the independent formulation
variables on the Release Constant (k) of the salted-out PLGA scaffolds. AC= AICH, CC=
CaCly, SC=NaCl -1=0%"/, 0=5%"/ 1=10%",
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Figure 5.8. Surface response plots depicting the effects of the independent formulation
variables on the Mean Dissolution Time (MDT) of the salted-cut PLGA scaffolds AC= AICH,
CC= CaCl, SC=NaCl. -1=0%"/, 0=5%"/, 1=10%"/,

These results suggested that NaCl and AICl; are significant for the controlled and

sustained drug delivery of melatonin by the PLGA implants.
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§.8.4 Statistical Analysis for Optimization of the Drug Entrapment Efficiency,

Mean Dissolution Time and Drug Release Kinetics of the PLGA Scaffold

Formulation optimization by MINITAB®, (V14, Minitab, USA) was conducted to
provide the significant formulation variables on the DEE, MDT and k. The effects on
the responses were found to be attributable to the type of salt. Optimal responses for
the desired data are depicted in Figure 5.4 DEE was calculated such that the ideal
scaffold would permit a DEE of 95%. MDT and k were calculated in order that the

ideal scaffold would achieve zero-order melatonin release.

Table 5.4. Setlings for Response Qptimisation

Variables Limits
NaCl 0-10% %,
CaCl; 0-10% “,
AlCH; 0-10% ",
MDT 0.800-1.00
DEE 90%-100%
K 0.005-1.00
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Flgure §.9. Optimization and Desirability plots illustrating the type and concentration of salt
required to produce a desired response that will give an optimal PLGA scaffold

The settings for a desired response were illustrated in Table 5.4. According to the
predictions of the statistica! design, the ideal scaffold that would permit an optimal
DEE of 95%, MDT; of 1 and a k of 0.0050 would comprise lower concentrations of
NaCl and AICl3, (1.1451 */,) and (0.8264 “},) respectively. CaCl, would have tc be
excluded in the formulation in order fo achieve a slow release scaffold. The
responses were selected such that the optimized scaffold would be able to achieve a
zero-order melatonin release rate, with no dose dumping, in order to be employed as

a controlled drug delivery scaffold for the treatment of neurodegenerative disorders.
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5.8.5 In Vitro Drug Release studies from the Optimized PLGA Scaffold
The optimized formulation demonstrated 30-day zero-order kinetics for in vitro

melatonin release (Figure 5.9).

Table 5.5. Desired and Expenmental responses for the optimised PLGA scaffold
formulations

Variables Desired Response Experimental Response
MDT2, 0.800-1.00 6.5
DEE 95% 89%
[ 4 0.005-1.00 0.032
1.0
@ Cross-finked Melatonin
Optimized Formulation
o 08-
0
5]
o
D
1™
g ﬂ.m “]
=
[
=
2 044
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Time (days)

Figure 5.10. Melatonin release profile of melatonin from an optimized PLGA scaffold.
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The salting-out and subsequent cross-inking of PLGA significantly modified the
physicochemical and physicomechanical properties of native PLGA and
demonstrated the ability to achieve controlled drug release. The synchronized
cptimisation of DEE, MDT and k for the PLGA scaffold has bestowed optimum PLGA
scaffold with suvitable DEE, MDT and release rate. The outcomes of the study have
established that low concentrations of NaCl and AIC); below 5%/, are required to

formulate 2 controlled release PLGA scaffold with zerc-order drug release rate.

In addition, this study has displayed that NaCl and AIC! have a major influence on
controlling the release of melatonin from the PLGA scaffold. This study has also
demonstrated that salting-out and subsequent cross-linking of PLGA can significantly
contrel the rate of drug release as a result of strong bonds formed between the drug

and PLGA during cross-linking uftimately leading to zerc-order release kinetics.

5.8.6 Kinetic Analysis of the Drug Release Mechanisms from the PLGA
scaffold

Theoretically, the primary drug release mechanism from PLGA scaffolds should be
diffusion through the matrix layer by a Fickian release mechanism {Hutchinsen and
Furr, 1980}. However, erosion was the significant mechanism in facilitating drug
release from the scaffolds. Drug release kinetics from PLGA scaffolds shows that it
was either a highly porous less compact, swelling and eroding matrix, such as those
salted-out predominantly with CaCl,, or the less porous more compact scaffolds
erodible matrix with minimal swelling such as the ones salted-out predominantly with
NaCl and AICl;. It appears that the drug diffusion process did not play a significant

part in the release kinetics with the exception of highly porous matrices, such as
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those salted-out predominantly with CaCl.. Since melatonin is less water soluble and
PLGA is a hydrophobic polymer, the rate of drug release decreased as a function of
time, as it took more time for the dissolution medium front to approach the centre of

the hydrophobic scaffold matrices.

Kinetic modelling elucidated the drug release mechanisms from the PLGA scaffold,
that include drug diffusion, polymer erosion, polymer swelling behavior, and the
subsequent drug release rate from the PLGA scaffold. Inevitably, the resultant drug
release mechanism of the PLGA scaffold was dependent on the type and the molar
ratic of the individual saft components {NaC), CaCl; and AICk} used during salting-
out and subsequent cross-linking of the PLGA chain as illustrated in Chapter Four.
The PLGA scaffolds salted-out with 10% CaCl; ratios disentangled faster and were

hydrolyzed much more rapidly than those salted-out with 10% NaCl and AICl;.

Table 5.6. Drug release kinetics obtained from the various diffusion, refaxation and
erosion modefs for the aptimized PLGA scaffold formulation

Model ks K N AlC? SBC® Correlation®
MJ/M..=

k" 0.29 - 0.93 46.32 4326 0.89

k" +kot2" 0.12 0.44 085 3886 38.77 0.96
1-[1- k4ff" 0.52 - 3 4212 38.16 0.95

® Akaike Information Criferian

bschwartz's Bayesian Criterion

“Correlation between expsrimental and predicted dissolution data

Table 5.8 provides a summary of the important drug release kinetics obtained from

the various diffusion, relaxation and erosion models for the optimized PLGA scaffold
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formulation. From model fitting, it was observed that the simple exponential
expression provided an n value of 0.93 for the optimized PLGA scaffold, indicating

that drug release was regulated through the mechanisms of polymer erosion.

