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Abstract

ABSTRACT

The rising interest in protein therapeutics has led to the growing research in the development
of novel carrier systems particularly for oral delivery. However, several physicochemical and
biological barriers pose as a challenge for the use of biomolecules as oral drug therapies.
Solid core drug delivery systems (SCDDS) allow for immobilization of these molecules on a
solid surface to improve and maintain their stability, followed by the enteric coating to
achieve targeted/sustained release. Furthermore, supercritical fluid technology (SCFT) as a
processing technique may be explored to ensure that the integrity of immobilized molecules is
not compromised during the formulation process. The aim of this research was to develop a
SCDDS for the oral delivery of peptide/protein-based drugs, using inorganic/organic particles
as core, gamma globulin (y-globulin) as a model drug, fatty acid (FA) as a shell material and
SCFT as the processing method.

The adsorption of y-globulin was successfully evaluated with experiments involving particles
formulated using polycaprolactone (PCL) and Eudragit® S100 (ES100), and commercially
obtained silica known as MSU-H, Syloid AL-1 FP (SaL), Syloid XDP-3150 (Sxpp), and
Syloid 244 FP (Sgp). For silica particles, protein adsorption followed the descending trend of
Skp > Sxpp > MSU-H >S,.. The variations in adsorbed y-globulin between these particles
were largely related to their differences in surface porosity and pore sizes, with minimal effect
from a change in pH. On the other hand, electrostatic interactions between the adsorbent
surface and the adsorbing molecules were suggested to largely influence y-globulin
immobilization on PCL-ES100 systems. SCDDS was successfully formulated by FA coating
of protein-adsorbed Sgp and Sxpp particles (2:1 silica: FA ratio), and MSU-H (1:1 ratio) via
melt deposition technique by supercritical carbon-dioxide (scCO,) processing. A pH-induced
release of y-globulin was observed with the SCDDS formulations where protein release was

not obtained in simulated gastric fluid but achieved in alkaline media.
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Chapter 1
Introduction

Recent advances in conventional medicine have been majorly directed towards the use of
biologically originated drugs including proteins and peptides for the treatment of infections
and diseases. Although there have been significant successes in this area, the delivery and
processing of these molecules still pose a huge challenge to researchers. Due to the fragility of
the biologics, most formulations on the market only allow for a parenteral delivery route with
frequent administration leading to a number of disadvantages including poor patient
compliance [1]. Therefore, there is a need to design novel systems that contribute significantly
to the future prospect for the oral delivery of these molecules. This research presents a study
investigating the design of delivery systems that allow for the safe passage of protein to the

upper intestine without compromising their integrity.

This chapter presents a brief overview on the use of protein therapeutics and their delivery
systems, in addition to limitations associated with protein delivery and strategies that can be
undertaken to develop novel delivery systems including the use of supercritical fluid
technology (SCFT).

1.1. Proteins and Peptides

A peptide is made of a chain of amino acids that are linked together by amide or peptide
bonds [2]. The formation of an amide bond is presented in Figure 1.1 which is a covalent
chemical linkage between the carboxyl group of one amino acid molecule and the amino

group of another [3].

O @) O
H.N* |(|ZO' H,.N* | |C|?O'
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Figure 1.1: Formation of an amide bond [3]
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Proteins are referred to as polypeptides that contain more than 50 amino acid units, with most
comprising of 100 to 300 amino acid residues [4]. The single amino acid sequence chain is
known as the primary structure of the protein. The polypeptide chains further interact with
each other by hydrogen bonding between the amide protons and carbonyl oxygens to form
secondary structures commonly known as o-helix or pB-pleated sheets. The folding of the
polypeptide chain to form three dimensional shapes is regarded to as the protein’s tertiary
structure while the quaternary structure refers to the arrangement of two or more chains that

coexist [4].

The properties of peptides and proteins are influenced by its amino acid constituents,
particularly on the nature of the side chains [4]. Group of proteins within a cell usually define
the cell’s health and functions. Proteins are termed according to their vast range of functions
in the body, and they can include hormones, antibodies, enzymes, cell structural components,
and biological messengers [5, 6]. The three-dimensional structure of the protein plays an
important role in sustaining its biological activity; unwanted changes to the protein structure

can lead to a loss or reduction of their biological activity [7].

As mentioned above, a polypeptide chain can fold to form a three-dimensional tertiary
structure. The folding is stabilized by various interactions including covalent, and hydrogen
bonds, electrostatic attractions, and hydrophobic (Van der Waals) interactions. Protein
denaturation occurs when these stabilizing bonds are broken leading to the unfolding and
random conformation of the protein. Denaturation can occur because of one or more of the

following reasons [8, 9]:

e pH: variations to the environmental pH alter the charges on side chains of amino acid
residues. This causes a disruption in the electrostatic interactions and hydrogen
bonding that help to maintain the structure of protein.

e Organic solvents: many solvents including alcohols can denature proteins by
interfering with the hydrophobic interactions between the nonpolar side chains of
amino acids. This is because these substances consist of functional groups that can
favourably bind with the hydrophobic protein residues.

e Reagents: for example, urea can result in the unfolding of the protein by the
preferential formation of hydrogen bonds between the carbonyl group of urea and the
amides from the protein backbone contributing to the breaking of intra-backbone

hydrogen bonds.
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e Detergents: chemicals such as sodium dodecyl sulfate (SDS), link with the nonpolar
groups of the protein thereby interfering with the normal hydrophobic interactions and
destabilizing its structure.

e Temperature: increase in temperature is associated with a rise in molecular motion

leading to an unfolding and refolding in non-native conformation.

Although the fragility of the protein structure poses major drawbacks to its use as a
therapeutic agent, there are still many advantages associated with protein therapeutics. The
use of protein as a drug therapy is discussed in the section below.

1.1.1. Use of peptides and proteins in medicine

Currently, there are over 40 peptide and protein drugs in the global market with nearly 270
peptides in the clinical phase and 400 peptides in advanced preclinical phase testing [2]. An
outline of the existing peptide drug classes with their targets and clinical activity is presented
in Table 1.1 below.

Table 1.1: A summary of current peptide drug classes [10]

Target Clinical activity Peptide class
example
26S proteasome Multiple myeloma Bortezomib
ACTH receptor Diagnostic agent for cortisol Cosyntropin
syndrome
Angiotensin Il receptor Anti-hypertension Saralasin
Bacterial cell wall synthesis Antibiotic (Gram-positive) Vancomycin
Bradykinin B2 receptor Hereditary angioedema Icatibant
Calcitonin receptor Osteoporosis Calcitonin
Cholecystokinin-B receptor Diagnostic agent of gastric function Pentagastrin
Corticotropin releasing hormone Diagnostic agent for Cushing’s or Corticorelin
receptor ectopic adrenocorticotropic hormone
syndrome
Cyclophilin protein Immunosuppressant Cyclosporin
Follicle-stimulating hormone Fertility treatment Urofollitropin
receptor
Glucagon receptor Hypoglycaemia Glucagon
Glucagon-like peptide 1 receptor Type 2 Diabetes mellitus Exenatide
Glucagon-like peptide 2 receptor Short bowel syndrome Teduglutide
Glycoprotein (GP) I1b/11la Risk reducing of myocardial Eptifibatide
infarction
Gonadotropin-releasing hormone Sex hormone-responsive cancers Buserelin
receptor
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Glycoprotein 41 Human Anti-HIV Enfuvirtide
immunodeficiency virus (GP41
HIV) envelope protein
Growth-hormone-releasing Diagnostic agent for growth hormone |  Somatorelin
hormone receptor deficiency
Guanylate cyclase 2C Irritable bowel syndrome Linaclotide
Histone deacetylase T-cell lymphoma Romidepsin
Neurokinin 1 receptor Oesophageal variceal bleeding Vapreotide
N-type calcium channels Chronic pain Ziconotide
Nucleotide-binding oligomerization Osteosarcoma Mifamurtide
domain-containing protein 2
Oxytocin receptor Postpartum bleeding Carbetocin
Parathyroid hormone receptor Osteoporosis Teriparatide
Secretin receptor Diagnostic aid for pancreatic Secretin
exocrine dysfunction and gastrinoma (human)
Somatostatin receptor Neuroendocrine tumours Somatostatin

The growing interest in the use of these molecules as therapeutic agents is because of their
biologically favourable properties, which include higher target specificity and affinity, and an
enhanced pharmacological potency when compared to other established small- molecular
weight drugs usually derived from chemical synthesis. In addition, peptides/proteins are
typically well-tolerated and less likely to cause immune responses because of their innate
physiological importance [11, 12]. There are also possible financial benefits with respect to
novel intellectual property generation because of the uniqueness in structure and functionality
of their biological product [13].

Protein therapeutics can be established for different purposes including their use as a
substitute for a deficient or irregular protein e.g. Insulin for the management of diabetes [13,
14]. Enzyme replacement therapy, where, patients with no or reduced capacity to produce
certain enzymes can be given protein therapeutics to perform specific functions efficiently.
These include the use of Lactaid for patients with primary adult lactase deficiency [15], and
Creon as a pancreatic enzyme (lipase, amylase and protease) replacement therapy in diseases
like cystic fibrosis and pancreatitis [13]. Similarly, haemophiliacs A and B can be treated by
substituting blood-clotting factors such as factor VIII (e.g. Bioclate) and 1X (e.g. Benefix)

respectively [16, 17].

Protein therapeutics can also be used as supplements to enhance the activity of normal
existing protein pathways [13]. One example is the use of recombinant erythropoietin (e.g.

Epogen, Procrit) to stimulate the production of erythrocytes in the bone marrow for patients
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suffering from anaemia [13, 18]. An increase in the number of erythrocytes or red blood cells
leads to a rise in oxygen levels and the alleviation of associated hypoxic-related symptoms
like fatigue [13, 18]. This type of therapy can also be used to provide an entirely new or
different function in the body [13]. This includes application of the enzyme L-asparaginase
(Elspar) in the treatment of paediatric acute lymphoblastic leukaemia (ALL). Asparaginase
works by rapidly decreasing the extracellular pools of asparagine by converting it into L-
aspartic acid and ammonia, which results in the inhibition of protein synthesis in leukemic
cells. As these cancerous cells are highly dependent on this source of asparagine for their
growth, inhibition consequently leads to nutritional insufficiency and apoptotic cell death
[19].

Protein therapeutics can also act as inhibitors of a molecule or organism [13]. This includes
the use of immune-regulator Etanercept (Enbrel) in the treatment of inflammatory arthritis
and psoriasis [20]. Etanercept is a dimeric fusion protein made of recombinant soluble tumour
necrosis factor (TNF) receptor and fragment crystallisable (Fc) region of human
immunoglobulin G1 (IgG1). The TNF receptor region of the regulator binds surplus TNF in
the plasma, whereas the Fc region of the regulator marks the attached TNF for destruction.
The cells of the immune system identify the Fc region then endocytose and destroy the bound
molecule [20]. Another area in protein therapy is the use of the biomolecules as carrier
systems for other therapeutic agents such as a radionuclide, cytotoxic drug, or protein effector
[13]. For example, in the application of B-lymphocyte CD20 surface antigen as a recognition
system for the delivery of apoptotic agents (Tositumomab) coupled with radioactive iodine-
131 (Bexxar 1-131) to B-cells for cytotoxic radiation [21].

The applications of protein therapeutics are diverse and include diagnostics (e.g. recombinant
purified protein derivative (DPPD)) [22], vaccination (Sipuleucel-T; Provenge) [23], the
management of autoimmune diseases (e.g. Anti-Rhesus (Rh) immunoglobulin G; Rhophylac)

[24] and the protection against foreign bodies (e.g. Gardasil) [25].

The examples previously stated cover a range of applications for protein therapeutics, which
is expected to rapidly increase based on the number of biomolecules currently in development
as pharmaceutical therapeutics. Nevertheless, there are still important factors to consider for
an emerging protein therapy as discussed in section 1.1.2.
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1.1.2. Limitations in protein and peptide therapeutics

Although the peptide and protein therapeutic market has advanced significantly in past
decades, a number of drawbacks restricting their use still exist. Their high hydrophilicity and
physical and chemical instability are some of the limitations encountered in the development
of protein therapeutics [26]. Even though some proteins, for example insulin, have been
delivered successfully to the body, they are still associated with disadvantages like the need
for frequent administration, cold storage requirements, and the invasive technique of
administration. Therefore, further developments in their parenteral formulations or
exploration into other routes of delivery (e.g. oral) is highly important [27]. This section

focuses on the oral delivery of protein/peptides and its limitations.

Oral delivery is the favoured route of drug administration for most patients and usually results
in the highest level of compliance due to its non-invasive nature, simplicity and ease of
administration [28, 29]. Moreover, the development of controlled release systems for
therapeutic agents can further improve patient compliance by reducing dosage frequency [30].
An oral delivery of protein therapeutics is not considered a primary choice despite the large
number of biomolecules being discovered as pharmaceutical actives every year [31]. This is

largely due to issues associated with oral administration, including:

Variable physiological factors of the gastro-intestinal (G.I) tract can have detrimental effects
on the stability of the formulation e.g. hydrolysis of proteins and peptides because of the
acidic environment in the stomach [32]. Furthermore, the presence of digestive enzymes like
trypsin, carboxypeptidase and chymotrypsin secreted from the pancreas into the small
intestine in the G.I. tract can result in the enzymatic degradation of the ingested therapeutic
[32]. The intestinal epithelial membrane also poses a major challenge to the absorption of
biomolecules upon oral administration. Drug molecules are normally absorbed either via the
transcellular or paracellular pathway (as presented in Figure 1.2). The transcellular absorption
usually occurs by means of passive diffusion, carrier-mediated transport, or vesicular
transport while the paracellular occurs via passage through intercellular spaces [33, 34]. The
phospholipid nature of the bilayer easily allows for absorption of lipid-soluble molecules
whilst preventing the passive diffusion of hydrophilic, charged, and large molecules [35].
Typically, the bulky size and hydrophilic properties of peptides and proteins inhibit them

from diffusing through the cell membrane, restricting their transport via diffusion through the
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paracellular pathway. Similarly, absorption through the intercellular spaces remains limited

due to tight junctions in between cells [35, 36].

Paracellular Transcellular

Pathway Pathway
Apical Membrane A

Cell Junction

Epithelial
Cells =]

Basolateral
Membrane

Basement
Membrane —p

Lamina —p
Propria

Figure 1.2: Pathways across the epithelial barrier [37].

Another significant limitation to the absorption of protein and peptide drugs after oral
administration is the efflux pump known as the P-glycoprotein. It can transport the ingested

biomolecules back into the intestinal lumen resulting in a low drug bioavailability [38].

Further to these barriers, the bioavailability of absorbed macromolecules can also be
significantly reduced by possible first-pass metabolism that occurs in the liver [2]. Unlike
parenteral delivery that allows direct passage to the systemic circulation, drugs absorbed
through the intestinal epithelial are primarily directed to the liver via the hepatic portal vein.
Following transport to the liver, a large proportion of the drug is metabolized by hepatic
enzymes thus reducing the amount that emerges to the circulatory system and subsequent
target sites [39]. Hence, alternative routes for the oral absorption of proteins and peptides
have also been explored including pathways via gut-associated lymphoid tissue (i.e. Peyer’s
patches) [2, 40]. The follicle-associated epithelium overlying Peyer’s patches is characterized
by the presence of specialized M cells that are able to allow for the transcytosis of
macromolecules across the lymphatic system. Drug transport through the lymphatic system
means that their entry into blood circulation is now directed via the thoracic duct and not
through the liver. Therefore, hepatic first-pass metabolism will be largely avoided [2, 40].
However, it is worth considering that the ideal physicochemical properties including charge,

size, and hydrophobicity that will allow for optimal absorption via this pathway are still not
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clearly defined in current literature. Additionally, there is conflicting data on the extent to

which drug uptake can successfully occur by Peyer’s patches [40].

Even though there are numerous obstacles to protein and peptide drug absorption via oral

administration, still considerable work has been done to overcome these limitations and few

of those are discussed in section 1.1.3.

1.1.3. Overcoming limitations in protein and peptide therapeutics

Various approaches have been applied to improve the oral bioavailability of protein/peptide-

based drugs over the years which could be classified into the following categories:

Enzyme inhibitors: One of the major issues with oral administration is the enzymatic
degradation which can be overcome using enzyme inhibitors such as aprotinin (e.g.
Trasylol). Aprotinin works by inhibiting serum proteases particularly trypsin,
chymotrypsin and plasmin, thereby reducing the enzymatic degradation and increasing
bioavailability of the administered drug molecule [41]. Even though enzyme inhibitors
have been proven to help improve protein/peptide oral absorption, they are associated
with a number of disadvantages. To begin with, they can interrupt the regular
absorption of dietary peptides and may prompt toxic shock after the sustained use
[42]. It is thought that these inhibitors can also cause the body to escalate the
production of proteases, thereby resulting in hypertrophy and hyperplasia of the
pancreas. Moreover, these products may also be toxic and damaging to the G.I. tract
after prolonged use [43]. Alternatively, a change to the pH can result in enzyme
inhibition. Most enzymes in the stomach are only active at low pH while those in the
intestines work at a higher pH. Therefore, an increase in pH may inhibit the activity of
the enzymes in the stomach whereas a decrease in pH will inhibit the intestinal
enzymes [43- 46]. For example, oral intake of antacids such as sodium bicarbonate not
only have a temporary inhibitory effect on gastric pH but can also result in the alkali
denaturation of pepsin (proteolytic enzyme) present in the stomach at the time of
ingestion [44]. This enzyme neutralization effect is however dependent on the extent
of pH increase as it has been shown that an optimal point needs to be achieved before
denaturation can occur (e.g. above pH 4.5 for pepsin) [44].

Absorption enhancers: The hydrophilic nature of therapeutic proteins/peptides is a
known impediment to their absorption which can be improved using absorption

enhancers in the formulation [47- 49]. The ideal enhancer should be nontoxic at its

8
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active concentration, allow for a rapid permeation, and its effect on the cells should be
reversible [47- 49]. A common example in this category is chitosan. Chitosan is a
muco-adhesive, biocompatible polymer that promotes the absorption of hydrophilic
drug molecules. The polymer works when protonated by increasing paracellular
permeability across the mucosal epithelia, although it is limited by its ability to diffuse
across the mucus layer [47- 49].

e Structural modifications: Chemical changes to the structure of the therapeutic
biomolecule can help to improve its oral bioavailability. For example, the covalent
linkage of polyethylene glycol (PEG) to therapeutic polypeptides, commonly known
as PEGylation. This process can result in an increased resistance to digestive enzymes,
reduced systemic clearance, and an increased intestinal absorption [50, 51]. Although
structural modification is theoretically useful to improve the biopharmaceutical
characteristics of a drug, it should not lead to undesirable effects (such as loss of
biological activity) on the pharmacologic properties of the drug [52].

e Carrier systems: The use of carrier systems for the delivery of proteins and peptides
can allow for targeted transport to specific sites in the G.I. tract, protection against
degradation, and controlled release rate [53]. Further examples of drug delivery

systems and their use in protein therapy are discussed in section 1.2.
1.2. Drug delivery systems (DDS)

The use of carrier systems, particularly the micro- and nano- scale structures for the delivery
of biological molecules has rapidly increased over the years as these can successfully
maximize the efficacy of the therapeutic molecules [54]. Examples of DDS that have been

studied for the delivery of proteins and peptides are discussed below:
1.2.1 Hydrogels

Hydrogels are three dimensional polymeric networks prepared by chemical or physical
crosslinking. Hydrogels are hydrophilic, and have the capacity to imbibe large amounts of
water or biological fluid, thus making them attractive for the encapsulation of hydrophilic
proteins [55]. There are numerous applications of these systems as biomolecule carriers, e.g.
studies by Wood, Stone and Peppas showed that hydrogels can be suitable for the oral
delivery of biomolecules due to their excellent biocompatibility and encapsulation capacity
[56]. Hydrogels can also be physiologically responsive where the swelling can be dictated by

the changes in physiological conditions (e.g. pH, ionic strength, and temperature) [57].