In this study, the drug release mechanism from the optimized PLGA scaffold was
superiative, because it showed first order kinetics. The erosion controlled zero order
release was only slightly affected by the hydrodynamic stress. Thus, it was possible
te define the release mechanism, which was via the polymer particle erosion. Drug
release was mostly controlled by the attrition of partially swollen polymer particles
eroding from the surface of the scaffold. Furthermore, analysis using the Hopfenberg
equation bestowed a release exponent values {n} of 0.95, also indicated an erosion-
depended drug release mechanism from the optimized PLGA scaffold. Thus, the
drug release kinetics was not affected by time-dependent diffusional resistances,

such as the melatonin particle size.

The release rates analysis by means of the strong parametrical support from the
statistical descriptors, namely, AIC, and SBC showed values that were suitably low.
Therefore this indicated an excellent fitting as well as stability of the kinetic mode! to

the release data. In addition, the value of the SBC statistic suggested that the errors

are not correlated.
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Table 5.7. Mechanistic predictors for mefatonin refease from the PLGA scaffolds

Scaffold Formulation  k{10°mm/minf® D10 cm¥sec)® Debroiease’

F1 0.11 0.217 1.312
F2 1.42 0.2e1 0.020
F3 0.41 0.166 0.082
F4 3.78 0.697 0016
F5 3.08 0.893 0.024
F& 0.18 0.239 0.824
F7 0.34 0.70C 1.001
F8 0.15 0.141 0.517
FS 0.23 0.185 0.427
F10 0.74 0.615 0.333
F11 0.13 c.110 0.667
F12 4.68 0.808 0.017
F13 0.24 0.178 0.215
F14 1.79 C.449 0.035

3Erasion Rate constant
uDEu Diffusion Coeflicient
© Deborahk Number for melatonin refease

Table 5.7 presents the ergcsion rate constant, drug diffusion coefficient and the
Deborah Number values of the 14 PLGA scaffold formulations. The erosion rate
constant, ks, ranged from 0.11-4.69 x10° mm/min and the diffusion coefficient D
ranged from 0.110-0.893 x10®%cm?sec, thus, indicating that drug transport kinetics

were not affected by time-dependent diffusional resistance, such as the drug particle
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size. Deriease values ranged from 0.016-1.312 which indicated that drug transport

was mainly due to erosion rather than polymeric relaxation or diffusion.

During drug release mechanisms, the loss of polymeric material from the eroding
scaffold surface may have occured by a combined extrusion—forging mechanism,
since PLGA is semicrystalline. Such a mechanism consists of sequential plastic
deformation processes that account for each of the separate incident that result in
the overall surface erosion of the scaffold. Tiny polymeric particles were initially
extruded from scaffold surfaces made by the _:__umn_im. fluid. Once extruded, the
particles were forged into a strained condition, in which they were vulnerable to
being knocked into smaller pieces. From the surface of the eroded polymeric
particle, the fluid was forced to flow from in front and to the sides of the eroding
particle, until the particle was sufficiently strained so as to fracture, at which time the

drug loss cccurred.

The erosion rate constants of the PLGA scafiolds can be rationalized via the
physicochemical and physicomechanical factors that also control the degradation
rates. Because all of the scaffolds are comprised of degradable ester linkages, they
cannot be differentiated based on purely labile bond differences. The scaffolds
salted-out and subsequently cross-linked predominantly with NaCl and AICi; have a
number of factors lowering their erosion rate. They are both more resilient than the
scaffold salted-out and subsequently cross-linked predominantly with CaCls. In
addition, the NaCl and AICI; have shorter cross-linking networks that create a barrier

from the approach of water to the PLGA backbone.
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The ercsion rate of the polymer may also have beeninfluenced by the intrinsic
properties of the PLGA polyrer, demonstrating that autocatalytic effects has also
played a significant role, particularly in highly porous PLGA scaffolds, mainly
formulated with CaCi,. However, these effects were much less pronounced in
scaffolds formulated with NaCl and AIC!; scaffold. Notably, the drug diffusion was
suspended by the effects of the increasing diffusion pathway lengths due to porosity
of the PLGA scaffold. Hence, porosity not only caused decreased drug mobility, but
alsc adjusted the fundamental mass transport mechanisms. Thus the PLGA
scaffolds’ main drug release mechanism was through the process of polymer

erosion.

160



Table 5.8. Swelling studies of the PLGA scaffolds Joaded with melatonin

Scaffold Formulation &fcm)® v (10°%cmisec)’ D{10°cmsec)’ (Sw}°

F1 0.50 0.060 0.217 ¢.138
F2 1.00 0.121 0.291 0.415
F3 0.41 0.049 0.186 0.122
F4 1.50 0.181 0897 0.390
F5 2.00 0.242 0.883 0.542
F6 0.50 0.060 0.239 0.126
F7 1.30 0.157 0.700 0.282
F8 0.358 0.042 0.141 0.104
F& 0.73 0.088 0.195 0.330
F10 0.23 0.027 0.615 0.010
F113 0.45 0.054 0.110 0.222
Fi2 1.80 0.218 0.808 0.484
F13 0.81 0.099 0.178 0.447
F14 1.02 0.123 0.449 0.279
Volooty of i vy ot

“ﬁwﬂ Mﬁ.ﬂ%%:hzﬂuma

Table 5.8 provides a summary of the Swelling studies, essential for describing the
balance between sclvent penetration and drug release of the PLGA scaffold.
Swelling studies of different scaffolds exhibited distinct swelling behaviors at different
critical time points. The swollen matrices did not display a hydrogel-like internal
structure, since they are hydrophobic matrices. Swelling studies revealed that the

scaffold thickness, d ranged from 0.23-2.00cm with a front velocity (v) ranging from
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0.027-0.181¢cm/sec, and a S, between 0.010-0.542. The v and the S,, indicated that
fluid penetration and polymeric sweliing were not the major cause of drug release

from the scafiolds.

Swelling was influence by the presence of salt, the porosity of the polymeric matrix
and the drug properties through the solute diffusion coefficient. It was found that
scaffolds salted-cut with CaCl; had onsiderable water uptake intc the scaffolds that
induced matrix swelling, which facilitated the hydrolytic scission of PLGA chains and
caused considerable drug release. However scaffolds salted-out with NaCl and AICl,
did not undergo extensive swelling and hence did not experience much of the

autccatalytic effect.

Swelling of the polymeric matrix depended on the infiliration rate of the dissolution
medium into the scaffold. Estimaticn of the rate of matrix swelling was mainly applied
to approximate the extent to which the polymer-aqueous interaction affected drug
release. In principle, the mode of polymeric matrix swelling only determined whether
the drug is released at a steady rate or not {Roy and Rohera, 2002). Among other
features of PLGA that have been attained through the use of salts are the
physicochemical characteristics which provide for the attainment of slower swelling

and erosion rates, thus controlling drug release.

5.9 Concluding Remarks
The role of salting-out and subsequent cross-linking on the physicochemica!l and the
physicomechanical properties of PLGA as well as the influence of salt type and

concentration on the in vifro melatonin release kinetics from the PLGA scaffold has
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been elucidated in the study. In Chapter Four, electron micrographs and textural
profiling for the three salt types, NaCl, CaCl; and A!Cl; suggested two categories of
the physicochemical and the physicomechanical behaviors of the PLGA scaffold,
depending on the type and concentration of the salt employed during salting-out and
subsequent cross-linking of PLGA. Drug release from all the PLGA scaffolds was
mainly governed by erosion. The high porosity of the scaffold salted-out
predominantly with CaCl; caused more drug particles fo be released as erosion and
degradation of the scaffolds were faster. On the other hand, scaffold salted-out with
predominantly NaCl and AICl; which were less porous and more resiient

demonstrated less erosion, mostly steady, to a zero-order release demoenstrated by

the optimized formulation.

In general, scaffolds salted-out with NaC!} and AICl: had shorter crosslinked networks
than CaCl;, which formed a barrier to the approach of fiuid into the PLGA backbone.
In additition, the cross-linking voids resulted in retardation of drug release as the
diffusicnal path length for drug release increased over time with the cross-linking
networks. In conclusion, the mathematical models used in this study enabled the
quantitative description of the observed in vifro drug release patterns from the PLGA
scaffolds thus pemmitting the manipulation and prediction of drug release parameters

that result from polymer modification.
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CHAPTER SIX

MODEL DRUG: AMITRIPTYLINE HCI {(WATER SCLUBLE)

iN VITRO AMITRIPTYLINE HCI RELEASE FROM A PLGA COMPRESSED
MONOLITHIC MATRIX SYSTEM

6.1. Introduction

Hydrophobic PLGA drug delivery devices offer an alternative means of controlled
delivery of beth hydrophobic and hydrophilic drugs (Kissel et al.,, 2002; Voge! and
Maliapragada, 2005; Cheung et al, 2006; Fahmy et al., 2005; Yasukawa et al.,
2006). While these devices are ideal for retarding drug release, their surface
properties are not particularly suitable for the entrapment of hiydrophilic drugs, {as

discussed in Chapter Five).

The benefit of employing PLGA, however, is that the hydrophobic palymer exhibits
the ability to be manipulated into any drug delivery device, such as, scaffolds,
nanoparticles, and monolithic matrices with properties that allows it to house and
control the release of both hydrophobic and hydrophilic drugs, such as melatonin
and amitriptyline HCI (Meese et al., 2002; Chen et al., 2008). In preceding sections,
we have confirmed the authenticity of the PLGA scaffold with regards to degradation
kinetice (Chapter Three), physicochemical and physicomechanical transitions
(Chapter Three and Chapter Four), drug release mechanisms of the PLGA scaffecld
{Chapter Five), hence, in this study the PLGA scaffold is adapted intc a compressed
monalithic matrix system for further pharmaceutical applications. A novel salted-out
and subsequently cross-linked compressed monolithic matrix system was developed
and explored for use in the delivery of hydrophilic drugs requiring pre-programmed

release, such as amitriptyline HCI.
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6.2 Basic Characteristics and Release Mechanisms of Monolithic Systems

In principle, a monolithic matrix is a simple drug delivery system comprising
homogenous drug dispersed or dissclved in an inert polymer. The matrix can be
hydrophilic or hydrophobic and drug release is controlled mainly by diffusion
{Blagoeva and Nedev, 2006). The three major techniques for the synthesis of

polymeric monglithic systems have been detailed by Grassi and Grassi, 2005.

i. The less complicated approach for preparing a monclithic matrix is by
compressing the polymer, the drug and necessary excipients, in a pre-
calculated ratio. The disadvantage of this method can be the lack of powder
compatibilities and the lack of polymer compressibility, namely elasticity and
resilience.

ii. Another approach is by polymerizaticn of the polymer in the presence of the
drug, by mixing a thin drug powder with the monomers {prepolymer) and then
adding the mixture to a polymerization reactor. In this case, a sclvent can be
used to produce a highly concentrated drug solution, which will be added to a
prepared matrix. When the drug solution comes into contact with the polymer, it
generates swelling of the matrix. The scivent is then physically removed. The
main disadvantage of this method is the elimination of the sclvent that can be
intricate and costly.

iii. The third approach is by loading the drug powder into a polymeric carrier in
order to avoid the use of solvents. Altematively the matrix can be drug-loaded
using a supercritical fluid technique that easily swells the matrix. This method is

based on physicochemical and physicomechanical activation.
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Monolithic matrices prepared from biodegradable polymers in which the polymer is
covalently bonded to the drug are chemically manageable {Blagoeva and Nedev,
2006). Dissolution of the system depends on the physicochemical and
physicomechanical properties of the employed polymer. Hydrophilic polymers tend to
form swellable monolithic matrices. On contact with the aqueous media, the matrix
swells, allowing the dissclution medium to penetrate the matrix. The drug dispersed
within the matrix is then released. On the other hand, hydrophobic poclymers tend to
form non-swellable monolithic matrices and drug is refeased through diffusion
{Efentakis et al, 2000}. Higuchi's analysis of drug release kinetics from monolithic
matrices, demonstrated that in a monglithic slab, the drug release and the pathlength
of the receding boundary is directly proporticnal te the square root of time {Higuchi,

1963).