9
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Vakkalanka, Brazel, and Peppas successfully investigated the synthesis of temperature and pH
sensitive copolymer/terpolymer hydrogels using N-isopropylacrylamide (NIPAAmM) and
methacrylic acid (MAA)/ 2-hydroxyethyl methacrylate (HEMA), NIPAAm, and acrylic acid
(AA), for the delivery of streptokinase [58]. Regardless of the beneficial properties of
hydrogels, the high porosity and water content of these systems means drug release can occur

very rapidly thereby restricting the design of controlled release systems [59].
1.2.2 Self-emulsifying drug delivery systems (SMEDDS)

SMEDDS are isotropic mixtures of oil, surfactant, co-surfactant, and the therapeutic molecule
which form fine oil-in-water (o/w) emulsions under gentle agitation. Formation of
micro/nano- emulsions helps to present the drug in a solubilised form and resulting small
droplet size provide large interfacial surface area for absorption of the therapeutic drug. The
presence of lipids in the system also helps to improve absorption and consequently results in
the enhanced bioavailability of the therapeutic molecule [60]. Other advantages of this system
include easy preparation, thermodynamic stability and an increased drug loading capacity
[61].

Li, et al successfully developed nano-emulsions coated with alginate/chitosan as oral insulin
delivery systems. There were significantly prolonged hypoglycaemic effects after oral
administration of the coated nano-emulsions compared to subcutaneous insulin. Li, et al
suggested that this phenomenon may be due to the muco-adhesive properties of the polymer
coating which led to a prolonged retention time in the G.I. tract. Although this study showed
promising results in terms of protein stability, further work need to be carried out to improve

the loading efficiency of protein in these systems [62].
1.2.3 Liposomes

Liposomes are colloidal vesicles made of phospholipid bilayer consisting of unimers
comprising hydrophilic head and hydrophobic tail. In an aqueous environment, the bilayer is
oriented so that the hydrophobic parts are inside the bilayer while the hydrophilic parts face
outwards interacting with water molecules [63- 65]. This carrier system can be used to
encapsulate wide range of drugs including cytotoxic drugs, genetic materials, antimicrobial
drugs, and proteins, to efficiently deliver them to their target sites [31].

Liposomes have received significant attention as drug carriers due to their ability to improve

the permeability of hydrophilic bio-macromolecules across cell membrane, protect and

10
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stabilize labile drugs and provide an opportunity for controlled release [66]. These can also be
designed to allow for a triggered release of the loaded drugs in response to specific changes
(such as pH and temperature) at their target sites [67]. Gradauer, et al designed liposomes-
based peptide delivery system that was coated with the muco-adhesive thiomer chitosan to
enhance their absorption upon oral administration [68]. The peptide loaded liposomes were
coated with either chitosan-thioglycolic acid or an S-protected version of the same polymer.
Coated systems were shown to effectively penetrate the intestinal mucus layer. S-protected
liposomes provided better permeation and reduction in P-glycoprotein efflux pump activities
than the corresponding unprotected thiomer, possibly due to higher reactivity of S-protected
thiol groups [68]. The results of this study were quite promising but the use of thiomer in the
oral delivery systems need to be further investigated as their muco-adhesive properties can be
limited by the natural mucus turnover [69].

1.2.4 Stimuli- responsive polymers

The use of stimuli-responsive polymers in the design of DDS have been explored due to their
ability to release encapsulated drugs at the appropriate time and target site in response to
specific physiological triggers. The use of these systems can result in more accurate and
programmable drug delivery. Stimuli- responsive polymers can include pH, temperature, or
light sensitive polymers, and glucose responsive polymers [70]. Other advantages of these
polymer-based DDS can include; simple preparation technique (although this may not be seen
in all cases), prolonged release of incorporated drug, reduced side-effects, enhanced stability

of the incorporated drug, and improved patient compliance [71].

Capurso and Fahmy formulated pH-responsive polymeric micro-particles for the oral delivery
of interleukin-10 (IL-10) [72]. The micro-particles were composed of an aqueous gelatine
core surrounded by the coating of pH- responsive polymer Eudragit® FS30D. The aqueous
core of the micro-particles allowed for the encapsulation of hydrophilic peptides whereas the
coating protected the drug contents from the low pH in the stomach. In vitro tests showed that
the micro-particles retained their encapsulated contents at acidic pH, with a release of the drug
at neutral pH. Further in vivo tests such as particle bio-distribution and toxicity tests need to

be carried out to understand the potential side-effects of these delivery systems [72].

Away from the carrier systems listed above, this research will focus on the design of solid
core delivery systems using inorganic particles or polymeric nanoparticles for the oral
delivery of proteins.

11
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1.3 Solid core drug delivery systems (SCDDS)

SCDDS involves the immobilization of the therapeutic drug molecule on the surface of a
solid, followed by the coating of this drug core to achieve targeted/sustained release [73, 74].
In this work, SCDDS was designed by immobilizing protein molecules onto a solid core made
of either inorganic particles or polymeric-composite nanoparticles, followed by enteric
coating of the solid core. The immobilization of proteins onto a solid surface has been shown
to improve their stability and maintain their biological activity [75- 80]. For example, the
adsorption of enzymes on mesoporous silica results in improved thermal stability in
comparison to free native enzymes [77]; The denaturation of lysozyme was prevented by
immobilizing the molecule onto mesoporous molecular sieves [78]; Immobilization of
cytochrome ¢ onto mesoporous molecular sieves led to its retention of its redox activity for

several months [80].

As previously stated, this work involves the immobilization of a protein onto a solid core in
addition to the enteric coating of the core. The following sections provide brief discussion on
the materials and processes involved in the design of the SCDDS.

1.3.1 Silica

Inorganic materials such as carbon, gold, iron oxide and silica have been studied to act as
delivery vehicles for therapeutic molecules due to their reduced susceptibility to microbial
attack and excellent stability [81]. Mesoporous silica are one of the commonly researched
carrier materials because these are readily available, tuneable, non-toxic, and allow for surface
functionalization with compounds such as alkoxysilanes/ halosilanes [82, 83]. Silica gel are
solid substances comprising porous structures with hundreds of void channels (mesopores)
that can absorb or adsorb reasonably large amounts of biomolecules. Their distinctive
properties; such as high surface area, large pore volume, and tuneable pore size with a narrow

distribution make them readily suitable for various controlled release applications [84- 89].

As presented in the Figure 1.3, silica gel is a polymer that consists of tetrahedral silicon atoms
connected through oxygen atoms (siloxane Si-O-Si) with functional hydroxyl (OH) groups on
the surface. The surface plays an important role in defining the way silica interacts with the
adsorbing molecule which can include the formation of hydrogen, ionic and/or covalent bonds
[90, 91].

12
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Figure 1.3: Structure of silica gel

Several studies investigating the use of these mesoporous particles for drug delivery have
been carried out by various research groups [84- 89]. Examples include: The application of
silica-based systems for controlled release drug delivery has been established by Kwon, et al
[84] and Radin, Chen, and Ducheyne [85]. Klichko, et al investigated the use of
mesostructured silica for optical drug delivery [86]. These inorganic materials have also been
designed into implants for drug delivery [87, 89]. Fu, et al demonstrated that mesoporous
silica particles can allow the design of non-toxic drug delivery systems (DDS) for the oral
delivery route [92]. This research will focus on the design of SCDDS applying silica materials

as the solid core.
1.3.2 Fatty Acids (FAS)

FAs are an important component of lipids found in animals, plants and microorganisms. They
are known as carboxylic acids attached to long aliphatic chains consisting of carbon atoms
typically between 4 and 28. The chain starts with a methyl group and ends with the carbon
attached to the carboxylic acid group. Most natural FAs are even-numbered (palmitic, stearic
and oleic acids) because of their mode of biosynthesis but odd numbered FAs also exist [93-
95]. FAs can be classified into two groups known as saturated and unsaturated [95]. Figure

1.4 shows examples of saturated, monounsaturated, and polyunsaturated FASs.
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Figure 1.4: Structure of (a) Stearic acid (n-Octadecanoic acid) [saturated FA], (b) Vaccenic
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acid (cis-11-octadecenoic acid) [monounsaturated FA], and (c) Linoleic acid (cis, cis-9,12-

octadecadienoic acid) [polyunsaturated FA].

The carbon-carbon interactions of the hydrocarbon chain for saturated FAs exist as single
bonds while those for unsaturated form either one (monounsaturated) or more
(polyunsaturated) double bonds [95]. The degree of unsaturation (amount of double bonds)
and length of the hydrocarbon chain influences the physical and chemical properties of the
FAs. For example, in comparison to their corresponding straight chain FAs, the presence of
double bonds in branched chain FAs leads to a reduction in melting point. Also relative to

short chain FAs, longer chain acids are much less soluble in aqueous solutions [94, 95].

In the design of SCDDS for this work, the protein-adsorbed core particle will be coated with a
selection of saturated FAs. The properties of FAs used in this work are listed in Table 1.2.
FAs are commonly used in the pharmaceutical industry including in the design of DDS.
Biocompatibility, low toxicity and their inert nature are some of the advantages that make
FAs attractive for drug delivery. Moreover, saturated FAs are also capable of providing

sufficient enteric coating for targeted delivery to the specific site in the G.I. system [97, 98].
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Table 1.2: Properties of FAs used in this study

Myristic acid Palmitic acid Stearic acid
Molecular formula C14H280; C16H320; C1sH350,
[94, 95]
Molecular weight 228.38 256.43 284.48
(g/mol) [94, 95]
Boiling point °C 250.5 (100) 271.5 (100) 361 (760)
(mm Hg) [96]
Melting point °C 53-54 62 - 63 69 - 72
[96]
Density g/cm® (°C) 0.8622 (54) 0.8527 (62) 0.847 (70)
[96]
Viscosity mPa sec 5.83 (70) 7.80 (70) 9.87 (70)
(°C) [96]

1.4 Polymeric nanoparticles

This work aims to investigate the ability of polymeric nanoparticles to act as suitable core
materials for the adsorption of protein in the design of SCDDS. This section gives a brief

summary on the polymers used in the formation of the nanoparticles.

Nanoparticles are usually defined as particles between 0.1 and 100 nm. They are derived from
different types of materials and designed to carry range of substances in a controlled and
targeted manner [99]. Nanoparticles including polymeric micelles, dendrimers, and other
polymeric nanoparticles are composed of biodegradable polymers and co-polymers. Drug
molecules can be entrapped within the particle, physically adsorbed on the surface, or
chemically linked to the surface of the particles [54]. Polymeric nanoparticles can allow
enhanced stability and protection of the encapsulated drug molecule and provide controlled
and targeted delivery [100]. The use of polymeric nanoparticles for the delivery of therapeutic
molecules has been widely investigated; Chuang et al. successfully designed a pH-responsive
nanoparticle for oral insulin delivery using chitosan and poly-y-glutamic acid conjugated with
ethylene glycol tetra acetic acid (YPGA-EGTA) [101]; Campardelli, Reverchon and Della-
Porta investigated the use of polymeric nanoparticles for the controlled delivery of proteins by
encapsulating bovine serum albumin in particles made of poly (lactic acid) (PLA) and poly
(glycolic acid) (PLGA) [102]. Although, these systems show promising results with respect to

targeting and preserving the integrity of attached drug molecule but drawbacks such as burst
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release are still a significant concern [101-103]. Thus, there is a need to improve the design of

these particles to allow for an enhanced controlled release.
1.4.1 Polycaprolactone (PCL)

PCL is a semi-crystalline polyester that is hydrophobic and biocompatible. It is synthesized

by the ring opening polymerization of the cyclic monomer g-caprolactone as shown in Figure
1.5 [104].

O

~

O o
/ Catalyst + Heat \/\/\/\O/
n

Poly-g-caprolactone
g-caprolactone >

Figure 1.5: Synthesis of Poly-g-caprolactone
The biodegradability of this polymer makes it attractive to researchers for the design of drug
delivery vehicles. PCL is degraded by hydrolysis of its ester linkages under the normal human
physiological conditions to give components with minimal or no toxicity. When compared to
other polymers (e.g. polylactides) the biodegradation of PCL is slow, hence it can be highly
suitable for the design of controlled-release delivery systems [105-108]. The glass transition
temperature (Ty) of -60 °C and low melting point (59-64 °C) of PCL allows for the easy
fabrication of delivery systems at reasonably low temperatures [107]. Furthermore, PCL has
an excellent blend compatibility with other polymers which facilitates tailoring of desired
properties like degradation kinetics, hydrophilicity, and muco-adhesion. PCL is known to be
compatible with synthetic polymers e.g. poly ethylene glycol (PEG) and poly ethylene oxide
(PEO), and natural polymers e.g. starch and chitosan [104, 109, 110].
In the last decades, these polymers have been a key area of interest in the development of
controlled DDS particularly for biologics such as proteins and peptides [111]. The delivery
systems formulated with PCL or PCL blends have shown to be useful in varied conditions.
For example, while developing PCL microspheres for vaccine delivery, Jameela, et al showed
that PCL has good permeability to proteins [112]. Furthermore, when compared to poly
(lactic acid) PLA and poly glycolic acid (PGA), the polymer degrades very slowly and does
not give rise to an acidic environment which can negatively affect the antigenicity of the

vaccine [112]. Observations by Youan, et al provided data demonstrating that PCL delivery
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systems are unaffected by simulated gastric fluid. Hence, these systems could give some
protection to the encapsulated peptide from proteolytic destruction in the stomach, allowing
the entrapped drugs to pass unharmed into the intestine for presentation to the gut-associated
lymphoid system [113].

In this work, PCL and PCL-Eudragit® composite particles were designed and their ability to

act as solid core for model therapeutic protein was also investigated.

1.4.2 Eudragit®

Eudragit® comprises a series of biocompatible copolymers made by the free-radical
polymerization of acrylic and methacrylic acids or their esters. The functional properties of
the final copolymer are determined by the choice of acrylic acid or methacrylic acid
derivative and their relative ratios. Although, these materials are not biodegradable, they have
been widely accepted as materials for the design of DDS owing to rapid clearance from the
systemic circulation by the mononuclear phagocytic system [114, 115]. Table 1.3 shows the
grades of Eudragit® currently available for the design of drug delivery vehicles [116]. A
number of these grades have been successfully investigated for their use as materials for the

design of nano/micro-particles/microspheres [117, 118] or enteric coating for DDS [119].

Table 1.3: Eudragit® grades and their physical properties [116]

Average molecular mass Glass transition
(g/mole) temperature (°C)
~ 125 000 > 130
~ 125 000 > 130
~ 320 000 96
~ 280 000 43 (as solid)
~ 600 000 9 (as solid)
~ 750 000 6 (as solid)
~ 47 000 45
~ 32 000 63
~ 32 000 58
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Methacrylic CH3(H) CH3 Methacrylic ester
acid copolymers I copolymers
R =COOH — — CH CH, C|H2 C — — r=coocn,
Delayed release ‘ Time-controlled
g C:O R release
e.g. FEudragit® Eudrasit®
L & S polymers T— eg. udragit®
e 0 AHWI NE & NM grades
Amino alkyl methacrylate copolymers Ammonioalkyl methacrylate copolymers
R =-CO-O-CH,-CH,N (CHs), R = CO-OCH,-CH,N (CHj);" CI
Immediate release Time-controlled release
e.g. Eudragit® E polymer e.g. Eudragit® RL & RS grades

Figure 1.6: Structural unit of Eudragit® polymer and functional groups [116]
A range of anionic Eudragit® grades (e.g. methacrylic acid copolymers) are available for the
design of enteric drug delivery carriers. These anionic copolymers have carboxyl groups in
variable ratios as functional units, for example the ratio of free carboxyl groups to the ester
groups is 1:2 for Eudragit® S 100 (ES100). Solubility of the anionic copolymers occurs due to
structural changes associated with the ionization of the carboxyl group [114, 116]. For this
work, composite nanoparticles were designed using PCL and Eudragit® polymers. ES100 was
selected due to its desirable solubility property. ES100 is a methacrylic copolymer that
dissolves above neutral pH (> 7.0) and is insoluble in acidic medium [116]. This is
particularly important in the design of oral enteric formulations as ES100 is not soluble in
gastric pH therefore, it can delay drug release in the stomach and protect the loaded/adsorbed
contents from the acidic pH. Selective solubility of this polymer at high pH will also mean
that it can provide targeted release in intestinal fluid. The design of PCL-Eudragit® composite
materials has been established for the encapsulation of drug molecules. For example,
Seremeta et al. successfully controlled the burst-effect of PCL particles by introducing

Eudragit® RS100 polymers into the particulate system [115].

1.5 Supercritical fluids

The need to develop sustainable processes particularly in the production of drug delivery
systems has led to the rising interest in the use of environmental friendly solvent alternatives
such as ionic liquids, and supercritical or dense phase fluids. A supercritical fluid (SCF) can
be defined as a substance above its critical pressure and temperature [120, 121]. Table 1.4
presents examples of common supercritical solvents and their physical properties [122].
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Table 1.4: Examples of supercritical solvents and their physical properties [122]

Critical temperature, T, | Critical pressure, P, | Critical density

(C) (bar) (g/cm’)
374.1 220.5 0.322
132.5 112.8 0.235
239.4 81.0 0.272
32.2 48.8 0.203

| 243.0 63.8 0.276

| -147.0 34.0 0.314

SCFs exist as single phase above their critical point with distinctive properties that are unlike
those of either liquids or gases under standard conditions. These properties are intermediate to
those of liquid and gases i.e. gas-like viscosity and diffusivity of the SCF solvent with almost
zero surface tension give them excellent transport properties, while liquid-like density
provides higher solvent power. It is worth noting that these properties can also be easily tuned
by varying pressure and temperature, as opposed to conventional organic solvents which have
minimal effect of temperature and remain unchanged with pressure [120, 122].

Carbon-dioxide (COy) is one of the most commonly used SCF partly due to its relatively low
critical temperature and pressure (T, = 31.1, and P, = 73.8 bar) which is ideal for processing
thermosensitive materials [122, 123]. In addition, supercritical CO;, (scCO,) has further
advantages of being inexpensive, nontoxic, and non-flammable. Moreover, the retrieval of
final products and elimination of CO, can be done easily without the need of extra steps
[123]. The relationship between temperature, pressure and the formation of SCF can be

explained using phase diagrams as presented in Figure 1.7 [123].

Superecritical
region
73.8
Solid Liquid
) N
= 5 Bl
g \ oiling
4 —
o» Triple point Gas
-57.15 31.1
Temperature (°C)

Figure 1.7: Phase diagram for carbon-dioxide
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The supercritical region can be found by following the boiling curve on the phase diagram
and is easily distinguishable by the lack of distinction between phases unlike a triple point
where all three phases (solid, liquid and gas) exist at the same point [123].

Supercritical fluid technology (SCFT) is a novel DDS formation technique that employs the
use of a SCF such as scCO; [124]. Current pharmaceutical applications of SCFT in the
development of DDS include: drug extraction and analysis, particle and polymorph
engineering, solubility enhancement of a poorly soluble drug, and coating of delivery vehicles
[124]. Few of these are briefly discussed in the following section according to the role of
SCFs in the process.

1.5.1 Applications of supercritical fluid technology
SCFs particularly scCO; can be employed as solvent, anti-solvent, or plasticizer to prepare
DDS. The following section discusses various application of scCO, according to its role.

e Rapid expansion of supercritical solution (RESS)
This process utilises SCF as a solvent where the first step entails the saturation of a solute in
the SCF at a high pressure, followed by depressurization through a heated nozzle.
Depressurization leads to precipitation of the solute resulting in the formulation of small
particles with uniform sizes. RESS is a promising technique for the formation of uniform
micro-particles, for example Huang et al successfully designed ultrafine spherical particles of
aspirin using scCO; as a processing solvent [125]. This technique can be suitable for heat
sensitive compounds as the RESS process is usually undertaken at moderate temperatures
[125, 126]. In general, RESS produces final products with minimal or no contaminants as it
does not require any other organic solvent in the process. This is true mostly for non-polar
materials as polar substances are largely insoluble in SCF and may require the addition of a
co-solvent [125, 126].

e Gas anti-solvent (GAS) processes
This technique utilises SCF as an anti-solvent and is an alternative encapsulation or
recrystallization procedure for materials typically insoluble in SCF. Examples of supercritical
processes that apply SCF as an anti-solvent include supercritical anti-solvent fractionation
(SAS), gas anti-solvent precipitation (GAS), gas anti-solvent re-crystallization (GASR) and
precipitation with a compressed fluid anti-solvent (PCA) [127].
During the anti-solvent process, the material is first dissolved in an organic solvent and then

placed in a high-pressure vessel under supercritical conditions [128, 129]. The miscibility of
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SCF with the solvent leads to reduction in solvation power of the organic solvent causing
either precipitation or recrystallization of the solute. The major benefit of these techniques is
that the solvent can also be efficiently eliminated during processing. Additionally, it is a clean
and effective single-step process that requires mild operating conditions. Moreover, the
solubility power of the SCF can be easily controlled by altering either temperature or
pressure, therefore giving room for selective crystallization and control of particle
morphology or crystalline forms [128, 129]. The use of scCO, as an anti-solvent in the
formation of polymeric nanoparticles has been successfully studied by Kalani and Yunus
[128]. An important limitation of this process is that the SCF must be miscible with the
organic solvent, but the solute must be immiscible for it to be successfully applied [129].

e Particles from gas saturated solution (PGSS)
PGSS can be a possible solution to the issues associated with RESS and GAS. PGSS allows
particle formation from specific substances by SCF acting as either solute or plasticizer. For
example, dissolution of scCO; in a polymer either swells or lowers its melting point/glass
transition temperature. PGSS can also be used for micronisation of suspensions and emulsions
[127].
The dissolution of a dense gas in a solute reduces viscosity of the resulting melt. This highly
SCF saturated melt can then be depressurized through a nozzle to form particles. Although the
diameter of the nozzle is an important factor in controlling the particle morphology,
nevertheless altering other processing parameters like temperature and pressure can also assist
in controlling the particle size and distribution [123]. This process is particularly useful for
polymers which can dissolve large amounts of SCF within their matrix resulting in the
reduction of glass transition and/or melting temperatures [126].
This work includes some aspects of PGSS where the final FA coating method to produce

SCDDS was performed using a melt deposition technique under scCO, conditions.

1.6 Gamma globulins (y-globulins)

v-globulin was used as a model drug in this work to study the suitability of SCDDS for oral
delivery of proteins and peptides. The major protein constituents of blood plasma are
albumin, globulins, and fibrinogen which make up about 99% of the total protein constituent
[130, 131]. Globulins are globular proteins with relatively high molecular weight (e.g. 150-
160 kDa for immunoglobulin G). Globulins are primarily classified based on their size and

charge and include alpha (e.g. Alpha 1-antichymotrypsin), beta (e.g. plasminogen) and
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gamma globulins (e.g. immunoglobulins). Alpha and beta globulins are produced mainly in
the liver while y-globulins are manufactured in the cells of the immune system. Among the
three categories, y-globulins are known to be less mobile in alkaline or electrically charged
solutions while alpha is more mobile than the other two [130, 131]. The main role of alpha
and beta globulins is in the transportation of enzymes and proteins in the body. On the other
hand, y-globulins largely act as antibody defence against antigen invasion [130, 131].
v-globulins generally known as immunoglobulins (lg) are glycoproteins which are produced
by lymphocytes and plasma cells. They play a crucial role in eliciting immune response by
specifically identifying and binding to antigens such as bacteria or viruses. There are five
isotypes of immunoglobulins including 1gG, IgM, IgA, IgD, and IgE based on the type of
heavy chain found in the molecule i.e. gamma in 1gG, mu in IgM, alpha in IgA, epsilon in
IgE, and delta in IgD. The function of 1gG, IgD, IgM, and IgA and IgE is listed in Table 1.5
[132, 133].

Table 1.5: Isotypes of immunoglobulin and their functions [133]

Isotype Proposed function (s)
IgM e Primary immune response
e Commonly used to diagnose acute exposure to an immunogen or pathogen.
IgD e Interacts with specific bacterial proteins resulting in B cell stimulation and
activation.
IgA e Essential at protecting mucosal surfaces from virus, toxins and bacteria by

direct neutralization or prevention of binding to the mucosal surface
e Makes up about 50 % of the protein in colostrum (the ‘first milk’) given to a
neonate by the mother.

IgE ¢ Responsible for hypersensitivity and allergic reactions
e Response to parasitic worm infections.
I9G e Primarily responsible for the recognition, neutralization, and elimination of

pathogens and toxic antigens

The differences in function and antigen responses of these antibodies are primarily due to the
heavy chain structure variability. 1gG is the main serum immunoglobulin with the longest
half-life and IgE is present at the lowest concentrations with shortest half-life. The
concentrations and half-lives of IgM, IgD, and IgA typically vary between both IgG and IgE
[132, 133].

Ig is made of two heavy and two light polypeptide chains comprising of NH,- and COOH-
terminals for variable and constant amino acid regions respectively (Figure 1.8).
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1: Fab region;
2: Fc region;
3: Heavy chains;
4: Light chains;
5: Antigen
binding site;
6: Hinge regions.

HOOC COOH

Figure 1.8: Structure of a monomer of immunoglobulin [134]
These heavy and light chains are held together by a mixture of non-covalent interactions and
covalent inter-chain disulphide bonds, creating a bilaterally symmetric structure. The variable
region of the polypeptide chains forms the antigen binding sites (Fab) while, the constant
region of the heavy chains (Fc) is responsible for the binding of the antibodies to various
surfaces and Fc receptors. Each Ig monomer holds two antigen-binding sites and is assumed
to be bivalent [133, 135- 137].
The flexible hinge (found in IgG, IgA and IgD, but not IgM or IgE) region consist of
disulphide bonds that connect the heavy chains which allows the distance between two
antigen- binding sites to vary. The total average molecular mass of an IgG molecule is about
150 kDa with molecular masses of approximately 100 and 50 kDa per pair for the heavy and
light chain respectively [133, 135-137].
Ig replacement therapy composed of mainly IgG is currently available for patients with
primary immunodeficiency diseases involving the humoral immune system, and it is generally
administered either intravenously (IVIG) or subcutaneously (SCIG). The appropriate use of Ig
therapy can be life-saving but there is high prevalence of adverse reactions mainly due to the
complexity of dosage regimen and injection/ infusion site reactions [138-140]. Therefore,
there is a need to develop non-invasive routes that can minimise these adverse events.
1.7 Aim and objectives
The oral administration of therapeutic peptides and proteins is proposed to be associated with
a number of benefits including eliminating the need for expensive invasive techniques and

allowing for a reduced dosage frequency with regards to controlled release systems. However,
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certain limitations such as barriers in the G.I. system (proteolytic enzymes, pH gradients, and
low epithelial permeability) have a significant impact on the bioavailability of these bio-
molecules in the body. The developmental process of bio-formulations is also impeded by the
harsh conditions used in commonly known preparation techniques. In response to this
problem, this research intends to investigate simple carrier systems (i.e. SCDDS) which can
provide adequate enteric properties and a degree of steric hindrance to attached biomolecules.
Consequently, this should ensure safe passage of the therapeutic peptide/ protein to the
intestinal tract upon oral administration. This work will also study the application of novel
procedures such as SCFT which can help in addressing few of the problems associated with
biomolecular processing and in the development of delivery systems.
The aim of this research is to produce SCDDS using y-globulin as the therapeutic drug, silica /
PCL / PCL-ES100 particles as core material, FAs as a shell material and scCO, technology as
a processing technique.
The objectives for this research are as follows:

a) Identification of suitable organic and inorganic core
Silica particles, PCL and PCL-ES100 particles will be investigated for their suitability to act
as the solid core. The polymeric particles will be formulated via solvent emulsification
evaporation where the development method will also include determination of the effect of
temperature and scCO, on solvent evaporation, and the effect of polymer and surfactant
concentration on particle formation.

b) Protein stability
To establish if its conformation will be affected by the adsorption process, changes to the
secondary structure of y-globulin will be measured in relation to time and pH under
continuous stirring at room temperature.

c) Determination of adsorption/desorption behaviour of protein
The adsorption of y-globulin onto selected core particles will be studied as a function of pH
and protein concentration. Furthermore, desorption of immobilized y-globulin molecules will
be investigated at simulated intestinal conditions.

d) SCDDS preparation
Selected protein-adsorbed core particles will be coated by saturated FAs applying SCFT as
processing technique.

e) In-vitro release studies and protein stability
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Drug release studies from loaded enteric particles will be investigated at neutral pH, and in
simulated gastric and intestinal fluid. The stability of released protein will also be analysed

and compared with that of its native molecule.

1.8 Research question/ Hypothesis

This work intends to address the following question; ‘What main factors predict the
successful design of oral protein/ peptide drug formulations, and how can the application of
SCDDS and novel preparation techniques such as SCFT ease this development process’. It is
theorized that upon oral administration, the SCDDS will provide physical and chemical
stability to the associated macromolecule against the environmental barriers (acidic pH and
proteolytic enzymes) of the gastric system. Furthermore, the mild processing conditions
associated with the use of SCFT will help to reduce any likelihood of structural changes to the

bio-molecule.
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Chapter 2
Materials and Methods

This chapter gives details on the list of reagents and standard methods employed to produce

and characterise solid core drug delivery systems.
2A. Materials

Commercially purchased chemical reagents used in this work are listed in Table 2.1. All

reagents were of analytical grade and used without any further purification. All were stored at

room temperature at standard conditions except for y-globulin which was stored at 4-8 °C.

Deionized water was used throughout the study.

Table 2.1: Chemical reagents

Chemical Name CAS no. Batch no. Source Purity
Pluronic F-127 9003-11-6 027K0034 Sigma-Aldrich, UK NA
Sodium ‘zggesc)y' sulfate | 151 513 | SLBH8S70V | Sigma-Aldrich, UK | 98.5%
Tween 80 9005-65-6 11215CC Sigma-Aldrich, UK NA
Sodium hydrogen | 7550 79 4 10126289 Alfa Aesar, UK | 98.0%
phosphate
Batassiumidiny diegen e st o S 3 e 170024 VWR, UK 99.5%
phosphate
Gamma globulin (y-
globulin) [M.W: 150
kDa; Mixture of 1gG 9007-83-4 SLBQ4091V Sigma-Aldrich, UK >99%
(80%0), IgM (10%0), and
1gA (< 10%)]
Sodium hydroxide | 1310-73-2 | 1405869 Fisher Sclentific, | gg0s
Hydrochloric acid | 7647-01-0 1364174 F'SCherjﬂe““f'C’ 37% wiv
Syloid AL-1 FP silica on Grace Davison,
(Sa) 7631-86-9 1000255368 USA NA
Syloid XDP-3150 silica Grace Davison, NA
7546 1000253833
(Sxor) USA
Syloid 244FP silica on Grace Davison,
(Se) 7631-86-9 1000259186 USA NA
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Mesostructured silica

(MSU-HD) 7631-86-9 | MKBNG6166V | Sigma-Aldrich, UK |  NA
Polycaprolactone 24980-41- i Shenzhen ESUN, 0
(PCL), Mw 45 000 Da 4 Lt China SRS

Eudragit® S 100 Evonik Industries,
(ES100) NA B141205008 UK NA
Fisher scientific, >99.5%
Ethanol 64-17-5 1852958 OK e
Acetone 67-64-1 1857114 Fisher fﬁ'(e”“f'c’ > 99% v/v
Dichloromethane Fisher scientific,
(BEM) 75-09-2 1722966 0K NA
Palmitic Acid 51-10-3 | A0166845001 AcroonSr%amcs, 98.0 %
Stearic Acid 57-11-4 A0215983 Acrozog%a”'cs’ 97.0%
Myristic Acid 544-63-8 | 0001349933 Fluka ad‘li'y“ca" 98.0%
Liquid CO, 124-38-9 NA BOC Itd, UK 99.9%
2B. Methods

This section discusses standard methods used throughout this study for the production and

characterization of SCDDS.

2.1 Formulation of polymeric nanoparticles

This section describes the techniques and parameters used for the design of nanoparticles

using PCL and composite nanoparticles using PCL and ES100 polymer.

2.1.1 Preparation of PCL nanoparticles

The nanoparticles were prepared through spontaneous emulsification technique adapted from

the work reported by Prieto and Calvo [141]. The organic phase consisted of a homogenous

solution of PCL in acetone and surfactant (Tween 80), while deionized water made up the

aqueous phase. A summary of the PCL and Tween 80 components for the different

nanoparticle formulations are listed in Tables 2.2 and 2.3 below.
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Table 2.2: Overview of PCL formulations with different Tween 80 concentrations

PCL concentration
( Yow/w acetone)

0.6 0.07 0.14
1 0.07 0.14
2 0.07 0.14
4 0.07 0.14
6 0.07 0.14
8 0.07 0.14
10 0.07 0.14

Table 2.3: Overview of PCL formulations with different Tween 80 ratios

PCL
concentration
(% wiw
acetone)
0.6 1.1 2:1 4:1 8:1 16:1
1 1:1 2:1 4:1 8:1 16:1
2 1:1 2:1 4:1 8:1 16:1
4 1:1 2:1 4:1 8:1 16:1
6 1:1 2:1 4:1 8:1 16:1
8 1:1 2:1 4:1 8:1 16:1
10 1.1 2:1 4:1 8:1 16:1

Generally, PCL was first dissolved in acetone (14.65 g) in a thermostatic water bath at 40 °C,
before the addition of Tween 80 at the appropriate quantities. The contents in the tube were
mixed together using a vortex mixer for 1 minute. After vortexing, 35.8 g of warm deionized
water (40 £ 2 °C) was added and the tube was placed back on the vortex mixer for 5 minutes
in order to form a homogenous emulsion. Solvent extraction was carried out immediately

after emulsion was prepared.
2.1.2 Solvent extraction for PCL emulsions

The organic solvent was eliminated from the prepared PCL emulsions either using scCO; or

at atmospheric pressure to produce aqueous nanoparticle dispersions. The resulting
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nanoparticles were then collected from the aqueous medium by freeze-drying under vacuum

at -55 °C using a ScanVac CoolSafe freeze dryer (LaboGene ApS, Denmark).
a) Supercritical fluid extraction of emulsion (SFEE)

SFEE was employed as a solvent extraction technique for PCL emulsions to allow for the
efficient recovery of nanoparticles and possible formation of porous particles due to
interactions between PCL and scCO,. The experiments were performed in a Thar

Technologies Inc. instrument (USA) as presented in Figure 2.1.

Vi1

Figure 2.1: Schematic presentation of laboratory SCF instrument
As shown in Figure 2.1, the SCF instrument can be divided into three sections as follows;

1) CO; supply comprising of the liquid CO, cylinder (A), cooling unit (B), and liquid
CO; pumping unit (C).

2) Reaction vessel (RV).

3) Control unit consisting of the automatic back pressure regulator (ABPR), controller
(D) and display unit (E).

The cooling unit was made up of a thermostatically-controlled water bath to keep the
pump heads and the CO, from the cylinder at 6 °C throughout its transit. The
specifications of the CO, pump were as follows; high-pressure P-series pump
manufactured by Thar technologies Inc. (USA) with maximum CO, flow rate and burst
pressure of 50 g/minute and 690 bar respectively.

The RV (Thar Process Inc., USA) was the important part of the SCF instrument as all
experiments took place in here. The temperature in the RV was thermostatically
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monitored from the controller. The pressure in the vessel, rate of CO, entry and exit from
the RV was assigned and monitored from the display unit. Additional control over the
pressurization/ depressurization process was given by the ABPR attached to the vessel.
Solvent extraction in scCO; was conducted in batch mode, where 25 g of formulated PCL
emulsion was introduced in the RV pre-heated to 40 °C (x2 °C). The vessel was then
closed, and liquid CO, was pumped until a pressure of 100 bar was achieved. The system
was left to equilibrate under stirring for 15 minutes before continuously flushing it with
fresh CO, for 1 hour. Initially, experiments were carried out at controlled scCO, flow
rates of 1, 4 or 10 g/min to determine the solvent extraction efficiency of scCO,. The
system was then depressurized at a rate of 6 bar/ minute and the sample was removed
from the RV. The acetone extraction efficiency was calculated using the weight difference

before and after the procedure.
b) Solvent extraction at atmospheric pressure

Acetone extraction was also carried out at atmospheric pressure to generate efficiency
data for comparison with SFEE technique. Experiments were conducted at 40 °C (x2 °C)
in a thermostatic water bath (Fisher Scientific, UK) on 25 g of emulsion at a stirring rate
of 300 rpm. The evaporation of acetone was determined at time 0, 1, 2, 3, 4 and 24 hours

using weight difference similar to SFEE.

2.1.3 Preparation of PCL-ES100 nanoparticles

Like the preparation of PCL particles, aqueous dispersions of PCL-ES100 nanoparticles were

prepared by solvent extraction of nano-emulsions. A summary of the polymer components for

the prepared emulsions are listed in Table 2.4 below.