Various studies have reported on the mechanisms of drug release from monalithic
polymeric devices {Babay et al., 1988). Langer and Peppas (1981) proposed that
during the owverall release of drugs from monclithic matrices, two distinctive
processes could be observed, namely, swelling and ‘trug’ dissolution of the polymer.
In case of a swellable system, the device will immediately swell as when in contact
with aqueous media. Thus the release of the drug is controiled by the rate of
hydration of the polymeric device. As a conseguence, dissolution of the matrix
depends on the relative rate of hydration and gelation of the polymer. In order to
resist rapid release, the polymer employed fo prepare the device must be able to

form a protective gel layer prior to dissclution.
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In addition, the polymer should form a more viscous gel in order to resist dilution and
erosion. Viscosity of the gel is, thus, another rate-controlling factor in the dissolution
of monolithic systems. Even so, if the polymeric matrix gel holds good durability
virtues, soluble drugs may diffuse out of the gel before matrix erosion occurs. Thus,
both diffusion and erosion contribute in controlling the release of drug from a
hydrophilic matrix; although one process often plays a predominant role over the
other, based on the polymer characteristics {Gohel et al., 2002; vostalova’ et al.,

2003; Conti et al., 2007).

6.3 Hydrophilic Drugs in Monclithic Systems

Hydrophilic drugs have a tendency to diffuse out of the matrix gel before erosion
accurs, such that both diffusion and ercsion become the rate-controlling steps in the
release of the drug {Mani and Jun, 2004; Guo et al., 2005). The physicochemical and
the physicomechanical properties of the polymer, such as resilience, energy
absorbed, surface morphology, porosity and glass transition temperature, will,
however, affect both processes (diffusion and erosion) and influence the prevailing of
one step. In addition, the drug's key properties of influence include solubility,
diffusion coefficient, partition coefficient (pKa) at physiclogical temperatures,
molecular mass and the chemical structure. Designing a controlied release
compressed monolithic matrix system that can achieve zero-crder drug release
kinetics is often intricate, particularly for highly water-scluble agents such as,

amitriptyline HCI.
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Pillay and Fassihi, 2000, postulated that these drawbacks may be attributed to

factors such as:

i. The increased hydrophilicity of the drug that causes a burst effect during drug
:w_m.mmm“

i. The lack of accurate management of polymer relaxation or disentanglement

over time-dependent processes in relation to drug dissolution and diffusion; and

ii. The complexity of controlling the increase in the diffusional pathiength with time

is not easily attainable (Pillay and Fassihi, 2000}.

The inherent inefficacies of this system can however, be manipulated through the
use of salts that modulate the intermal geometry of the system. Salts have been
highly successful in contrelling dissolution and drug release, by demonsirating
differential swelling boundaries and texturally variable matrices that manifest as
‘peripheral matrix stiffening’, a phenomenon that retards the release of water-soluble
drugs. In general, the addition of salts to hydrophobic matrices can increase or
decrease the quantity of drug released due to the water-salt interaction, which
depends on the salt type and concentration (Pillay and Fassihi, 2000, Piilay and

Fassihi, 2001).

In order to achieve the desired release rate, therefore, the relative rate of hydration
and dissolution will be directed by the salt. In view of the current facts and in line with
findings from our preceding studies on the physicochemical and the
physicomechanical transitions of salted-out PLGA (Chapter Four), this study

employed different polymeric networks to design a compressed monolithic matrix
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system for the delivery of amitriptyline HCI that is capable of achieving zero-order
drug release. In this study, the compressed monclithic matrix system was developed
as a novel approach for zero-order kinetics for the steady delivery of highly soluble
drugs from a simple monolithic system using the PLGA scaffold with amitriptyline

HCI, as the model drug.

6.4 Hardness and Compressibility Characteristics of PLGA

For a polymer o be exploited as a compressed monolithic drug delivery system, it
should be directly compressible with or without the drug or bioactive. Secondiy, the
polymer should have a good compression pressure-device strength profile in order
that robust devices are obtained even at lower pressures. The ability of a polymer to
compress exhibits its ability to undergo a certain degree of elasticity and plastic
deformation. Polymeric materials must possess some degree of elastic and plastic
deformation as these properties present huge benefits for effective compression,
since these materials can consolidate. Therefore, there is a need to characterize the
compression behaviour of the different polymeric materials included in the
formulation and to know the extent of plastic or britle deformation of these materials
at different compression intensities (Adolfsson and Nystrom, 1998} PLGA was

verified for all the above-mentioned-standards.

In pursuit of a suitable technigue to characterize the compressibility of PLGA, the
available strategies tc characterize the compression behaviour of powders were
critically evaluated. These include the tablet hardness-compression force profiles
{Higuchi, 1953; Fell and Newton, 1968), the ejected tablet Heckel analysis {Hecke!,

1961a, b), work done calculations from force-displacement data (De Blaey et al.,
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1971; Krycer et al., 1982; Kuentz et al., 2000; Aniikainen et al., 2003), and force-time
profile analysis {Chilamkurti et al., 1583; Hoblizell and Rhodes, 1990; Martinez-

Paracheo et al., 19%0).

The hardness tests outlined above are limited in practical use since they do not
provide sensitive enough data or scales in paricular for modem day polymeric
materials. The hardness-compression force profile approach, showed to have the
necessary sensitivity, precision, reproducibility and simplicity for characterizing
compressibility. The hardness is of interest for elucidating the compression process,
as well as for quality control and reproducibility of compressed menolithic matrix
systems. The studies of the latter technique, invoived determining the indentation
hardness and coverting it fo the Brinell Hardness Number {(BHN) employing texiural
analyses. In essence, the BHN value is a measure of the mean siress under a
spherical indenter, which produces plastic deformation of the compact. This

permanent deformation is correfated to the strength of the device {Barton et al,,

1973; izaki et al., 2002).

Compression may increase or decrease the efficacy of the polymer to retain the drug
resulting in a more rapid drug release, than the anticipated retarded rate of drug
release. Therefore, in order to design a monclithic device with sufficiently robust

properties, compressibility and its effects must be investigated.
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6.5 The Use of Amitriptyline HCI in the Treatment of Depression caused by
Neurodegenerative Disorders

Depressicn has become a predominant health care probiem, due to the progressive
aging poepulation, neurodegenerative sufferers and the HIV/AIDS pandemic (Clesla,
and Roberts, 2001). Evidence from recent studies suggests that major depression is
a common psychiatric complication of neurodegenerative disorders. There are few
studies investigating the psychiatric morbidity of neurodegenerative disorders and
HIV/AIDS infection, yet the potential risk factors of depression in this group remain
relatively unexplored (Olley et al., 2004). While HIV/AIDS infection remains the
world's major concern, particularly in the younger population, neurodegenerative
disorders have also become a more pressing concern in society, especially among
the people over 60 years of age. Both these conditions are complicated by major

depression, thus the need for effective treatment methods of depression increases.

For the past forty years, the tricyclic antidepressants {TCA) have been one of the
most widely used classes of antidepressants in psychiatric conditions such as,
depression and anaesthetics (Sudoh et al, 2003). The most common TCA,
amitriptyline has contributed to numercus health care products that are already on
the market {Tryptanol®, Trepiline® Etrafon® and Saroten Retard® capsules) and has a
continued application in psychiatric medicine. In comparison with other TCAs or
heterocyclic antidepressants (HCAs), amitriptyline HCI is more efficacious as an
antidepressant used in depressive illness of psychotic or endogenous nature and in

selected patients with neurotic depression {Fineberg and Craig, 2007).
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Tabie 6.1. The Physicochemical and the Physicomechanical Properties of
Amitriptyline HCI

PHYSICOCHEMICAL AND THE PHYSICOMECHANICAL PRCPERTIES OF
AMITRIPTYLINE HCL

Trade Name Amitriptyline ¥

Chemical Name 3-(10,11-dihydro-5H
dibenzo[a,djcyclohepten-5-ylidene)-
propyldimethylamine

Empirical formulae C20Hz3N

Mclecular mass 313.97 g/mol

Bioavailability 45%

Melting Range 196-197° C

Solubility at 25°C Soluble

Stability in light Photostable

Atmospheric and chemical stability Interacts with reactive oxygen and
nitrogen

Storage below 20°C, air tight

Amitriptyline HCI is passively absorbed from the gastrointestinal tract with peak
plasma concentrations occurring between 2 and 12 hours after administration.
Bioavailability of the drug is between 30 and 60% due to extensive first pass

metabolism of the drug in the liver (Fridrich et al., 2007).
Amitriptyline HCI is over $0% protein bound. Its elimination half-life varies from 10 to

50 hours, with an average of 15 hours. Amitriptyline HCI is subsequently

demethylated in the liver to its primary active metabolite, nortriptyline that has a half
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life of 20-200 hours. Within 24 hours, approximately 25 to 50% of a dose of
Amitriptyline HCI is excreted in the urine as inactive metabolites, and then small

amounts are excreted in the bile (Oesen and Linnet, 1997; Uhr et 1., 2007)

6.5.1 Structure-Function Relationship of Amitriptyline HC!

™~

Figure 6.1. Chemical struciure of amitriptyline: (3-{10, 1 1-dihydro-5H
dibenzofa,djcyclohepten-5-yiidene)-propyldimethylamine) (Source: adapted from Manzo et
al., 2008).

Despite amitriptyline HCI's extensive applicability, pharmacokinetics studies have
established that it undergoes extensive first-pass metabolism with a systemic
bicavailability and an apparent volume of distribution of about 45% and 18 L/kg,
respectively. Amitriptyline HCI is soluble in water 100% at 25°C. Drug efficacy is
preciuded by an increased drug absorption and hepatic metabolism. Numerous
researchers are exploring novel fechniques in drug delivery in order to address some

of the current limitations with TCAs, especially associated with their toxicity.
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The use of TCAs has fo be carefully monitored due fo the anticholinergic,
cardiovascular, CNS and endocrine adverse effects. These occur as a result of drug
sensitivity or because of increased plasma level caused by dose dumping. However,
amitriptyline, nortriptyline clomipramine and desipramine seem fo be the best

tolerated tricyclics, particularly in older people {Rosenbaum and Kou, 2005).

6.6 Materials and Methods

6.6.1 Materials

PLGA was purchased from Boehringer Ingelheim Pharma (Ingelheim, Germany)}
{Resomer® RG504 50:50; M, 48,000; i.v. 0.48-0.80dL{g). Acetone was used as a
sclvent, and analytical grades of sodium chloride (NaCl), calcium chloride (CaClp),
(Rochelie Chemicals, South Africa) and aluminium chloride ({AICl} (Merck,
Dammstadt, Germany) were used as the ionic salts. Disodium hydrogen
orthophosphate, (Na;HPO,), and potassium dihydrogen phosphate (KH:PC4) were
obtained from Saarchem {Pty) Ltd., Scuth Africa. Model drug, amitriptyline HCI was
purchased from Sigma-Aldrich Co., Germany. A test sieve shaker {Endcotis Octagon
200, London, UK) with a variety of sieves (Endcotts Test Sieves, Inc., London, UK}
of different aperture sizes were used. An analytical mass balance (Denver

Instruments Co., USA, £ 0.5 mg) was used in all mass determinations.