Table 2.4: Overview of PCL-ES100 emulsions

PCL:ES100 ratios

1:2 50 100
1:3 50 150
1:4 50 200
1:5 50 250

In brief, required amounts of PCL and ES100 were first dissolved separately in 2 mls of

dichloromethane (DCM) and ethanol respectively. This was followed by mixing of the
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solutions by vortexing for 30 seconds after the addition of 0.2 ml of deionized water. After
vortexing, the polymer suspension was added to 25 mls of ethanol in a beaker under stirring at
350 rpm and left to equilibrate for 120 seconds. Lastly, 25 mls of deionized water was added
to the beaker of polymer suspension and ethanol. The resulting emulsion was left to further
equilibrate under stirring at 350 rpm for 10 minutes. It was then transferred to a thermostatic
water bath at 40 °C for approximately 8 to 12 hours to allow for the evaporation of the
organic solvents (ethanol and DCM). Similar to the preparation of PCL nanoparticles,
removal of the organic phase resulted in aqueous dispersion of PCL-ES100 composite
nanoparticles. The particles were then recovered from the aqueous medium by freeze-drying

as described in section 2.1.2.
2.2 ldentification and characterization of core particles

Formulated PCL, PCL-ES100 nanoparticles and commercially purchased silica particles
(Table 2.1) were characterized as follows to determine their suitability for the adsorption of y-

globulin.
2.2.1 Particle size and zeta-potential determination

The average particle sizes and polydispersity index (PDI) of PCL and PCL-ES100 particles
were determined by dynamic light scattering using the Zetasizer Nano-ZS (Malvern
Instruments Ltd, UK). The back-scattering detection was set at an angle of 175°. Aqueous
dispersions obtained after organic solvent extraction were diluted in deionized water (1 in 4)
and measurements were carried out in triplicate at room temperature (25 °C). The mean

particle size was the average of three independent measurements.

The surface charge of the formulated particles was also determined by measuring the zeta
potential (C-potential) of the aqueous nano-dispersions using Zetasizer Nano-ZS at 25 °C. The
measurements were carried out using a folded capillary cell in triplicate on the same samples

used for particle size measurements.
2.2.2 Specific surface area, pore size and pore volume determination

Experiments for Brunauer-Emmett-Teller (BET) specific surface area (SSA), pore size, and
pore volume analysis were carried out on a Gemini 2380 instrument (Micromeritics
Instrument Corporation, UK). BET surface area analysis was carried out on all core particles

(silica and polymeric) using nitrogen sorption. The samples were degassed prior to the
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measurements to get rid of any moisture or adsorbed gases. 30-60 mg of particles were
weighed in the sample tube and degassed with nitrogen at 100 °C for silica and at 40 °C for
PCL and PCL-ES100 for approximately 12 hours. Sample and reference tubes were then
placed firmly inside the Gemini 2380 instrument and dipped in liquid nitrogen. The air in the
tubes was displaced at the rate of 50-100 mmHg/min for 5 minutes, and full adsorption and

desorption isotherms were obtained at relative pressure (P/Po) from 0.05 to 1.

The SSA of the particles was calculated with BET theory (equations 2.11 and 2.12) [142, 143]

as described below using the isotherm adsorption/desorption data;
1 c-1 P 1

= X —4+— E tion 2.11
Po VmC = Po + VmC quation
V-1

Where, P= partial vapour pressure of adsorbate gas in equilibrium with surface at 77.4 K
(boiling point of nitrogen) in pascals, Po= saturated pressure of adsorbate gas, in pascals, V=
volume of gas adsorbed at standard temperature and pressure (STP), Vm= volume of gas
adsorbed at STP to produce an apparent monolayer on the sample surface, in millilitres, and
C= BET constant that is related to the strength of adsorption of the adsorbate gas on the

powder sample.

A linear plot of 1/ [V (Po/P-1)] against P/Po results into the slope equal to C - 1/VmC and the
intercept of 1/VmC as determined by linear regression analysis. The value for Vm is

generated using these values, and SSA is calculated as shown in the equation below [143];

_Vm XN Xa

SA = X 22400 Equation 2.12

Where, SA= specific surface area (m?/g), N= Avogadro constant, a= effective cross-sectional
area of one adsorbate molecule (m?), m= mass of the sample (g), and 22400= volume

occupied by one mole of the adsorbate gas at STP (ml).

Additionally, using the nitrogen sorption isotherm, the pore volume and distribution were
determined by Barrett, Joyner and Halenda (BJH) model. BJH model uses the Kelvin
equation (equation 2.13) to relate the amount of adsorbate gas removed from pores of the
sample when the relative pressure (P/Po) is decreased from a high to low value [144].

0.333
Pore radius = ——a~ + 3.54 X <_—i> Equation 2.13
log(5) In(55)
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2.2.3 Attenuated total reflectance- Fourier transform infrared (ATR-FTIR)

spectroscopy

The ATR-FTIR spectra of core particles (silica and polymeric) were obtained using a
Spectrum Two FTIR spectrometer (Perkin Elmer, UK). Approximately 1 to 2 mg of the
particles were spread uniformly on the surface of a single reflection horizontal ATR accessory
with a zinc selenide (ZnSe) crystal, and adequate pressure was exerted on the sample using
the pressure-arm to ensure optimal contact. The spectra were collected from 4000 — 400 cm™
range in transmission mode. Approximately 16 scans were collected for each spectrum with a

spectrum resolution of 8 cm™.
2.2.4 Scanning Electron Microscopy (SEM)

SEM was performed in order to determine the shape and surface morphology of the core
particles. SEM analysis was carried out using a Hitachi SU8030 microscope (Hitachi High-
Technologies, UK) with an emission gun as its electron source, and resolution of 1.1 nm and
0.8 nm at 1 kV and 15 kV respectively. Approximately 1 mg of sample was placed on a SEM
stub using a carbon adhesive and the extra loose particles were removed by an air blower. The
sample was then coated with chromium under vacuum for approximately 5 minutes.
Thereafter the stub was mounted onto the sample holder and placed inside the microscope for
the collection of micrographs. Measurement parameters such as probe current, accelerating
voltage, detector type (lower or upper), and working distance (distance between the stubs to
the electron beam) were adjusted according to each sample to obtain the required micrograph.

2.2.5 Differential Scanning Calorimetry (DSC)

Thermal analysis for formulated polymeric nanoparticles was carried out using DSC Q2000
instrument (TA Instruments, UK) under nitrogen gas conditions. 3-5 mg of sample was placed
in an aluminium pan which was then sealed using a crimper. The sealed pans were placed
inside the DSC instrument and heated from 25 to 200 °C at a rate of 10 °C per minute. The

thermo-grams obtained were analysed by Star Evaluation software.

2.3 Stability studies for y-globulin

The stability of y-globulin was measured by either monitoring the change in its secondary
structure via CD spectroscopy or the absorption of UV-Vis by their peptide bonds via UV-Vis

spectroscopy. This was to ensure that the integrity of the protein will not be compromised
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during the adsorption process. Phosphate buffers of pH 5, 6, 7.4 and 9 were used to prepare
0.01 and 0.1 mg/ml concentrations of y-globulin and stirred in a 10 ml volumetric flask at 250
rpm for 5 hours. UV-Vis and CD analysis were carried out after collecting samples at 0, 1, 2,
3, 4 and 5 hours to study the conformational changes due to continuous stirring at room
temperature (23 = 2 °C).

2.3.1 Preparation of phosphate buffer solutions

Phosphate buffers with a range of pH values between pH 5 and pH 9 were selected to better
understand the effect of pH on y-globulin immobilization onto core particles. The buffers
were prepared by mixing 0.133 M disodium hydrogen phosphate (Na,HPQO,) and 0.133 M
potassium hydrogen phosphate (KH,PO,) as described in Table 2.5 [145]. The pH was
adjusted when necessary using small aliquots of either hydrochloric (HCL) or sodium
hydroxide (NaOH).

Table 2.5: Phosphate buffer preparation [145]

pH Na;HPO,4 (ml) KH,PO4 (ml)
5 2.0 98.0
6 12.0 88.0
7.4 77.4 22.6
9 95.0 5.0

2.3.2 UV-Vis spectroscopy

UV-Vis analysis on y-globulin solutions was performed with a Cary 100 UV-Vis spectrometer
(Agilent Technologies, UK). Protein samples (0.1 and 0.01 mg/ml) were prepared in
phosphate buffer at the desired pH and monitored for 5 hours using UV-Vis spectroscopy.
Analysis was carried out using a matched pair of quartz cuvette of 10 mm optical path length.
The spectra were recorded in the range of 200- 800 nm wavelength at 20 °C in order to collect

absorbance values at 204 and 278 nm. All experiments were carried out in triplicate.
2.3.3 CD spectroscopy

Using a Chirascan qCD spectrometer (Agilent Technologies, USA), the CD spectra for y-
globulin solutions was obtained to study their secondary structure. 0.1 mg/ml protein solution
was prepared in phosphate buffer at the desired pH. Analysis was carried out with a matched

pair of rectangular quartz cells of 1 mm optical path length under nitrogen gas conditions. The
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spectra of dissolved protein and matching fresh buffer solution were recorded as a
measurement of four repeats in the range of 180-260 nm wavelengths at 20 °C with a time
per-point of 2.5 seconds. The data for the protein was obtained by subtracting the spectrum of
the buffer from that of the protein solution.

2.4 1so-electric point (IEP) determination

The zeta-potential vs pH profiles of appropriate samples were obtained by performing titration
experiments with a Malvern MPT-2 autotitrator (Malvern Instruments Ltd, UK). The IEP of
y-globulin, point of zero charge for pure silica and y-globulin-adsorbed silica particles were
determined at 25 °C using 0.3 M NaOH and HCI as titrants. 0.1% solutions/suspensions of y-
globulin/core/protein-adsorbed particles were prepared in water, and the samples were stirred
for the whole duration of the experiment. Zeta-potential values were mostly measured
between pH 1 to 12. The pH range and pH increments (between 1 and 2) were assigned to the
instrument. The volume of acid or base needed to achieve the required pH value was
calculated automatically by the titrator before taking a measurement. IEP was determined by

plotting a graph of pH against obtained zeta-potential values.
2.5 Adsorption studies for y-globulin

This section details standard methods used for the adsorption of y-globulin onto suitable core

particles (commercially purchased silica and formulated polymeric particles).
2.5.1 Maximum y-globulin adsorption studies

The adsorption of y-globulin on silica particles were performed at pH 5, 6, 7.4 and 9 while
protein immobilization on PCL and PCL-ES100 systems was carried out in pH 5 and 6
phosphate buffer. Experiments were limited to pH 5 and 6 for polymeric systems due to their
reduced stability at higher pH values. The protein solutions (0.5- 24 mg/ml) were prepared
using phosphate buffers at the required pH (Table 2.5) and 10 ml of each solution was
transferred into a volumetric flask. The specific amount (50- 400 mg) of core particle was
then added to each flask and the contents were stirred at 250 rpm at room temperature (23 + 2
°C). The experiment was limited to four hours in order to protect the integrity of the protein.
After the specified time limit (4 and 2 hours for silica and polymeric systems respectively),
the supernatant was collected, filtered and evaluated by UV-Vis analysis. The maximum

amount of y-globulin adsorbed on the particles (mg/g) was calculated as follows;
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Provided there were no deviations from Beer-Lambert’s law, the amount of y-globulin in a
specific volume (mg/ml) at time, t, was calculated from equation 2.14, which is derived from
a linear regression plot of absorbance at 278 nm vs concentration of a set of known y-globulin
solutions (0.01 to 0.8 mg/ml).

y = 1.1189x + 0.0192 Equation 2.14

Where, y = absorbance at 278 nm, 1.1189 = slope, x = protein concentration (mg/ml), and
0.0192 = intercept.

The quantity of adsorbed protein (mg/g) was calculated using the following equation;
[C—Co]lxV+A Equation 2.15

Where, C = initial protein concentration (mg/ml), Co = protein concentration (mg/ml) at time,

t, V = volume of the sample (ml), and A = amount of adsorbent (g).

Following surface adsorption, freeze-dried y-globulin-adsorbed particles were prepared using
core particles at conditions that allowed for maximum y-globulin immobilization. Protein
solutions of 0.5, 1, 4, and 10 mg/ml concentration were prepared for y-globulin adsorption on
SaL, PCL-ES100, MSU-H, and Sxpp/ Sgp respectively in phosphate buffer at the required pH.
Amount of core particles as specified in section 2.5.2 was added to each of these solutions and
the mixture was stirred at 250 rpm for 2 to 4 hours at 23 + 2 °C. After the required time,
particles were separated from the medium by centrifugation at 3780 rpm for 5 mins. The
supernatant was decanted and the protein-adsorbed particles were freeze dried at -55 °C under
vacuum using a ScanVac CoolSafe freeze dryer (LaboGene ApS, Denmark). The freeze-dried
protein-adsorbed particles were further using BET and ATR-FTIR as described in section

2.2.2 and 2.2.3 respectively.
2.5.2 Kinetic adsorption measurements

The rate of protein adsorption against time was determined for each type of core particle at
the concentration which resulted in maximum y-globulin adsorption. Measurements were
carried out using 0.5, 1, 8, 10, and 18 mg/ml y-globulin concentrations for Sa., PCL-ES100
(1:3 ratio), MSU-H, Sxpp, and Sgp particles respectively at pH 6 and 7.4 for silica particles
and pH 5 for PCL-ES100. In eight separate volumetric flasks of 10 ml capacity, the protein
solutions and required amounts of particle (50 mg PCL-ES100, 200 mg MSU-H and 400 mg
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SaL/Sxpp/Skp) Were stirred at 250 rpm and UV-Vis analysis was taken for a period covering 2
hours for PCL-ES100 and 4 hours for all silica particles using time points of 15, 30, 45, 60,
90, 120, 150 and 240 minutes. The experiments were conducted at room temperature (23 + 2
°C) and absorbance values were recorded in triplicate. The amount of protein immobilized on
the particles (mg/g) was calculated using Equation 3.12 and was plotted against time

(minutes).
2.6 Drug release studies for uncoated particles

Protein release studies for uncoated y-globulin-adsorbed core particles were performed at two
different pH environments to understand the effect of pH on the rate of release. Experiments
were carried out at 37 + 2 °C in a temperature-controlled water bath in simulated intestinal
fluid (SIF/ phosphate buffer pH 6.8) and in phosphate buffer pH 7.4 with or without
surfactant. The SIF was prepared as described in section 2.6.1.

A fixed quantity of freeze-dried y-globulin-adsorbed particles [100 mg for Sgp and Sxpp, 200
mg for MSU-H, and 250 mg for PCL-ES100 (1:3 ratio)] was placed into a beaker containing
20 to 50 mls of either SIF/ pH 7.4 buffer alone or buffer and 0.1% surfactant [sodium dodecyl
sulfate (SDS)/Tween 80/pluronic F-127 (PF127)] . The contents were stirred at 250 rpm, and
the amount (mg/ml) of y-globulin desorbed from the core particles was determined by UV-Vis
analysis after 5, 15, 30, 45, 60, 90, 120, 150, and 240 minutes for silica particles, and at 1, 2
and 3 hours for PCL-ES100 system. Approximately 4 mls of sample was removed from the
beaker at each time-point and filtered before placing it into the spectrophotometer for
analysis. The total desorption media volume was kept constant by the addition of 4 ml of

fresh buffer after every withdrawal. All experiments were conducted in triplicate.

CD analysis of desorbed protein from the core particles was also carried out as per the method
described in section 2.3.3 to establish the integrity of the secondary protein conformation.

2.6.1 Preparation of simulated intestinal fluid

SIF (phosphate buffer pH 6.8) was prepared by adding 50 mls of 0.2 M monobasic potassium
phosphate and 22.4 ml of 0.2 M NaOH solutions in a 200 ml volumetric flask. Deionized
water was used to make up the volume to 200 ml [145].
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2.7 Coating of protein-adsorbed silica particles

The coating of y-globulin.adsorbed silica particles was carried out in scCO, via the deposition
of fatty acid melt onto these particles. The experiments were carried out in a RV (Thar
Process Inc., USA) using parameters determined by Trivedi et al [73]. FAs and parameters

used for this experiment are listed in Table 2.6.

Table 2.6: Parameters for particle coating [73]

Fatty acid Pressure (bar) Temperature ("C) Time (min)
Myristic acid (MA) 100 43 15
Palmitic acid (PA) 150 53 15

Stearic acid (SA) 150 60 15

For each coating experiments; a mixture of freeze-dried y-globulin.adsorbed particles and FA
(2:1 ratio for Sgp and Sxpp, 1:1 ratio for MSU-H) was placed in a beaker and introduced into
the high-pressure vessel. Liquid CO, was introduced inside the cell by a high-pressure pump
until the pre-determined pressure value (100 — 150 bar) was attained. The temperature of the
vessel was maintained at 43- 60 °C depending on the FA. The contents of the beaker were left
stirring at 100 rpm for the duration of the experiment (15 minutes). The system was
depressurized after 15 minutes at a rate of 8 bar per minute and sample was removed from the

vessel.
2.7.1 Drug release studies for coated particles

In-vitro release studies of y-globulin from FA coated Sgp, Sxpp, and MSU-H particles were
carried out in simulated gastric fluid [(SGF/ 0.1M HCI) pH 1.2], SIF (pH 6.8) and phosphate
buffer pH 7.4. Additional experiments were performed in SGF to investigate the enteric
properties of the shell formulation. Due to the sensitivity of y-globulin and the small
particulate nature of the formulated SCDDS, the conventional USP protocol for delayed
release preparations was difficult to use. Therefore, the method was slightly altered and two
beakers were used for the separate pH conditions instead of one. The required amount of
SCDDS formulation (200 mg for Sgp and Sxpp, and 400 mg for MSU-H) was taken in two
beakers containing 50 mls of 0.1% of PF127 in SGF/SIF/pH 7.4 buffer. Beaker A contained
the SGF while beaker B had either SIF or phosphate pH 7.4 buffer. The contents of beaker A

were stirred at 100 rpm for 2 hours before switching to beaker B. The readings were recorded

38



Chapter 2

after 15, 60 and 120 minutes for beaker A and after 135, 180, 240, 360, and 420 minutes for
beaker B. Approximately 4 mls of sample was removed at each time-point and filtered for
UV-Vis analysis. The total release media was kept constant by replacing with 4 mls after each
withdrawal. The experiments were carried out in triplicate in a thermostatic water bath at 37 +
2°C.