174



Table 6.2. Normalized factor levels of the independent variables

Factor Level

Variables Low Middile Upper units
NaCl 0 5 10 % "y
CaCl; Q 5 10 % "
AlCi3 0 5 10 % ¥4,
Amitriptyline HC 50 50 50 mg

6.6.2 Preparation of the PLGA Compressed Monolithic Matrix System

In order to ascertain the effects of salting-out and subsequent cross-linking on the
release of amitriptyline from the PLGA matrix, two approaches were adopted. The
first approach incorporates salting-out and subsequently cross-linking of 300mg
PLGA with 50mg amitriptyline HCI at various salt concentrations in accordance with
a Box-Behnken statistical design in Table 4.1, which was followed by direct
compression of the samples into compressed monolithic matrix systems. In the
second approach, PLGA was salted-out and subsequently cross-linked without
amitriptyline HCI, which was followed by direct compression of the of a mixture
comprising 300mg salted-out PLGA and 50mg amitriptyline HCl. Compression was
conducted utilizing a Beckman Hydraulic Press {(Beckman Instruments, Inc.,
Fullerton, USA), and the compression force was set at 1N/m?. The drug release

characteristics of the compressed monolithic matrix systems were characterized.
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6.6.3 Measurement of Compressibility

The compressibility of PLGA was determined with a textural analyser Texture

Analyzer TA XTplus (Stable Micro Systems, England) using a spherical indenter of

3,175mm in diameter and a 5 kg load cell. The textural settings used to calculate the

BHN values are listed in Table 6.3.

Table 6.3. Textural seftings employed for BHN value calculations

Test Parameters BHN Settings
Pre-test speed 1.0mmfisec
Test speed 0.5mm/sec
Post-test speed Tmm/isec
Compression Distance 40.0N

Trigger type Auto

Trigger force 0.5N

Load cell 5.0kg

Force-displacement profiles were generated for the calculation of the BHN value as

shown in Figure 6.2.
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Force (N} t Mone|

Figure 6.2. Typical force-dispiacement profiles for the PLGA compressed monolithic matrix
systems in the determination of matrix indentation hardness.

8.6.3.1 Calculating the Brinell Hardness Number

The Brinell hardness number is calculated by dividing the load applied by the surface
area of the indentation. This technigue is the best for achieving the bulk hardness of
a material, particularly those materials with heterogeneous structures. The
indentaticn hardness was calculated by a conversion to the Brinell Hardness

Number (BHN) (Equation 6.1}.
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BHN = 2F/mDID-(0P-dF) "] ‘ Equation 6.1

Where,
F is the force generated from indentation;
D is the diameter of spherical probe indenter {3.175 mm) and

d = the indentation depth {C.25 mm}

6.6.4 Preparation of a Calibration Curve for Spectrophotometric Determination
of Amitriptyline HCl Release from the Compressed Monolithic Matrix System

A calibration curve of absorbance, measured spectrophotometrically, versus
concentration was constructed for amitriptyline HCl in PBS pH 7.4 at 240.1nm
absorption peak. In order to determine the best-fit straight fine, linear regression

analysis was used. The values were calculated in accordance with the melatonin

values in Chapter Five.

6.6.5 In Vitro Drug refease from the Compressed Monolithic Matrix system

Drug release studies were conducted in 500mL phosphate buffered saline (PBS} {pH
7.4; 37°C) using a USP39 apparatus at 50 rpm. Amitriptyline HCi assays were
performed with UV-spectroscopy {240.1nm) {SPECORD 40, Jena, Germany). The
dissolution data was subjected to a model-independert analysis known as the time-

peint approach as in Chapter Five.
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6.7 Results and Discussion

8.7.1 The Compressibility and the Hardness Number of the Compressed

Monolithic Matrix System

8

BHN value (mm)
4 2

Compression force (tons)

Figure 6.3. Typical compressibility profile depicting the effects of compression force on the
compressed monciithic matrix system

The indentation hardness of the compacts indicated that as the force was being
increased, the BHN of the compressed monolithic matrix system were decreased
due to the amorphous properties of PLGA, uniil a point where the material went

through a glass transition temperature and the BHN siarted to increase.
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Table 6.4. BHN values obitained from the fourteen samples of compressed
monolithic matnix systems Formulations

Compressed Monolithic  Indentation force {N)® BHN {N‘mm*)
Matrix System mean t S.D. mean * S.D.
F1 17.76940.126 102.125+2.152
F2 17.60810.321 101.201%1.462
F3 17.792+0.512 102.251£2.312
F4 17.604£1.230 101.1734£1.520
F5 17.440+0.263 100.23110.214
F& 17.793+1.235 102.263+2.152
F7 17.399:0.912 099.95541.254
F8 17.944£0.231 103.127+2.561
FS 17.91941.326 102.982+2 341
F10 17.95640.265 103.215+1.887
F11 17.91940.855 102.98120.522
F12 17.787:0.325 102.228£0.514
F13 17.81442.431 102.382+1.589
F14 17.402+1.215 100.015+0.223

® Force produced on indentation of compacis

Table 6.4 presents force (N} generated from indentation of each of the PLGA
scaffold formulations and the BHN values that were generated by converting the
force values employing Equation 6.1. The indentation force of the scaffolds salted-
out with higher concentrations of CaCl, such as F2, F5 F7 and F14 were
comparatively smaller, as compared to the indentation force of the scaffolds salted-

cut with NaCl and AICIl; such as F1, F& and F13. The indentation force and the BHN
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of the scaffolds exhibited that porosity could have a significant influence on the
compressibility of the scaffolds. This could be a result of the amorphous regions of

the scaffold owing to the increased porosity of the scaffolds.