CD spectra for released protein molecules were carried out as described in section 2.3.3.
2.8 Protocol for determination of dissimilarity/ similarity factors

F1 (dissimilarity factor) and F2 (similarity factor) contrast was made between control
(uncoated particles) and various coated preparations in both SIF and at pH 7.4. The following

equations were used to obtain the required data for F1 and F2 [146];

_([Z1R: =Tl .
F1= {—[Z R, } x 100 Equation 2.16

-0.5
F2 =50 X 1og{[1 + (1/n)Z(Rt — Tt)z] X 100} Equation 2.17

Where n = number of time points, R; = % active pharmaceutical Ingredient (API) dissolved of

reference product at time point x, T; = % API dissolved of test product at time point x.
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Chapter 3
Polymeric particle formulation and characterization of core particles

This section discusses the formulation and characterization of polymeric nanoparticles along

with the physico-chemical analysis of commercially purchased silica particles.
3A. Polymeric particle formulation and characterization

The following sections provide a summary on the formulation of polymeric particles via
solvent extraction of emulsions. The influence of processing parameters (e.g. polymer and
surface concentration) on the preparation of nanoparticles is discussed with respect to particle
size, size distribution and surface charge. Further physico-chemical characterization of the

formulated particles via SEM, BET, and FTIR are also presented in this section.
3A.1 Aims and Objectives

The need to improve targeted delivery of therapeutic biomolecules into the body has led to an
increased interest in the development of various DDS including polymeric nanoparticles. The
adsorption/encapsulation of drug molecules on/in polymeric nanoparticles can provide
enhanced stability to the associated drug and a controlled delivery to target organs [100].
Therefore, for the immobilization of y-globulin, this work aimed to prepare polymeric
particles using PCL alone or in a combination with ES100 polymer. In this study, spontaneous
emulsification technique was employed as a processing technique for the formulation of nano-
emulsions. Subsequently, aqueous particles were recovered after extraction of the organic
solvent from the prepared biphasic system. The objectives of this work were to; (i) identify
the ideal parameters (i.e. polymer and surfactant concentration) for the preparation of
emulsions, (i) establish a suitable technique for the extraction of organic solvent particularly
focusing on the use of scCO,, and (iii) physico-chemical characterization of formulated

nanoparticles.
3A.2 Experimental

The methods for the preparation of PCL emulsions and extraction procedures are detailed in
sections 2.1.1 and 2.1.2 respectively. PCL-ES100 particles were prepared as described in
section 2.1.3. Procedures for particle size and zeta potential determination of aqueous particle
dispersions are detailed in section 2.2.1. The surface characteristics of formulated polymeric
particles were determined by nitrogen sorption measurements as described in section 2.2.2.
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The method for SEM analysis and ATR-FTIR is detailed in sections 2.2.4 and 2.2.3
respectively. In addition, to further understand the interactions between PCL and ES100,

thermal analysis was carried out on composite systems using DSC as detailed in section 2.2.5.
3A.3 Introduction

In spontaneous emulsification, droplet formation can occur by the addition of two immiscible
or partly miscible liquids that are not in equilibrium typically without the excessive need of
external energy (mechanical or thermal) [147]. The formation of nano-emulsions via
spontaneous emulsification mechanism using a water-miscible solvent is an established
method that allows for the generation of nano-sized droplets [148]. Nano-emulsions consist of
droplet sizes ranging between 100 nm to 600 nm. They can be prepared using a small
surfactant concentration and typically exhibit low oil-water interfacial tensions. The choice of
organic and aqueous phases in spontaneous emulsification determines the droplet size and
size distribution which depends on variables including bulk viscosity and surfactant
concentration [148 - 150]. In this work, the organic phase consisted of a homogenous solution
of the polymer in a water-miscible solvent with or without surfactant which is mixed with the

aqueous phase to produce nano-emulsions.

Although emulsification of polymer mixtures is known to be an efficient method, particle
recovery from resultant dispersion with conventional solvent extraction processes can lead to
the presence of solvent residues and agglomerates, and lack of control on particle size and
distribution [151]. Solvent extraction is typically performed by evaporation at atmospheric
pressure or under vacuum at temperatures near or equal to the boiling point of the associated
solvent. The extraction of organic solvent from the emulsion results in the formation of
aqueous dispersions of the nanoparticles which can then be recovered by either centrifugation
and/or evaporation of the aqueous vehicle [152]. In this work, polymeric nano-emulsions
were formulated by spontaneous emulsification followed by organic solvent extraction at
atmospheric pressure or using scCO,. At first, the efficiency of the solvent extraction process
at atmospheric or supercritical conditions was investigated, and then the effect of parameters
including polymer and surfactant concentration on the particles’ hydrodynamic diameter, PDI

and zeta potential was also determined for both PCL and PCL-ES100 particles.
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3A.4 Results and discussion

This section discusses the results obtained for the preparation and characterization of PCL and
PCL-ES100 particles.

3.1 PCL nanoparticles
This section covers the formulation and characterization of PCL nanoparticles.
3.1.1 Solvent extraction for PCL emulsions

Solvent extraction is required to remove organic solvent form an emulsion to obtain an
aqueous dispersion of fine particles. Ideally, the extraction technique should allow for
maximum product yield and be quick, cheap, simple, and environmentally friendly with little
or no toxic waste [153]. SFEE is a novel particle formation technique where it employs the
solvating power of a SCF such as scCO; to rapidly extract the solvent or oil phase of an
emulsion. The scCO, extraction process is highly selective for the rapid and efficient recovery
of hydrophobic components due to its non-polarity and high diffusivity [152, 154-155]. The
gas-like properties of scCO, allows it to rapidly diffuse into the sample, and its liquid-like
behaviour helps in dissolving large quantities of the organic solvent to be extracted. The
solvent and CO, mixture can be completely removed upon controlled depressurization [155].
The removal of the solvent leads to the precipitation of the solute resulting into an aqueous
suspension containing nanoparticles. Particles can thereafter be recovered from the aqueous
suspension by centrifugation and/or by evaporation of aqueous phase at room temperature
[152]. Particles generated via the SFEE process have ordered size and morphology because
the fast kinetics of the scCO, extraction prevents particle agglomeration. SFEE eliminates the
presence of solvent residues and the mild operating conditions can also make this process
favourable for thermo-sensitive materials [141, 155]. Solvent extraction for PCL
nanoemulsions was investigated as follows using either SFEE technique or under atmospheric

conditions.

Initially, the time and efficiency of acetone extraction at both atmospheric and supercritical
conditions were evaluated and compared along with the optimum CO, flow rate for complete
acetone extraction within an hour. The removal of acetone from the emulsions was found to
be faster at supercritical conditions than at atmospheric pressure. The rate of acetone
extraction from the organic phase during SFEE was evaluated at 40 £ 2 °C at 100 bar in

scCO,. These conditions (temperature and pressure) were selected to allow extraction below
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the melting point (59- 64 °C) of PCL polymer which was important to avoid possible particle
deformation due to the simultaneous melting of the polymer during extraction. Moreover, the
miscibility of acetone with scCO; at 40 °C/ 100 bar is also known to be very good which is
essential for the successful extraction of the solvent from nano-emulsion [156]. The flow rate
of CO, was varied between 1, 4, and 10 g/min to determine the optimal rate for complete and
fast acetone extraction. As presented in Figure 3.1, at a constant exposure time of 1 hour, the
acetone extraction from the emulsion increases with an increasing flow rate of scCO; and, the

complete removal of solvent was achieved at a CO, flow rate of 10 g/min.
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Figure 3.1: Acetone extraction via scCO, extraction

As discussed earlier, solvent extraction using scCO, takes place because of its ability to
diffuse into the emulsion and preferentially mix with comparatively non-polar acetone. The
rate of extraction is dependent on the availability of scCO;, to acetone which evidently
increases with the increasing flow rate of scCO,. High CO, flow rates allow for comparatively
large quantities of scCO, to be in contact with the emulsion and consequently the organic
phase resulting into faster organic solvent extraction [157]. The primary mechanism of
miscibility between acetone (Figure 3.2) and CO; is thought to be due to Lewis acid-base type
interactions between acetone’s carbonyl (C=0) group and CO; [158- 160]. Other mechanism
such as dipole-dipole interactions between CO; and the carbonyl group can also be suggested

as the reason for solubility of acetone in CO,[161].
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Figure 3.2: Structure of acetone

Acetone extraction at atmospheric pressure was also carried out at 40 £ 2 °C to obtain
comparative data at the same temperature used in SFEE. As shown in Figure 3.3, the
complete removal of acetone could only be obtained after 24 hours of continuous stirring at

atmospheric pressure.
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Figure 3.3: Acetone extraction at atmospheric pressure

wm B
60

0 30 1440

Moreover, the extraction at atmospheric pressure also led to the agglomeration of particles
(Figure 3.3, inset) consequently decreasing the total product yield. The gas-like viscosity of
scCO, coupled with high diffusivity facilitates the rapid and efficient extraction of acetone
without particle agglomeration in comparison to solvent extraction at atmospheric pressure at
the same temperature [162]. Extraction at atmospheric conditions was therefore discontinued
and SFEE was chosen as the preferred extraction method for the formation of PCL

nanoparticles.
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3.1.2 Influence of processing parameters on the formulation of PCL particles

This section discusses the parameters influencing the preparation of PCL nanoparticles via

SFEE with respect to particle size and surface charge.
3.1.3 Effect of PCL concentration on particle size and charge

In general, an increase in polymer concentration led to increase in particle size (Figure 3.4).
There was a gradual increase in particle size from approximately 190 nm at PCL 0.6% (w/w
in acetone) to 356 nm at 10% concentration. These findings are in line with previous work
done by Santos et al [163] and Kwon et al [164].
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Figure 3.4: The effect of PCL concentration on the average sizes before and after SFEE

Primarily, it is assumed that nanoparticle formation occurs when both the organic and
aqueous phases are in contact. The solvent diffuses from organic to aqueous phase and takes
along some polymer chains which are still in solution. Thereafter, as the solvent spreads
further into the aqueous phase, the accompanying polymer chains aggregate to form
nanoparticles [165]. A rise in the polymer content in the organic phase consequently
increases both its hydrophobic composition and viscosity which is relative to higher mass
transfer resistance. Hence, this leads to a negative effect on the distribution efficiency of
polymer-solvent composition in the external aqueous phase and the formation of larger
nanoparticles [164, 165].
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Figure 3.4 also shows a marked difference between the size before (droplet size) and after
(particle size) acetone extraction. The droplets containing PCL before the elimination of
acetone are always larger than the particles obtained after extraction. For example, at 0.6%,
the size reduces from 266 nm before extraction to 190 nm after the removal of acetone. This
could be due to the presence of voids in the polymer matrix of the emulsion droplets which
then collapse upon the extraction of acetone. It is well known that free spaces within the
polymer network caused by the presence of a solvent can cause particles to shrink and reduce
in size after drying [166].

The PDI of formulated nanoparticles at various PCL concentrations is presented in Table 3.1.

Table 3.1: PDI and Z-potential of PCL particles before and after extraction by SFEE

PCL concentration (% w/w PDI £ SD PDI £SD Z-potential (mV) + SD
in acetone) before SFEE after SFEE after SFEE
0.13+0.07 0.11+0.10 -10+1
0.19 +0.06 0.09 + 0.07 -12+1
0.09 +0.07 0.16 +£0.08 -15+2
0.17 +0.04 0.22 +0.04 24+1
0.23 +0.07 0.27 +0.04 -21+0
0.21+0.05 0.27 £ 0.02 24+1
0.21+0.04 0.25+0.02 -26+1

In general, the PDI was very low for all formulations, confirming that the prepared
nanoparticles are highly monodisperse and have narrow particle size distribution. A slight
increase in PDI was observed with the increase in polymer concentration and particle size.
This could be attributed to the increase in viscosity of the organic phase and possible
coalescence of smaller droplets into larger droplets at higher concentrations resulting in
comparatively broad particle size distribution [167- 168].

The particle surface charge was determined by carrying out zeta potential measurements using
a Zetasizer (section 2.2.1). The Z-potential values of PCL nanoparticles prepared with
different polymer concentrations are also presented in Table 3.1. Formulated PCL
nanoparticles contain net negative surface charge which can be due to the localization of C=0
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groups present in PCL at the surface of the nanoparticles. Table 3.1 also shows a shift in Z-
potential values with an increasing polymer concentration. The change in Z-potential can be
attributed to the shielding effect by the surfactant molecules at the interface due to interaction
with PCL. Therefore, as the polymer content increases at a constant surfactant concentration,
the number of Tween 80 molecules available at the interface decreases consequently resulting

in a reduced shielding effect and leading to a change in Z-potential [169].
3.1.4 Effect of surfactant concentration

To investigate the effect of surfactant concentration on the particle size, PDI and surface
charge, the surfactant content was doubled from 0.07 to 0.14 % (w/w emulsion) at a constant

polymer concentration. The aqueous-to-organic phase ratio was maintained at 2.5:1 as before.

Similar to earlier observations, an increase in droplet sizes with the rise in polymer

concentration was observed as shown in Figure 3.5 below;
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Figure 3.5: Droplet sizes of PCL emulsions made with 0.07 or 0.14% Tween 80

Furthermore, an increase in surfactant amount (0.14%) led to smaller droplet sizes when
compared to samples prepared with 0.07% Tween 80. The size range obtained at 0.07% (266
+ 20 — 549 + 68 nm) reduced to 278 (x10) — 473 (x2) nm at 0.14% Tween 80. This result was
in line with the findings from the work done by Goloub and Pugh [170]. The positive effect of
a higher Tween 80 concentration on droplet size can be easily related to its role in the
emulsion. A low concentration of surfactant in the emulsion and consequently at the solvent-

water interface would mean that there were not enough surfactant molecules to cover the
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surface of drops, resulting in coalescence of droplets and increase in size. An increase in the
surfactant concentration would therefore result in a higher number of surfactant molecules

present at the interfacial layer promoting the formation of smaller droplets [171].

Similarly, there was a reduction in size after acetone extraction by SFEE, with the sizes
increasing with the rise in PCL concentration as presented in Figure 3.6.
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Figure 3.6: Size of PCL particles made with 0.07 or 0.14% Tween 80 after SFEE

Figure 3.6 also shows that higher surfactant concentration led to decrease in particle size and
standard error. A particle size range of 165 + 7 nm to 331 £ 15 nm was obtained at 0.14%
Tween 80 in comparison to 190 + 39 nm to 356 + 40 nm at 0.07% concentration. This result
was in accordance to that reported by Mu and Feng [172]. The reduction in size can be
anticipated from the role of surfactant as an emulsion stabiliser during the formation of

nanoparticles [173].

Similar to previous results, the PDI recorded for samples with higher surfactant concentration
(Table 3.2) were very low (0.09 to 0.26) indicating that the formulated nanoparticles have

narrow particle size distribution.
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Table 3.2: PDI and Z-potential of PCL nanoparticles before and after SFEE for 0.14% Tween

80 samples
1 0.14 +0.05 0.19+0.04 -17+ 3
2 0.09 £ 0.04 0.14 + 0.07 -19+3
4 0.14 +0.08 0.19 +0.08 -22+2
6 0.16 + 0.06 0.22+0.12 -25+3
8 0.19+0.04 0.26 +0.09 -29+3
10 0.19 +0.06 0.24 +0.05 -29+3

Z-potential measurements (Table 3.2) were also determined on the 0.14 % (w/w emulsion)
Tween 80 samples to understand the effect of the increase in surfactant concentration on the
surface charge density, and just like earlier results these values increased with the polymer
concentration (-14 to -29 mV). However, Z-potential values for samples prepared with high
surfactant content (0.14%) did not differ significantly in comparison to the 0.07% Tween 80

samples.
3.1.5 Effect of polymer to surfactant ratio on particle size

Previously, the PCL to Tween 80 w/w ratios ranged between 1.3:1 and 32:1 at 0.07 and
0.14% Tween 80. To further study the effect of varying surfactant/polymer content on
nanoparticle size at a constant PCL concentration, the amount of Tween 80 was altered to
prepare emulsions with polymer-to-surfactant weight ratios of 1:1, 2:1, 4:1, 8:1 and 16:1. The
aqueous to organic phase ratio was kept constant to 2.5:1 for all preparations. Results
obtained for droplet and particle sizes (Figures 3.7 and 3.8 respectively) were in line with
previously discussed findings where at a constant polymer-to-surfactant weight ratio,

increasing polymer concentration led to the formation of larger particles.
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Figure 3.7: Mean emulsion droplet size at a varying PCL-to-Tween 80 ratio

Similarly, there was also a reduction in size observed after SFEE in comparison to droplet
sizes before acetone extraction. For example, samples prepared with 0.6% PCL (2:1 PCL-
Tween 80) led to the formation of 190 nm particles after the extraction of acetone from their
resulting emulsion which contained droplets of 266 nm.
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Figure 3.8: Mean particle size after SFEE at a varying PCL-to-Tween 80 ratio

Interestingly, 1:1 w/w ratio samples have noticeably higher particle size (> 500 nm) in
comparison to the rest of the data sets. This could be attributed to the depletion effect from
non-adsorbing Tween 80 micelles at such high surfactant concentration [174]. The presence

of free micelles at high surfactant concentrations can cause increase in osmotic pressure in the
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liquid surrounding the particles to an extent which can result in droplet/particle destabilization

and aggregation [175].

It is also important to note that the error associated to the particles prepared with 1:1 w/w ratio
is also very high in comparison to other formulations which suggest flocculation/aggregation
of prepared particles. There were minimal changes in particle sizes at polymer-to-surfactant
weight ratio from 16:1 to 2:1 w/w where sizes ranging from 150-350 nm with narrow
distribution were reproducibly obtained. These results confirm that particles of different size
and size distribution could be obtained by fine-tuning the preparation conditions such as
polymer and surfactant content.

The PDI recorded (Appendix A.1) for these formulations ranged between 0.03 + 0.02 to 0.37
+ 0.05 indicating that these particles have narrow size distribution. There was no trend
observed with the change in polymer to surfactant w/w ratio. However, particles prepared
with higher PCL concentrations (6 to 8 mg/ml) generally resulted in higher PDI values
(>0.20) in comparison to lower PCL amounts. As previously discussed, this occurrence could
be associated with the rise in viscosity of the organic phase as the amount of polymer
dissolved in acetone increases. Also, there is the possibility for smaller droplets to merge into
larger droplets at increased polymer concentrations resulting in comparatively broad particle
size distribution [167, 168].

Generally, at a constant PCL to surfactant ratio there was a considerable increase in zeta-
potential values (Appendix A.1) as the polymer concentration increased from 0.6 to 4%. This
increase in surface charge was more evident at lower polymer/surfactant ratios. The zeta-
potential value appeared to remain stable with increasing polymer concentration on particles
prepared with high PCL/Tween 80 ratios. Furthermore, particles formulated with high
polymer concentration (6 to 10%) always contained similar surface charge irrespective of the
ratio between polymer and surfactant. The negative charge on these particles could be
associated to the localization of C=0 group present in PCL. Therefore, an increase in zeta-
potential value can be expected with the rising polymer concentration and variations in

shielding effect provided by surfactant molecules at the interface [169].

The PCL nanoparticles were further characterized as follows to evaluate their surface

morphology and properties.
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3.1.6 Structural and surface characterization of PCL particles

The following sections discuss investigations regarding the structural and surface

characterization of PCL particles prior to the adsorption of y-globulin.
3.1.7 Specific surface area and porosity for PCL particles

This section discusses data obtained for the surface characterization of PCL particles with
regards to their porosity and SSA. The plot for adsorption and desorption of nitrogen
molecules onto/from freeze-dried PCL particles is shown in Figure 3.9. The isotherm for PCL
particles can be classed as an intermediate to the Brauner-Derming-Derming-Teller (BDDT)
reversible Type | and Il isotherms without the presence of a hysteresis loop indicating that

these particles are nonporous in nature [176, 177].
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Figure 3.9: Nitrogen sorption isotherm for PCL particles at 1% w/w

The International Union of Pure and Applied Chemistry (IUPAC) classification of various
types of physisorption isotherms are shown in Figure 3.10a. Type I, II, 11l and VI isotherms
are commonly observed with non-porous particles, while the presence of hysteresis loop in
Type IV and V is associated with porous materials [176- 178]. The adsorption hysteresis loop

of Type IV and V isotherms can be classed into four types as presented in Figure 3.10b.
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Figure 3.10: Types of (a) physisorption isotherms, and (b) hysteresis loops

The shape of the hysteresis loop is widely known to correlate to pore structures including pore
size distribution, pore geometry and connectivity, of mesoporous materials. Type H1 is
usually related to porous materials that have agglomerates or distinct cylindrical-like pore
channels of nearly uniform spheres, while Type H2 represents materials that are normally
disordered where pore size distribution and pore shape is not well defined. The Type H3 loop
is seen with aggregates of plate-like particles consisting of slit-shaped pores. Likewise,
materials with narrow slit-like pores are linked to the Type H4 loop but its Type | isotherm

character typically suggest that associated materials are microporous [176, 177].

The pore volume and diameter of the PCL particles (1% w/w acetone) as determined by BJH
model were recorded as 0.04 ml/g and 19.1 nm respectively. There was no further change to
the isotherm or improvement in the particle pore volume and size with the increase or
decrease in polymer concentration. With regards to the BET, it is known that SSA can be
influenced by the particle size with a likely decrease in the area as the size increases [179-
181]. However, there was no significant difference in the SSA obtained for formulated
particles with respect to particle sizes. For example, PCL particles prepared with 1, 4 and 6%
w/w polymer resulted in particles of ascending sizes but had SSA of only 11, 13 and 7 m/g
respectively. It is possible that the increase in size had almost no effect on SSA due to
similarities in or lack of porosity in the PCL particles. The surface characteristics were further

evaluated by SEM analysis as described in section 3.1.8.
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3.1.8 Surface morphology and particle shape of PCL particles

SEM micrographs were collected using chromium-coated freeze-dried PCL nanoparticles in
order to investigate the shape and surface morphology of these preparations and example of

micrographs of particles prepared by SFEE are shown in Figure 3.11.

(@)

Figure 3.11: Example of SEM micrographs of PCL particles processed by SCF at (a) 0.6 and
(b) 10 %w/w

From the micrographs, it can be observed that the particles are generally spherical and
uniform. Additionally, there were no visible signs to indicate the presence of pores at the
surface of these particles, thereby confirming the BET results that they are non-porous in
nature. However, when compared to the size data obtained with DLS, the SEM micrographs
show the presence of possible PCL micro-particles. The variations between SEM and DLS
results could likely be linked to measurement limitations of the DLS instrument. During size
analysis with the zetasizer, larger particles have a tendency to sediment faster, and therefore

less likely to be detected by the instrument.
3.1.9 ATR-FTIR analysis of PCL particles

The structural features of the PCL particle surface were investigated by ATR-FTIR analysis
and a representative spectrum is presented in Figure 3.12. As expected, there were no
differences observed to the spectrum with an increase in PCL concentration. Typical IR bands
relating to the stretching modes of functional groups in PCL can be observed at 1239 cm™
(asymmetric C=0=C), 1293 cm™ (C-O and C—C in crystalline phase), 1721 cm™ (C=0), 2865
cm™ (symmetric CH,), and 2943 cm™ (asymmetric CH,). The bands representing CH.
bending can be found at 1471, 1397, 1366 cm™ [182, 183].
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Figure 3.12: ATR-FTIR spectrum for PCL particles (1% w/w)

In addition to these polymeric systems, PCL and ES100 composite particles were also

prepared and evaluated as discussed in the following sections.

3.2 PCL-ES100 particles

This section covers the formulation and characterization of PCL-ES100 particles.
3.2.1 Solvent extraction for PCL-ES100 particles

Unlike the PCL particles, solvent extraction of PCL-ES100 emulsion carried out at studied
scCO;, conditions (> 100 bar and 40 °C) did not result in a comparatively efficient method.
The scCO, extraction resulted in 60-70% of residual solvent after 5 hours of stirring and
continuous flushing with CO, at 10 g/min flow rate. This could be attributed to the fact that
PCL-ES100 system consists of a mixture of solvents (ethanol and DCM) with a lower
aqueous to organic phase ratio (~ 1:1). This consequently larger volume of solvent in
comparison to PCL emulsion comprising only acetone with a 2.5:1 aqueous to organic phase
ratio could require much longer time to achieve 100% extraction. However, polarity
difference between ethanol and acetone must also be considered as preferential solubility of
non-polar materials in scCO, is an important factor in the success and efficiency of the
extraction process [125, 126]. A better interaction between CO, and acetone can be expected
as acetone is less polar than ethanol [184], consequently leading to its complete removal from
the emulsion. SFEE procedure with PCL-ES100 may be improved by increasing the solvating

power of CO, through varying pressure, temperature, and/or flow rate [120, 121].
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The complete removal of solvent from the organic phase of PCL-ES100 emulsions was
achieved under atmospheric conditions at 40 °C in 8 to 12 hours and formulated particles

were characterized as follows.
3.2.2 Influence of processing parameters on the formulation of PCL-ES100 particles

This section discusses the parameters influencing the preparation of PCL-ES100 nanoparticles

via solvent evaporation of emulsions with respect to particle size and surface charge.
3.2.3 Effect of polymer ratio on particle size

PCL-ES100 nanoparticles were formulated with various ratios of PCL to ES100 polymer (1:2,
1:3, 1:4, and 1:5) to evaluate the effect of addition of ES100 to the polymeric system for
protein delivery. The preferential solubility of ES100 at/ or above neutral pH (> 7) makes it
desirable for the design of a DDS that can allow for targeted release of a drug in the lower G.I
tract (small intestine) [116]. Therefore, they can potentially stabilize formulated SCDDS
against acidic degradation in the stomach. There is also evidence that the presence of ES100
polymer in the PCL system can control the burst release effect typically seen with the latter
[106].

The sizes for aqueous dispersions of PCL-ES100 particles after solvent extraction are

presented in Figure 3.13.
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Figure 3.13: Hydrodynamic size of formulated PCL-ES100 nanoparticles

56



Chapter 3

PCL-ES100 nanoparticles were successfully produced by solvent extraction of their resulting
emulsion and unlike the PCL systems there is no correlation between size and increase in
polymer content. The sizes ranged from 184 to 199 nm with the smallest particles obtained
with 1:3 (PCL-ESQO) ratio.

Similar to PCL particles, the PDI (Table 3.3) for these systems was also low indicating that

they have narrow particle size distribution.

Table 3.3: PDI values for PCL-ES100 nanoparticles

1:2 0.21 +0.02
1:3 0.19+0.03
1:4 0.18 £0.03
1:5 0.14 +£0.03

Interestingly, addition of ES100 to the PCL systems led to the generation of particles with
comparatively smaller range sizes i.e. going from approximately 170- 356 nm for pure PCL
nanoparticles to 180- 199 nm for the composite systems. This trend was also observed by
Seremeta, et al and it is suggested that the ES100 polymer acts like a surfactant creating a
stabilizing effect on the resulting nano-emulsions to allow for the formation of smaller-sized
particles [106]. Although, it is also worth considering that the polymer content for the PCL
emulsions (0.089 to 1.415 g) exceeds that for PCL-ES100 systems (150 to 300 mg).

3.2.4. Effect of polymer ratio on surface charge

The zeta-potential values recorded for aqueous dispersions of PCL-ES100 particles after

solvent extraction are presented in Table 3.4.

Table 3.4: Zeta-potential values for PCL-ES100 nanoparticles

1:2 -36+6
1:3 -37+6
1:4 -39+ 10
1:5 -36 6
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Like the data obtained for their particle size, there was no correlation between the increasing
polymer content and surface charge for PCL-ES100 systems. The zeta-potential values for
these particles were similar ranging from -36 to -39 mV. The negative surface charge
recorded could be attributed to the presence of localized C=0O groups from either the PCL/

ES100 polymer or a combination of both at the particle surface.

The interactions between PCL and ES100 were further investigated by structural and surface

analysis as described in the following sections.
3.2.5 Structural and surface characterization for PCL-ES100 particles

The following sections discuss analysis relating to the structural and surface characterization

of PCL-ES100 particles before protein adsorption.
3.2.6. Specific surface area and porosity for PCL-ES100 particles

The BET isotherms for nitrogen sorption on PCL-ES100 particles at varying polymer ratios
were obtained to study their porosity. As presented in Figure 3.14, the recorded BET isotherm
can be classed as intermediate to the reversible Type | and Il isotherms without the presence
of a hysteresis loop thereby indicating non-porosity [176, 177]. Similar to the data observed
with PCL particles, there was no change to the curvature of the isotherm with the varying

polymer content used for the preparation of PCL-ES100 systems (Appendix A.2).
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Figure 3.14: Nitrogen sorption isotherm for PCL-ES100 (1: 2 ratio) particles
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A summary of the surface characteristics for PCL-ES100 particles at the varying polymer
ratios is presented in Table 3.5 and aside from the results for 1:2 ratio, there is generally a

slight increase in the SSA, pore volume and diameter with rising ES100 ratio.

Table 3.5: Summary of surface characteristics for PCL-ES100 particles

PCL-ES100 ratio 1:2 1:3 1:4 1:5

69 44 53 117

26 20 26 33

0.10 | 0.06 | 0.08 | 0.18

19.1 | 16.7 | 16.0 | 23.9

The quantity of adsorbed nitrogen at the ratio 1:5 is approximately 1.5 times higher than that
of nanoparticles prepared with 1:2 ratio. This could simply be due to slight variation in

particle size which also follows the same trend i.e. 1:5>1:2>1:4 > 1:3.

In addition to the particle sizes, an increase in ES100 content may also contribute to the
differences observed in the particle characteristics. A study by Mahalingam and
Krishnamoorthy investigating the development of camptothecin-loaded ES100 nanoparticles
found an inverse relationship between SSA and the ES100 concentration used for particle

preparation [179].

The surface characteristics of the formulated PCL-ES100 particles were further analysed by

SEM as discussed in the following section.
3.2.7 Surface morphology and particle shape of PCL-ES100 particles

SEM was employed to visually study the surface morphology and particle shape of the
prepared PCL-ES100 systems, and the micrograph collected is shown in Figure 3.15.
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Figure 3.15: SEM micrograph for PCL-ES100 particles

Similar to PCL particles, the micrograph for the formulated PCL-ES100 systems show that
they are spherical and have uniform size distribution. Although, the micrographs also suggest
the presence of large agglomerates made up of the small individual PCL-ES100 particles

which could have occurred either during the solvent extraction or drying steps.

The structure of the PCL-ES100 nanoparticles was also studied through ATR-FTIR analysis

as discussed in section 3.2.8.
3.2.8 ATR-FTIR analysis of PCL-ES100 particles

The structural characteristics of formulated PCL-ES100 particles were studied by ATR-FTIR
analysis and the spectra recorded are presented in Figure 3.16. As observed in Figure 3.16, the
spectra for pure PCL and ES100 polymer are quite similar with respect to the types of
functional groups present in their structure. While the groups present in PCL are identical to
those previously described for the PCL nanoparticles, the spectra of ES100 show the
characteristic carbonyl vibrations of its ester group at approximately 1726 cm™ [106, 185].
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Figure 3.16: ATR-FTIR spectra for (A) PCL and (B) ES100 polymer, (C) PCL-ES100 (1: 2)

nanoparticle

The spectrum recorded for PCL-ES100 nanoparticle was very similar to that of ES100
polymer showing lack of any major shift in wavenumber or functional groups. This suggests
that the ES100 polymer is possibly acting as a surface coating for PCL particles rather than
physically interacting with PCL when both materials are mixed together [186]. There was no
change to their ATR-FTIR spectrum with the rising ES100 content for the PCL-ES100
systems (see Appendix A.3).

The interactions between PCL and ES100 were further investigated by thermal analysis as

discussed in the following section.
3.2.9 Thermal analysis of PCL-ES100 particles

The thermal analysis of PCL-ES100 particles was carried out by DSC and thermogram
recorded for polymer ratio 1:2 is shown in Figure 3.17. There was no difference observed
with the varying PCL to ES100 ratios (Appendix A.4).

61



Chapter 3

: PCL
f PCL ES100
-2 - w
-4 -
L
=,
= 8
=
3
)
=Bt
-10 -
v T v T v T T T T T
20 40 60 80 100 120
Temperature (°C)

Figure 3.17: DSC thermograms for PCL polymer and PCL-ES100 (1:2)

As noted in Figure 3.17, the thermogram for untreated PCL showed an endothermic peak due
to its crystalline nature at approximately 70 °C whereas a broad peak can be visible for ES100

polymer (Figure 3.18) at around 90 °C.
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Figure 3.18: DSC thermogram for pure ES100

The recorded peak value for untreated PCL differs slightly from those quoted in literature (60-
62 °C) which could possibly be as a result of a difference in purity of the analysed samples
[187, 188]. For pure ES100 there were two endothermic peaks with the first (below ~ 100 °C)
representing dehydration of the polymer. The second peak signifies possible start of the
polymer degradation as the decomposition of ES100 above 200 °C is reported by various
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groups in the past [189- 192]. Nevertheless, a melt peak at 62 °C (Figure 3.17) for PCL-
ES100 particles confirms the presence of PCL in these systems. The slight shift in the melting
temperature of PCL could be due to the presence of ES100 in the composite particles and may
also suggest physical interactions between PCL and ES100.

The appropriateness for the prepared PCL and PCL-ES100 systems to allow for y-globulin

adsorption will be discussed in chapter 5.
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3B. Characterization of silica particles

The following sections cover the surface and structural characterization of commercially

purchased silica particles listed as Sar, Sxpp, Ske, and MSU-H in section 2A.
3B.1 Aims and Objectives

For the successful preparation of SCDDS, part of this work was largely focused on
identifying suitable core particles for the immobilization of y-globulin. Hence, in addition to
formulated polymeric systems, four different types of silica particles were commercially
purchased to determine their suitability for protein adsorption. The following work was
carried out to better understand the structural and surface properties of these purchased
materials. This included SEM, ATR-FTIR, and BET analysis of the silica particles.

3B.2 Experimental

Skp, Sxpp, SaL and MSU-H were characterized similar to PCL and PCL-ES100 particles.
Methods related to BET, SEM, and ATR-FTIR analysis are detailed in sections 2.2.2, 2.2.4,
and 2.2.3 respectively.

3B.3 Introduction

The growing interest in the use of solid core particles, particularly mesoporous silica
materials, for drug delivery is attributed to their favourable properties including chemical and
thermal stability, biocompatibility, and biodegradability [193]. In addition, the strong Si-O
bond in silica makes them less likely to undergo degradation that can occur because of
mechanical or thermal stress during DDS design [193]. The distinctive structure of
mesoporous particles consisting of a solid framework with porous structures and large surface
area can enable the effective absorption/immobilization of drug molecules, and the
subsequent controlled release of absorbed/adsorbed drug at target organ sites in the body
[193, 194]. Moreover, the particle size and surface properties of the mesoporous structures
can be fine-tuned during their synthesis to improve drug loading capacity [193, 194].
Furthermore, the presence of silanol groups provides an opportunity for surface
functionalization with different substances (such as stimuli-responsive materials) to enhance
the targeted delivery of drug substances [193]. The structural and surface characterization of
the silica particles of interest for this research is described as follows.
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3B.4 Results and discussion

This section discusses the results obtained for the structural and surface characterization of
SaL, Sxop, Sep, and MSU-H particles.

3.3 Specific surface area and porosity for silica particles

The surface porosity of silica particles was investigated by nitrogen sorption experiments and
the recorded BET isotherms are presented in Figure 3.19.
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Figure 3.19: BET isotherms for (a) Sgp, (b) Sxpe, (C) SaL, and (d) MSU-H particles

The isotherm for Sgp, Sxpp and MSU-H can be classed as a Type IV due to their characteristic
H1 hysteresis loop (Figure 3.10), thus suggesting that they are mesoporous (pores of widths
between 2 and 50 nm) in nature. Like the Type Il isotherm, the first part of the Type IV curve
signifies a monolayer-multilayer adsorption in nature [176, 177]. The shape of the hysteresis
loop is widely known to correlate to pore structures including pore size distribution, pore
geometry and connectivity, of mesoporous materials. Type H1 is usually related to porous
materials that have agglomerates or distinct cylindrical-like pore channels of nearly uniform
spheres [176, 177]. On the other hand, the lack of hysteresis and the reversible Type Il
isotherm for Sp. indicates that they are generally nonporous [176, 177]. Additionally, the
amount of nitrogen adsorbed (260 cm®/g STP) onto the surface of Sa. was lower than that
recorded for Sep, Sxpp, and MSU-H (892, 996, and 651 cm®/g STP respectively) indicating
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that the Sa. particles have a reduced adsorption capacity for nitrogen when compared to the

other three materials.

The SSA calculated by BET theory along with the pore volume and diameter deduced by BJH

model for these silica particles are presented in Table 3.6.

Table 3.6: Summary of surface characteristics for Sgp, Sxpe, SaL, and MSU-H particles

Silica particle SFP SXDP SAL MSU-H

892 | 996 | 260 651

289 258 767 782

135 | 144 | 0.40 0.99

19.1 | 22.2 2.5 5.7

The SSA for MSU-H and Sa_ particles were similar at 782 and 767 m?/g respectively
whereas, the SSA of Sgp and Sxpp Was comparable at 289 and 258 m?%/g respectively. The
variations in the SSA resulted in a difference in the amount of adsorbed of nitrogen between
the silica particles where higher quantities were adsorbed by both Sgp and Sxpp in comparison
to MSU-H and Sa.. The pore sizes and volume followed an ascending trend of Sa. < MSU-H
< Sgp < Sxpp Which is also similar to that for the quantity of nitrogen adsorbed to the surface
of the particles. The surface characteristics of the silica particles were further analysed as

described in section 3.4.
3.4 Surface morphology and particle shape of silica particles

The micrographs collected for Sgp are presented in Figure 3.20 and indicate that they are
irregularly shaped and exist as agglomerates with interlocking pores and large volume of void
spaces. The presence of the pore structures in the micrograph confirms the results of BET
individual BJH analysis. Micrographs also suggest that large agglomerates containing

individual particles are of the size ranging from 100 to 162 nm.
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Figure 3.20: SEM micrographs for (a) Sgp particles at x8k (b) Sgp particles at x4.50k

The micrographs for Sxpp particles (Figure 3.21) show that they exist both as singular
particles and as irregularly-shaped clusters with interlocking pore and void spaces in between
the clusters. These images also confirm the BET results regarding the porous nature of the
Sxpe particles. The findings suggest that these particles may vary in size from each other, with

an estimated size range of 7 to 14 pum.

i (b)
Figure 3.21: SEM micrographs for (a) Sxpp particles at x500 (b) Sxpp particles at x1.5k

Like the Sgp and Sxpp particles, the micrographs collected for Sa. (Figure 3.22) confirm the
BET results that they are non-porous in nature as it shows that these particles exist
independently from each other with no presence of aggregates or interlocking pores. Also,
like the Sgp and Sxpp particles, these particles are irregularly-shaped. The estimated particle

size range for Sa_ was between 120 to 140 um.
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(a) 3 0kV 13.2m ( 1 oomml (b) Uo OkV 12.£ ':- ) trent ?o‘sufn :
Figure 3.22: SEM micrographs for (a) Sa. particles at x30 and (b) Sa. particles at x250

The SEM micrographs for MSU-H particles (Figure 3.23) indicate that the particles are alike
in structure and do not exist independently from each other. The MSU-H particles exist as
clusters with signs of void spaces in between the particles. There is minimal variation in the

measured particle sizes with the size ranging from 1 to 2 um.