Hardness encompasses several properties that include resistance to deformation,
resistance to friction and abrasion. The frictional resistance is influenced by the
chemical affinity of materials in contact, and the hardness itself. Therefore from the
Table 6.2 it is apparent that salting-out employing diverse salt types and
concentration can meodify material hardness and thus the behaviour of the scaffold.
Furthermore, loss of particles and deformation at scaffold matrix surfaces may result

in surface degradation and result in a higher initial burst effect during drug release

8.7.2 The Calibration Curve for Amitriptyline HCI

The regression coefficient, R?=0.9998 for the calibration curve produced for
Amitriptyline HCI demonstrated a linearity in phosphate buffered media (pH 7.4) at
37°C achieved over the concentration range from 0.089 to 0.900 mg/mL. Linear
regression analysis was employed to reveal the best-fit straight line. The equaticn

was found to be y=53.00x.
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Figure &.4. Amitriptyline HCI calibration curve at 240.1 nm in PBS (pH 7.4,)

6.7.2 Drug Release Studies from the Compressed Monolithic Matrices

The fundamental release mechanism from the compressed monolithic matrix
systems was found to be by diffusion through the matrix layer by a Fickian release.
However, matrix swelling and erosicn also had a significant role in the release of
amitriptyline HCI. According to Higuchi (1963), drug releases in monalithic systems

tend to follow the square root of time relationship.

The basic equation that may be used to describe drug release from the monclithic

systems is:

dMy ! df = Qy = A [Dm (CurCak) (2C-CurCok)i4t17 Equalion 6.2
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For the calculation of cumulative drug release the integrated version of Equaticn 6.3,

is:

M, = A [Do {Cor-Cak) (2CT-Cu-Cuk)/i] 2 Equation 6.3

The Higuchi's square root of time mode! for characterizing the dissolution data is

given by:

Qe= K2 Equation 6.4

Where,

Mi is the quantity of drug released at time, £

Q is the drug diffusion rate;

A is the cross-sectional area of the matrix available for diffusion;

Cu is the drug solubility in the matrix;

Cp is the bulk concentration of the drug and

k is a kinetic constant that accounts for numerous factors such as, solubility and
diffusion coefficient of the drug in permeating fluid as well as the porosity and
tortuosity of the matrix.

Cris the drug loading in the matrix.
Figure 6.3a and b depicts the in vifro fractional drug release from each of the

fourteen PLGA compressed monolithic matrix systems formulations over a period of

24hours. These profiles display that the initial burst was lower in compressed
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monolithic matrix systems where PLGA was salted-out and subsequently cross-
linked with amitriptyline HC!. This was followed by a steady release of the drug. On
the contrary, PLGA salted-cut and subsequently cross-linked without amitriptyline
HCI showed a high initial burst. The fundamental release mechanism of amitriptyline
from the compressed monolithic matrix systems was found to be by diffusion through

the matrix layer, exhibiting a Fickian release mode!.
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Figure 6.5. Fractional drug release profiles of amitriptyline HCI from the PLGA compressed
monolithic mafrix systems prepared by either (a) cross-linking PLGA with amitriptyline HCI
followed by compression or (b} cross-linking PLGA without amitiptyline HCI followed by

compression of PLGA and amitriptyline HCI.
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Drug release studies demonstrated that cross-linking PLGA with amitriptyline HCI
retarded the release of amitriptyline HCI from the compressed monelithic matrix
systems, and was found to be less than 0.20 in 24 hours. In contrast, the
compressed mongclithic matrix systems prepared by cross-linking PLGA alone and
adding amitriptyline HCI during compression displayed a much more rapid
amitriptyline HCI release, with fractional drug release ranging from 0.50 to 7.8 within

24 hours,

Drug release kinetics were calculated by MyM.=kit, and displayed an average
release rate constant kg of 0.007 in compressed monolithic matrix system prepared
by cross-linking PLGA with amitriptyline HCI and 0.03 in compressed manolithic
mafrix systems prepared by cross-linking PLGA alone and compressing it with
amitriptyline HCI. Amitriptyline HCI is a highly water scluble drug, as meniicned
earlier, and tends to diffuse rapidly out of matrices in physiological fluids. However,
the current study has demonstrated that the cross-linking of amitriptyline HCI and
PLGA with chemical inducers considerably reduced drug release due to the

formation of strong bonds between the amitriptyline HCI, PLGA and the salts.

As mentioned earlier in the study (Chapter Three, Four and Five), cross-linking
decreases the hydrodynamic volume of polymers, and increases the inherent
viscosities of the matrices, thus slowing the diffusion of water soluble drugs cut of
the matrix. In addition, the slow diffusion of amitripiyline HCI resulted from the
shieiding of the polymeric reaction sites that coil and prevent the maintenance of the
same effective collision rate that would be achieved in the same functional groups

and the aqueous environment in non cross-linked polymer molecules.
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Furthermore, the type and concentration of salt used during salting-out and
subsequently cross-linking played a role, in hindered the rapid drug release and
degradation of the matrices. Compressed monclithic matrix systems salted-out and
subsequently cross-linked with NaCl and AICI; displayed slower drug release than
the compressed monolithic matrix systems salted-out and subsequently cross-linked

with CaCl;,

The compressed monglithic matrix systems salted-out with CaCl; had larger pores,
and caused drug diffusion to occur faster, whereas the compressed monolithic matrix
systems salted-out with NaCl and AICl; had smaller pores that further delayed the
release of amitriptyline HCI from these matrices. Thus, the intrinsic properties of
PLGA, the transitions in physicochemical and physicomechanical properties that
resuit from salting-out and subsequent cross-linking, particularly the visco-elasticity,
resilience and strength have led to the sustained release of amitriptyline HCI from

both the PLGA cross-linked separately and the PLGA cross-linked with the drug.