Figure 3.23: SEM micrographs for (a) MSU-H particles at x5k and (b) MSU-H particles at
x1.5k

Further structural characterization of the silica particles was carried out by ATR-FTIR

analysis and is discussed in section 3.5.
3.5 Structural analysis of silica particles

ATR-FTIR analysis was performed to study the structural properties of the silica particles and

the spectra collected are presented in Figure 3.24.

69



Chapter 3

iii

801

35

EX
1074 F 454

T T v T v T v T v T v T v T v T L 1
4000 3600 3200 2800 2400 2000 1600 1200 800 400

Absorbance (cm™)

Figure 3.24: ATR-FTIR spectra for (i) Sep (ii) Sxpp (iii) SaL and (iv) MSU-H particles

As expected, no differences can be observed between these materials. The absorption bands
near 1070 cm™ relate to stretching vibrations of Si-O bonds, while bands near 970 cm™
correspond to the presence of non-bonded Si-O". The bands at 800 cm™ are also related to
bending vibrations of Si-O bonds and that near 450 cm™ is attributed to bending vibrations of
O-Si-O bonds [195, 196]. The characterization of these silica materials indicate that they only
differ significantly in their surface properties which will be further explored with the

adsorption of protein in chapter 5.
3.6 Conclusion

Negatively-charged, spherical PCL and PCL-ES100 particles with uniform size distribution
were successfully formulated by solvent extraction of emulsions under either scCO, or
atmospheric conditions. The influence of polymer and surfactant content on particle size and
charge was particularly important for the preparation of PCL particles. The structural and
surface properties of the polymeric and silica particles were evaluated. In summary, the
identical structures of silica particles were seen in ATR-FTIR spectra, while, the presence of
ES100 and PCL in their resulting composite system was confirmed by ATR-FTIR and DSC.
Based on the nitrogen sorption data, Skp, Sxpp and MSU-H particles were determined to be
mesoporous in nature while Sa, PCL and PCL-ES100 particles are largely non-porous.
Although MSU-H and Sa. particles had the highest surface area (m?/g) when compared to Sgp
and Sxpp, they also had the lowest pore volume and diameter in relation to both silica

particles. The largest pore volumes and diameters were recorded for Sxpp and Sgp particles,
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with only slight differences between them. PCL and PCL-ES100 systems had the lowest
surface area and pore volume in comparison to the silica particles.

Following the data discussed in this chapter, these core particles (polymeric and silica) will

now be investigated for the adsorption of protein as discussed in Chapter 5.
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Chapter 4
Protein stability and Iso-electric point determination

This chapter covers preliminary stability studies for y-globulin and investigations for the IEP

of the protein.
4A. Protein stability

This section briefly discusses the analysis involved in monitoring the stability of y-globulin

before its adsorption on core particles.
4A.1 Aims and Objectives

Prior to the immobilization of protein on core particles, it was essential for this work to
establish the pH and agitation stability of y-globulin in the aqueous media. The following
studies were carried out to provide better understanding of the stability and robustness of -
globulin in a number of buffered solutions. This work also played an important role in

determining the ideal processing parameters for protein in the development of SCDDS.
4A.2 Experimental

The methods involved in this section for the CD and UV analysis of y-globulin are described

in section 2.3.
4A.3 Introduction

Proteins have a constant active conformation with the unfolded state being non-functional.
The secondary and tertiary structures of the protein molecule are considered to play an
important role in maintaining its overall active state [135, 197- 198]. Any changes to their
required/ native conformation may result in a decrease in biological activity and possible
aggregation. Additionally, y-globulins are classed as “soft” molecules that can easily undergo
conformational transitions in response to environmental changes such as pH, hence
monitoring conformational changes to the protein’s structure during DDS design is critical
[135, 197- 198]. Procedures for monitoring secondary structure are mainly spectroscopic or
physical techniques such as ATR-FTIR, CD, and UV-Vis analysis [198]. Few of the

commonly used techniques are briefly discussed as follows;
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(@) CD spectroscopy: this technique can be performed because polypeptides have optical
properties and so can interact in different ways with right- and left- circularly
polarized light [198, 199]. The optical characteristics of these molecules are due to
the presence of asymmetric centres of their component amino acids (except for
glycine). Conformational transitions of the protein are identified as changes in the
difference in the absorption of left- and right- circularly polarized light by the protein
molecules at the far-ultraviolet (UV) region (< 250 nm) [198, 199].

(b) UV-Vis spectroscopy: this technique is known to be the most convenient measure of
protein stability. The absorption of UV by various functional groups such as the
carbonyl group of peptide bonds (190-210 nm), disulfide bonds (250-300 nm), and
aromatic amino acids (250-320 nm) of the protein molecules result in absorption
peaks that can be used to monitor conformation transitions of the protein [198].
Although CD spectroscopy is far more relevant with respect to determining
conformational changes of proteins, but major conformational changes can also be
easily detected by UV-Vis spectroscopy.

(c) ATR-FTIR spectroscopy: this technique has the benefit of being able to monitor parts
of the protein structure in the solid state [198]. Proteins contain peptide/amide bonds
that can absorb infrared (IR) radiation allowing it to vibrate with bending and
stretching motions [8, 200]. As it requires more energy to stretch a bond than to bend
it, absorption bands for stretching vibrations are typically found in the 4000 to 1000
cm™ wavenumber region (or “functional group region™), while bands for bending
vibrations are typically found in the fingerprint region (approximately 1000- 400 cm’
1) [8, 200]. Among the absorption bands given by protein, the amide | band ranging
from wavenumbers of 1600 to 1700 cm™ (mainly due to C=0 stretching vibrations)
and amide 1l band (primarily because of N-H bending, and C-H stretching vibrations)
found between 1500 to 1600 cm™ are widely used to study conformational transitions
of the protein molecule [201, 202]. For instance, because the absorption frequency of
the amide | band depends on the three-dimensional configuration of the protein
structure, it shows up typically at 1650 cm™ for a-helix and at 1658 cm™ for a random
coil configuration [200].

ATR-FTIR and CD analysis were also carried out in this study to monitor any changes to

v-globulin conformation after immobilization on core particles and are discussed in

chapter 5.
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4A.4 Results and discussion

This section discusses the results for CD and UV-Vis analysis of y-globulin at pH 5, 6, 7.4

and 9 for 5 hours under continuous stirring at room temperature (23 + 2 °C).

4.1 UV-Vis spectroscopy

UV-Vis spectra y-globulin has two distinct peaks in the wavelength range from 200 to 300
nm. The first absorption peak in the region of 200 to 240 nm reflects the structural
conformation of the protein and results from the polypeptide backbone structure. The
aromatic amino acid residues of the protein give rise to the second absorption peak in the
region 250-300 nm [201]. Figure 4.1 presents a typical UV-Vis spectrum of y-globulin which

contains two distinct peaks at 204 and 278 nm. These were monitored during this study to

observe any conformational changes in the structure of y-globulin.

Absorbance (a.u)

T T T T T T T T T T T v T
200 300 400 500 600 700 800

Wavclength (nm)

Figure 4.1: Typical UV-Vis spectrum for y-globulin

The change of absorbance with time for y-globulin in phosphate buffer pH 5 is presented in

Figure 4.2.
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Figure 4.2: Plot of absorbance vs time for y-globulin solution in pH 5

There was no change at 278 nm with continuous stirring of protein solution for up to 5 hours

suggesting that the aromatic groups (such as phenylalanine, tyrosine and tryptophan) present

within the macromolecular structure are still in place [201, 203]. Absorbance values (0.55 —

0.60 a.u.) also remained constant at 204 nm for the first 4 hours with a slight increase between

4 and 5 hours. The increase in absorbance may indicate possible conformational changes to

the polypeptide backbone of the y-globulin structure.

Minor changes to the absorbance values were also observed at both 204 and 278 nm for y-

globulin solution in pH 6 buffer (Figure 4.3). These may suggest that denaturation may occur

to y-globulin if left stirring at pH 6 for longer than 3 hours.
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Figure 4.3: Plot of absorbance vs time for y-globulin solution in pH 6
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However, differences observed between the absorbance values for y-globulin solution at pH 5
and 6 can also be attributed to the minute variations in the starting sample concentrations and

may not necessarily signify denaturation.

The plot for absorbance against time for protein solution in pH 7.4 is presented in Figure 4.4.
A gradual increase in the initial absorbance at 204 nm (0.56 £ 0.02 a.u.) was observed with
continuous stirring for up to 5 hours (0.68 + 0.01 a.u.). The values at 278 nm remained

comparatively unchanged for the duration of the experiment.
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Figure 4.4: Plot of absorbance vs time for y-globulin solution in pH 7.4

There was also an increase in the absorbance at 204 nm as stirring time proceeded up to 5
hours for protein solution in pH 9 buffer.
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Figure 4.5: Plot of absorbance vs time for y-globulin solution in pH 9

76



Chapter 4

As presented in Figure 4.5 above, absorbance increased from 0.54 a.u. at 204 nm between 0
and 1 hour which then remained relatively stable up till 4 with a further increase towards the
end of the experiment. Meanwhile, the absorbance recorded at 278 nm remained
comparatively constant all throughout the experiment.

The minor variations in the absorbance observed at 204 and 278 nm with continuous stirring
of the aqueous y-globulin solution at pH 5, 6, 7.4 and 9 may suggest conformational changes
to the protein structure. This could be attributed to either or the combination of agitation stress
as a result of stirring and the pH of the aqueous solution [204]. With respect to mechanical
stirring of protein solutions, there is evidence that this process can generate adequate stress
required to overcome the stabilizing forces holding the protein structure together, leading to
conformational changes such as unfolding of the protein’s three-dimensional structure and
exposure of the hydrophobic structural regions to the aqueous environment [204- 206]. The
stirring stress provided in this work as a result of the procedure setup could also induce one or
more of the following events including; (a) interfacial effects between y-globulin and the
stirrer bar/ glass bottom of the volumetric flask, (b) local thermal effects because of the
friction between the stirrer bar and bottom of the flask, and (c) shearing [205, 206]. Agitation
stress can also lead to cavitation described as the rapid formation of spaces or bubbles within
the protein solution which can quickly breakdown and consequently produce shock waves,
highly turbulent flow conditions, higher pressures and temperature which may lead to the
production of hydroxyl and hydrogen radicals subsequently causing formation of protein
aggregates [205, 206]. However, lack of visual evidence of aggregation in the protein samples

suggests cavitation may not be the important mechanism in this case.

The solution pH is a major parameter in determining the rate of conformational change to the
protein structure [207- 210]. The pH dictates the type and distribution of surface charges on
proteins which consequently affects electrostatic intramolecular folding interactions and
intermolecular protein-protein interactions that help stabilize their three-dimensional
structure. Proteins are usually stable over a narrow pH range and may possibly unfold or
aggregate outside these values. They are heavily charged at extremes of pH (acidic or basic)
which increases the repulsive intramolecular and intermolecular interactions resulting in
partial/complete unfolding of the protein because of a lower electrostatic energy in the

unfolded state [204, 209- 210]. Hence, slight fluctuations in the absorbance values may
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signify conformational changes but these differences may have also occurred simply due to

the minor variations in sample concentrations.

To confirm the results obtained with UV analysis, further stability tests were carried out on
fresh y-globulin solutions by performing CD spectroscopy as discussed in the following

section.
4.2 CD spectroscopy

A typical CD spectrum of y-globulin is presented in Figure 4.6. It displays a positive intensity
maximum at 201 nm and a negative intensity maximum at 218 nm, which is characteristic of
B-sheets [201, 211]. This is dissimilar to the spectra recorded for highly a-helical proteins

where a double minimum intensity is observed at 208 and 222 nm [212].
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Figure 4.6: A typical CD spectrum for y-globulin

It is understood that CD spectra in the far-UV region (180-250 nm) analyses the secondary
structures of proteins, while the side-chain tertiary structures are observed in the near-UV
region (usually from 250 to 350 nm) [201, 211]. In this work, CD spectra ranging from 190 to
260 nm were collected and used to monitor changes to the secondary structure of y-globulin at

pH 5, 6, 7.4 and 9, continuously stirred at 250 rpm for 5 hours at room temperature (23 £ 2
°C).

The CD spectra collected for y-globulin solution at pH 5 with continuous stirring up to 5

hours is presented in Figure 4.7.
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Figure 4.7: CD spectra for y-globulin solution at pH 5 at times 0 to 5 hours

At pH 5, there was an initial increase in the maximum positive and negative ellipticity values
between 0 and 1 hour which is not later observed when stirring is carried on for 2 hours. The
recorded maximum values returned back to their initial state at 2 hours and remained
relatively stable up to 4 hours. There was an increase and a decrease in the positive and
negative maximum respectively at 5 hours. There was also a major change to the ellipticity
values recorded between 190 and 195 nm at 4 hours, likely signifying either a rearrangement
or loss of y-globulin secondary structure [212]. Although, this occurrence might be temporary

as the spectra returns back to its original shape at 5 hours of continuous stirring.

There were differences between the positive maximum values recorded for y-globulin solution
at pH 6 with continuous stirring up to 5 hours. As presented in Figure 4.8, there was an initial
increase in the positive maximum between 1 and 2 hours, followed by a decrease as stirring

proceeded to 3 hours, and then it remained relatively stable between 3 and 5 hours.
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Figure 4.8: CD spectra for y-globulin solution at pH 6 at times 0 to 5 hours

Aside from the aforementioned differences for y-globulin solution at pH 6, the spectra
generally remained unchanged with respect to the negative ellipticity values collected
between times 0 and 5 hours. Similarly, the CD spectra collected for y-globulin solution at pH
7.4 and 9 (Figure 4.9 and Figure 4.10 respectively) showed variations with time only for the
positive ellipticity values recorded between 190 and 205 nm, with no differences between the
data from 205 to 260 nm. However, the variations were more pronounced at pH 9 than pH 6

and 7.4, and less prominent at pH 6 than for pH 7.4 and 9.
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Figure 4.9: CD spectra for y-globulin solution at pH 7.4 at times 0 to 5 hours
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Figure 4.10: CD spectra for y-globulin solution at pH 9 at times 0 to 5 hours

Based on the CD analysis, it could be stated that both the pH and mechanical stirring of y-
globulin solution play an important role in the rate at which conformational changes occur in
the protein secondary structure. In comparison to the typical CD spectrum of y-globulin, the
initial spectra recorded at t= 0 for y-globulin at pH 5, 6 and 7.4 showed no difference.
Variations to the spectra were only observed after stirring was introduced to the protein
solution and were more pronounced after 4 hours of continuous stirring. Meanwhile, the
initial spectrum recorded at t = 0 for y-globulin at pH 9 differed from those at pH 5, 6 and 7.4
indicating a difference in y-globulin stability. As stated earlier, the agitation stress provided
by stirring and the electrostatic influence of pH on the protein structure may result in the
conformational changes that affect the stability of protein. These studies suggest that vy-

globulin was most stable at pH 6 under stirring at room temperature.

In addition to y-globulin stability, the iso-electric point of the protein was also considered in

the design of SCDDS and is discussed in section 4.3.
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4B. IEP determination
This section briefly discusses work carried out relating to IEP determination for y-globulin.
4B.1 Aims and Objectives

The aim of this work was to understand the influence of pH on the net charge of the y-
globulin molecule. To achieve this, the Z-potential of y-globulin in an aqueous media was

studied across a range of pH values.

4B.2 Experimental

The steps involved in this process are described in section 2.4.
4B.3 Introduction

Proteins consist of charged amino acid residues covalently or tightly attached to them which
are mostly present in the interior of their structure but also over the entire macromolecular
surface. These residues can be positive, negative, neutral or polar in nature, and together give
the protein its overall or net charge [213]. IEP of a protein is described as the pH at which the
numbers of negative and positive charges are equalized allowing for a net neutral electrical
charge [214, 215]. Accordingly, proteins will be positively charged when the pH is lower than
IEP and negatively charged at a pH greater than their IEP. Therefore, IEP plays an important
role in understanding the electrostatic state of proteins and consequently being able to
influence the stability and immobilization of these macromolecules onto charged surfaces
[204, 210, 214- 215]. Hence, the data derived from this work will be important in determining

the ideal parameters for SCCDS formulation.

In relation to protein stability, conformational structural changes are said to be least likely to
occur at or around the IEP. This is attributed to the fact that proteins have a net neutral charge
at the IEP thus there will be no electrostatic contribution to protein stability [204, 210].
However, there is still evidence of attractive dipole protein-protein interactions at pH around
the IEP as a result of the presence of oppositely charged groups which may lead to
aggregation of the macromolecule [204, 209]. In relation to protein adsorption on a solid
surface, the total amount of immobilized protein is generally perceived to be maximized at or
around the IEP [214, 215]. This is attributed to the reduced electrostatic protein—protein
repulsions and decreased protein-protein interactions which enable the molecules to closely
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arrange themselves at the adsorbing surface resulting in higher packing density. The
electrostatic state of the protein also governs how they interact with a charged adsorbent
surface. Electrostatic attractions because of opposite charges on the protein (at pH > or < IEP)
and adsorbent surface can result in an accelerated migration towards the surface, and
consequently an increase in adsorption rates [214, 215]. The investigations carried out to
determine the net charge of y-globulin with respect to change in pH are briefly discussed as

follows.
4B.4 Results and discussion

The plot of zeta-potential against pH for y-globulin is presented in Figure 4.11.
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Figure 4.11: pH Titration curve for y-globulin

As observed, the net charge for y-globulin gradually changes with pH, remaining positive at
lower pH (< 6.60) and turning negative at higher pH (> 6.60). Therefore, the IEP of y-globulin
was determined to be around pH 6.60. The IEP for y-globulin reported in this study differs
slightly from other work (between pH 7.2-7.8) and it may be attributed to the fact that vy-
globulin sample analysed here is a mixture of different types of immunoglobulin (e.g. 1gG,
IgA, and IgM) as opposed to a single type (I9gG) used in other work [216, 217].