6.4 Concluding Remarks

The compressed monolithic matrices were capable of preducing flexible yet rate-
controlled drug release. The distinctiveness of the FLGA compressed monolithic
matrix system lies in the claim that it may be applied for either zero-order 24-hour-
drug delivery system, when PLGA is cross-linked without the drug, or a 30-day body
implant when PLGA is cross-linked with the drug. This study has also demonstrated
that salting-out and subsequent cross-linking can significantly reduce the release

rate of water-soluble drug through salting-out and cross-linking.
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All drug-release profiles yielded by the PLGA cross-linked with amitriptyline HCI
demonsirated the Higuchi diffusional model of dispersed drug particles in matrices,
and not the desorption kinetic model of a dissolved drug from a monolithic spherical
device. The validation of the effects of salting-out and subsequent cross-linking on
the release of amitriptyline HCI from PLGA matrices was achieved through this
study. Furthermore, the present study has demonstrated pre-determined drug
release, controlled by the rate of hydraticn of the polymeric device that depends on
the pKa and concentration of the salt incorporated. in conclusion, the study has
shown that the PLGA scaffold can be further adapted into a compressed monolithic
system. Thus the novelty of the monolithic system lies with the fact that it is
constructed from a 3-dimensicnal scaffold, as compared to the conventiona! systems

that are formulated from native polymeric powders.
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CHAPTER SEVEN
CONCLUSIONS AND RECOMMENDATIONS

7.1 Conclusions

The mechanisms of modifying the thermoplastic bicdegradable polymer, PLGA were
explored. This study has uniquely validated the effects of polymeric properties such
as molecular mass, salting-out techniques employed on the physicochemical,
physicomechanical properties and drug reiease properties of PLGA. Furthermiore the
study has ascertained that modified PLGA may be employed as a controlled and
zero-order kinetic drug release system for drug the delivery of both water insoluble

drugs, such as, melatonin and water soluble drugs, such as amitriptyline HCI.

In this study variants of PLGA scaffolds were formulated using a salting-out and
subsequent cross-linking technigue in accordance with a statistical design known as
the Face-Centered Central Composite Design to select the optimal number of
experiments needed fo aid formulation optimization. The stabiiity of the polymer
during intermolecular interaction with the salting-out and subsequent cross-linking
chemical inducers was established. This was achieved by evaluating the
physicomechanica! transitions of the PLGA scarffolds during in vitro degradation and

the ab initio quantum energy calcuiations for PLGA unit interacting with PBS ions.

Transition in the physicomechanical properties and energy fluctuations during in vitro
degradation of the polymer were sighificant predictors for scaffold intergrity.

-Geometric, physicochemical, physicomechanical and thermal transitions were then
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analysed by Scanning electron microscopy, Fourier Transform Infra Red
spectroscopy, Textural profiling and Differential Scanning Calorimetry. The influence
of the salts on the physicochemical and the physicomechanical transitiocns of PLGA
was determined and confirmed. The porosity and the fibre diameters of the scaffold
that resulted from salting-out and the subsequent cress-linking displayed that the
PLGA scaffold and compressed monolithic matrix system have potential to be used

as drug delivery implants in the treatment of neurodegenerative disorders.

After substantial investigations of the physicochemiceal and the physicomechanical
transitions of the scaffold, dissolution and drug release studies were conducted on
melatonin (low water soluble), and amitriptyline HC! (highly water soluble} as model
drugs. PLGA scaffolds were formulated, and loaded with either melatonin or
amitriptyline HCI. The effects of polymeric cross-linking on the in vifro dissolution of
melatonin-loaded PLGA scaffolds and on the in vilro dissolution of amitriptyline HCI
from a PLGA-based compressed monolithic system for use in neurcdegenerative

disorders were established.

This unique surface-eroding PLGA scaffolds and the compressed monolithic discs
were developed and explored for use in clinical applications. The scaffolds were
optimized for their OEE, MDT and drug release rate. Kinetic modelling was also

employed to explicate the mechanisms of drug release from the PLGA scaffold.

Other studies on hydrophobic polyesters, such as PLA, PGA and PLGA have implied

that the rate of PLGA degradation is dependent on the hydrophobicity of the network
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composition, and that the physicochemical and the physicomechanical properties are

dependent on the thermopilastic nature of PLGA.

Through this study it was demonstrated that PLGA is versatile and can be
manipulated threugh the incorporation of salts by salting-out and subsequent cross-
linking. The formation of polymer—salt bonds has modified the physicochemical and
the physicomechanical properties of PLGA composite structures. In particular, the
resilience, hardness, and the rate of dissolution, depended mainly on the salf type

and concentration.

7.2 Recommendations

The present mechanisms of polymer modification have produced a scaffold capable
of achieving pre-determined drug release, controlled by the rate of hydration and
erosion of the polymeric scaffold and compressed monclithic matrix system that
depends on the pKa and cencentration of the salt incorporated. The scaffold can be
applied as a sustained drug delivery system over a period of 30 days (or more) for
the treatment of neurcdegenerative disorders. Meanwhile the compressed monaclithic
matrix system can be applied as a controlled drug deiivery system, either over 24
nours when prepared by salting-out and subsequently cross-linking PLGA alone, or
for 30 days (or more} when prepared by salting-cut and subsequently cross-linking

the PLGA and the drug.
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In addition the scaffold and the compressed monolithic matrix system have
properties that allew them to act as reservoirs and control the release of both
hydrophobic {such as melatenin) and hydrophilic drugs {such as amitriptyline HCI).
Other drugs used in the treatment of neurodegenerative disorders, such as,
diclofenac an anti inflammatory and drugs for HiV-related neurcdegeneration, such
as, zidovudine can be incorporated intc the scaffold and the compressed menolithic
matrix system and delivered to the brain via implantation in the subarachnoid space.
Further recommendations alse include developing suitable ex vivolin vivo models

with superior mechanistic approach to further explore:
i. Dissolution and drug release mechanisms inside and outside the body.

ii. Toxicity and safety of the scaffold, such as cell-lined immunogenicity and

lack of inflammatory responses when introduced to the body.
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