As stated earlier, the net charge of a protein results from the presence of charged amino acid
residues including cysteine, tyrosine and lysine. The amino acids contain ionizable carboxylic
and amine groups, and ionization of these functional groups result from the reversible
exchange of protons with the acid (e.g. HCI) or base (e.g. NaOH) in solution [213]. The net

positive charge at pH below IEP occurs due to the protonation of the amide group (NHs"),
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whereas deprotonation of the carboxyl group (COQO") above L.E.P results in the net negative
charge in the protein. At the IEP, amine groups present are assumed to be completely
protonated and the carboxylic groups are also fully deprotonated resulting in a net neutral
charge [213].

Additionally, the pH titration curve recorded for y-globulin can be used to further understand
the stability data discussed above in section A.4 where the protein was found to be least stable
at pH 9. y-globulin attains strong negative charge as pH reaches close to pH 9 resulting in the
increase of repulsive inter/intra- molecular forces and consequently the partial or complete

unfolding of the protein.
4.3 Conclusion

The influence of pH on the surface charge and stability of y-globulin was successfully
investigated. The protein molecule was found to be least stable at pH 7.4 and 9 when
compared to pH 5 and 6. The IEP of y-globulin was determined to be at pH 6.6, with a net
positive and negative charge below and above it respectively. The increased instability of y-
globulin at pH values away from the IEP can be attributed to net negative charge. Based on
the aforementioned results, a suitable pH can be selected to investigate the y-globulin
immobilization onto core particles which could be either below the IEP (pH 5), around the
I.E.P (pH 6), and/or just above the I.E.P (pH 7.4 and 9). Although it has been established that
v-globulin is least stable at pH 7.4 and 9 but adsorption will still be carried out at these pH
values to understand the effect of electrostatic interactions and its impact on protein
adsorption on a solid surface. Furthermore, stirring of y-globulin solution during adsorption
experiments will be limited to 4 hours due to their reduced stability thereafter. The adsorption

of y-globulin onto solid core particles is discussed in Chapter 5.
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Chapter 5
Protein adsorption studies for core particles

This chapter discusses the adsorption of y-globulin onto inorganic silica particles (SaL, Sxpe,
Srp, and MSU-H) and organic polymeric particles (PCL and PCL-ES100). The structural and

surface characterization of protein-adsorbed particles is also discussed in this chapter.
5A. Protein adsorption studies

This section covers the studies investigating the immobilization of y-globulin onto suitable

core materials.
5A.1 Aims and Objectives

This aspect of the study focused on the immobilization of y-globulin onto the solid surfaces of
core materials. The following studies were carried out to determine the ideal parameters for
protein adsorption (including pH and y-globulin concentration) for each core particle.
Additionally, the rate of y-globulin immobilization at the determined ideal conditions was also

studied for each particle.
5A.2 Experimental

Details of the experimental procedures for maximum adsorption studies are listed in section
2.5.1. The methods involved in the kinetic processes for the core particles are detailed in
section 2.5.2. The adsorption experiments were limited to 4 hours due to the results of y-

globulin stability testing (section 4A.4).
5A.3 Introduction

Adsorption or immobilization is defined as the adhesion of substances or molecules to the
surface of a particle [218]. The immobilization of protein molecules at a solid interface can
simply occur when an aqueous solution of the macromolecule is introduced to a known
amount of the adsorbent. A complete adsorption process consists of several stages including:
(i) passage of adsorbate from bulk solution into the interfacial region, (ii) attachment of
adsorbate at the sorbent surface, and (iii) optimization of adsorbate-surface interaction, which
in this case can involve relaxation of attached protein molecules by structural changes. The
degree of relaxation determines how easily the immobilized protein desorbs [218].
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Nevertheless, protein adsorption onto a solid surface is a complicated process because unlike
“small” molecules (e.g. nitrogen gas), these large molecules can reach sorbent surfaces by two
different mechanisms [219]; direct adsorption and progressive exchange. Direct adsorption
involves direct attachment of protein molecules onto the adsorbent surface. This continues
until the surface including accessible pores become saturated with the adsorbing molecules.
Progressive exchange on the other hand requires progressive removal of pre-adsorbed
molecules before adsorption of protein molecules on the surface [219- 220]. Overall
immobilization of protein molecules onto solid surfaces is known to be a dynamic exchange
process, which can also be irreversible. Bentaleb et al proposes that three different
populations of immobilized protein molecules can exist at the surface: (i) a rapidly
interchangeable and/ or desorbable population, (ii) a population which is not exchangeable
and can only slowly desorb from the surface, (iii) an irreversibly adsorbed population [220].

With regards to existing literature, one of the key driving forces affecting protein
immobilization onto a solid particle are cohesive interactions between the protein and the
adsorbing surface. The protein-surface interactions can include van der Waals, hydrogen
bonding, electrostatic forces, and hydrophobic interactions [222, 223]. The protein
immobilization can take place either by physical adsorption (physisorption) or chemical
adsorption (chemisorption) [200]. The main properties of chemical/ physical adsorption are
listed in Table 5.1. It is worth noting that protein immobilization can also occur by both
mechanisms simultaneously. For instance, the molecule could first adsorb by physisorption
and then later chemisorb on to the surface [200].

Table 5.1: Properties of physisorption and chemisorption [200]

Physisorption Chemisorption

Normally via van der Waals forces, | Usually stronger interactions than van der
hydrophobic effect, electrostatic interaction or | Waals such as covalent bonding.
hydrogen bonding.

Usually occurs rapidly. Can occur rapidly or slowly.

Occurs at low temperatures. Usually requires activation energy. The
heat of adsorption is greater than that for
physisorption.

Binding is reversible. Binding is largely irreversible and often
leads to chemical changes in the adsorbate
molecules.

Can result in the formation of multilayers by | Results only in the formation of a
intermolecular interactions with involving van | monolayer.
der Waals forces.
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Protein molecules try to optimize their interaction with the adsorbing surface during the
adsorption process which requires structural rearrangements to allow the macromolecule to
relax/spread out thus increasing their points of contact with the surface. Changes to the
protein’s structure during immobilization are also known to contribute in entropic gain to
promote their adsorption [135]. This occurrence is more likely to be observed with ‘soft’
proteins such as I1gG, albumin and haemoglobin etc. [135]. This study will rely on the

physisorption of protein molecules onto the surface of solid core particles.
5A.4 Results and discussion

The following sections discuss the data obtained for the maximum and kinetic studies for the

adsorption of y-globulin onto polymeric and silica core systems.
5.1 Maximum adsorption studies

This section discusses the results for experiments investigating the plateau amounts of -
globulin adsorbed onto Sa., Sxpr, Ser, MSU-H, and PCL-ES100 particles. Adsorption
isotherms are presented as plots of adsorbed protein amounts (mg/g) vs concentration (mg/ml)
and related to the Langmuir and Freundlich models. Adsorption isotherms for PCL particles

are not presented because of the lack of any protein adsorption onto these particles.
5.1.1 Adsorption isotherms

IgG can interact with a solid surface in various ways as presented in Figure 5.1. This may
occur using their constant region (Fc) or antigen binding sites (Fab) or both. However, it has

been shown that most of the structural changes are primarily limited to the Fc region [135,

%&%Q@

End-on End-on Side-on Flat-on
Fab-up Fc-up

Figure 5.1: Modes of adsorption of IgG molecules [135]

Adsorption can be measured by the decrease in concentration of a protein solution of known
concentration when an adsorbent surface is exposed to it. This difference is usually presented

as the mass of protein molecules (mg) bound to one gram of adsorbent [135, 200, 224- 227].
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An adsorption isotherm is a curve that relates the quantity of adsorbed protein to the
equilibrium protein concentration. It is generally used to describe binding interactions
between the adsorbate and adsorbent [135, 200, 224- 227]. Among the adsorption isotherm
models present in literature, two are typically used to fit experimental results for protein
adsorption; Langmuir (equation 5.11) and Freundlich (equation 5.12) [226]. The Langmuir’s
isotherm can be used to describe a dynamic protein adsorption process where it is assumed
that (i) a monolayer is formed at the adsorbent surface (ii) there are no interactions amongst
adsorbed molecules, and (iii) no conformational change occurs to the protein structure upon
adsorption [226]. On the other hand, Freundlich’s isotherm can be used to certify several
immobilization processes permitting for one or more interactions either between adsorbed

molecules or between the adsorbed molecules and sorbent surface [226].

. 1 1
Langmuir's model: — =

— 4+ —C Equation 5.11
Q" bQm = Onm 1

1
Freundlich's model: Qi =kCY"orInQ = Eln C + InkQ,, Equation 5.12

m

Where; C is the protein concentration, Qm and Q are the maximum and actual amounts of
adsorbed protein respectively, while b, n and k represent constants under specific conditions
[226]. The adsorption isotherms for the studied core particles are presented below as plots of
adsorbed y-globulin (mg/g) vs protein concentration (mg/ml), followed by model fitting using

Langmuir/ Freundlich’s model (section 5.1.2).

The adsorption isotherms for Sgp particles as a function of pH are presented in Figure 5.2. The
plots for Sgp show a well-defined plateau level for the immobilization of y-globulin onto the

surface of these solid particles.
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Figure 5.2: Adsorption of y-globulin onto (a) 200mg and (b) 400 mg of Sgp particles

Adsorption isotherms with a well-defined plateau value are typical for immobilization of

macromolecules on solid sorbent surfaces [135, 228- 229]. There is a transition from partial to

full surface coverage with the adsorption of y-globulin onto Sgp particles. As presented in

Figure 5.2, at all pH values in relation to both amounts of Sgp (200 and 400mg) there was a

sharp increase in the amount of adsorbed y-globulin (mg/g) with a rise in initial protein

concentrations (2 to 10 mg/ml). The adsorbed amount started to level off as the protein

concentration approached higher values above 10 mg/ml. A plateau was achieved at or above

10 mg/ml with 200 mg Sge for all pH values and 18 mg/ml with 400 mg Sgp at pH 6 and 7.4,

and at 16 mg/ml for pH 9. Although a plateau was not obtained at pH 5 with 400 mg Sgp, the
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experiment was halted at 24 mg/ml to allow for a comparative data with other pH values. It is
understood that the rapid increase at initial concentrations (2 to 10 mg/ml) is associated with
high affinity of protein for the sorbent surface. The plateau signifies saturation of the
adsorbent surface with a closed-packed monolayer of macromolecules. Therefore, any
additional rise in the protein concentration usually does not lead to further increase in
adsorption. The comparative surface coverage at various concentrations can be established by
estimating the amount of y-globulin molecules per unit area of the Sgp. For instance, by using
the particles’ BET SSA (289 m%/g), the estimated protein coverage of 0.17 mg/m? at 2 mg/ml
and 1.51 mg/m? at the plateau (18 mg/ml) was obtained for 400 mg Sgp particles.

In line with results obtained for Sgp particles, the amount of y-globulin (mg/g) adsorbed onto
Sxpp (Figures 5.3a and b) rose quickly with increasing protein concentration at all pH before
gradually reaching a plateau at 8 and 16 mg/ml for 200 and 400 mg Sxpp respectively. y-
globulin immobilization with Sxpp further indicates saturation of the particle surface at

equilibrium protein concentration.

400 -
~ 350 -
2
£ 300 |
[
2 250
—
S 200 - N
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c _
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Figure 5.3: Adsorption of y-globulin onto (a) 200mg and (b) 400 mg of Sxpp particles

Generally, for both Sgp and Sxpp, there was a reduction in the quantity of immobilized y-
globulin when the adsorbent mass was doubled to 400 mg. This could be explained by the
difference in surface coverage as a result of the increase in effective surface area at the higher
silica mass (400 mg). For example, y-globulin adsorption at 2 mg/ml resulted in 100 mg/g
(0.35 mg/m?) of protein on 200 mg of Sgp in comparison to 50 mg/g (0.17 mg/m?) with 400
mg at pH 6. A higher surface coverage at the lower adsorbate amount (200 mg) could be
attributed to the orientation of immobilized y-globulin molecules. As previously stated,
protein molecules can undergo structural rearrangements on adsorption to optimize their
interaction with the adsorbing surface [135]. This occurrence is less likely if adjacent
adsorption sites are occupied by neighbouring protein molecules. The flexibility of the
adsorbing protein molecule is not restricted when adjacent sites are not filled, and it has more
space to relax at the surface [135]. It can be proposed that at lower y-globulin concentrations
(2 — 10 mg/ml) the probability of empty adjacent adsorption sites is greater with 400 mg Sgp/
Sxpp than 200 mg due to the higher ratio of particle to protein molecules. Therefore, at 400
mg Sep/ Sxpp the protein molecules would be able to spread out, leading to higher surface
coverage per molecule. The crowding of protein molecules at the surface in the case of
experiments with 200 mg silica can be expected to result into different packing orientation
and higher protein density at the surface [228, 230- 231].

The y-globulin adsorption against protein concentration on 200 and 400 mg S, particles is

presented in Figures 5.4a and b.
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Figure 5.4: Adsorption of y-globulin onto (a) 200mg and (b) 400 mg of Sa. particles

In contrast to both Sgp and Sxpp there was limited increase in the amount of adsorbed y-
globulin with increasing protein concentration (mg/ml). There was no increase in the amount
of protein adsorption at pH 5, 7.4 and 9. However, a sudden surge in adsorbed protein could
be seen at pH 6 with 2 mg/ml y-globulin concentration which may suggest formation of
multilayer [200]. The experiment was stopped at 2 mg/ml because over 70% of free protein
was still present in solution after 4 hours. The quantity of protein adsorbed onto Sa. ranged
from only 13 to 24 mg/g depending on y-globulin concentration (0.5 to 2 mg/ml respectively)
and pH. Thus, implying that immobilization of y-globulin on Sa_ may be limited due to its

comparatively non-porous nature.
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In general, the highest quantity of immobilized y-globulin on the silica particles was observed
at pH 5 and 6 while adsorption at pH 9 resulted in the least amount. This can be attributed to
the influence of net charge on the protein and stability at this pH as discussed in Chapter 4.
There was a reduced conformational stability of y-globulin with increasing net charge on the
molecule at pH 9 in comparison to the other pH values. This means higher surface coverage
per molecule and consequently less adsorption can be expected due to high probability for
structural rearrangements at pH 9 [231, 232]. The y-globulin molecule has a comparatively
higher net negative charge (~ -16 mV) at pH 9 than pH 7.4 (~ -9 mV). It is positively charged
at pH 5 (~ +12 mV) and almost neutral at pH 6 (~ +3 mV). This would mean that in terms of
possible electrostatic interactions with negatively-charged adsorbent (silica), pH 5 was more
favoured due to opposite charges and least favoured at pH 9 owing to repulsion [233- 235].
However, it is worth noting that these electrostatic interactions are not primarily responsible
for y-globulin adsorption onto the silica particles as immobilization still occurs to a great
extent for both Sgp and Sxpp at pH 6, 7.4 and 9 irrespective of their electrostatic state. Protein
adsorption is generally known to be a net result of various interactions including van der
Waals forces, hydrogen bonding, hydrophobic interactions and the electrostatic forces. This is
attributed to the fact that proteins are large molecules with a number of active sites that can
allow for these interactions to occur simultaneously [223].

In summary the highest y-globulin adsorption was recorded for Sgp and the lowest with S at
all studied pH. Both Sxpp and Sgp particles adsorbed more than 10 times the amount of -
globulin than Sa.. This suggests a correlation between the surface properties particularly
porosity and pore size of the adsorbent and amount of protein adsorbed [236]. The
comparatively low porosity and small pore sizes on Sa, particles was confirmed by BET as

shown in Table 5.2.

Table 5.2: Physicochemical characteristics of silica core particles

Skp Sxpp SaL

289 258 767
1.35 1.44 0.40
19.1 22.2 2.5

Srp and Sxpp are mesoporous in nature with a comparatively high pore volume and large

pores in comparison to Sa.. Therefore, it can be confirmed that the immobilization of y-
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globulin onto these inorganic materials was dependent on the porosity and type and size of

pores along with pH.

The effect of surface porosity and pH on the immobilization of y-globulin onto silica was
further observed with MSU-H particles. Experiments with MSU-H were limited to pH 5, 6
and 7.4 due to low adsorption at pH 9. As presented in Figure 5.5, unlike adsorption isotherms
for Sgp and Sxpp, the plot of adsorbed y-globulin (mg/g) vs protein concentration (mg/ml) for

MSU-H does not show a well-defined plateau at pH 6 and 7.4.
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Figure 5.5: Adsorption isotherm for MSU-H particles at pH 5, 6 and 7.4

The isotherm for MSU-H (particularly at pH 6 and 7.4) suggested an initial immobilization on
available spaces at the particle surface at lower concentrations (0.5 to 4 mg/ml) followed by
the possible formation of multi-layer as the amount of free protein increases [237]. The
plateau at pH 5 was achieved at 4 mg/ml which was lower when compared to Sgp and Sxpp
particles. The quantity of immobilized protein increased from 25 mg/g at 0.5 mg/ml to ~ 45
mg/g at 1 mg/ml for pH 6 and 7.4. Thereafter adsorption increased by only 1 or 2 mg/g until
free y-globulin concentration was increased to 6 mg/ml. The total y-globulin adsorption was
lower at pH 6 and 7.4 between 0.5 to 8 mg/ml in comparison to pH 5. However, y-globulin

adsorption was similar at 10 mg/ml protein concentration for all three pH conditions.

The reduced y-globulin adsorption obtained for MSU-H in comparison to Sgp and Sxpp further
establishes the influence of pore diameter on protein adsorption. Even though MSU-H

particles have a larger SSA (782 m?/g) than both Sgp and Sxop but it contains smaller pores of
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5.7 nm. y-globulin is a large molecule which cannot access small pores available on MSU-H
particles. Hence, most adsorption occurs only on the particle surface and majority of the pores
remain unfilled. The effect of pore sizes was evident from the fact that silica with largest
pores according to BET (Sgp and Sxpp) resulted in highest amount of y-globulin adsorption
followed by MSU-H and Sp, .

Protein adsorption was also investigated on PCL and PCL-ES100 nanoparticles.
Unfortunately, the lack of porosity on PCL nanoparticles resulted in insignificant protein
adsorption at all studied conditions. Hence, protein adsorption was carried only on PCL-
ES100 particles.

v-globulin adsorption on PCL-ES100 (1:2 to 1:5 ratios) particles at pH 5 and 6 are presented
in Figure 5.6. These experiments were limited to only pH 5 and 6 due to the high solubility of
ES100 above pH 7. PCL-ES100 particles resulted in similar protein adsorption besides on 1:2
ratio particles. The protein immobilization was found to be higher at pH 5 than pH 6 for these

particles which was different to Sgp, Sxpp, and MSU-H particles as previously discussed.
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Figure 5.6: Immobilization of y-globulin onto PCL-ES100 nanoparticles

The physicochemical nature of polymeric nanoparticles including size and surface charge play
an important role in their interaction with macromolecules aside pH [238 — 241]. A higher
immobilization capacity at pH 5 can be attributed to electrostatic interactions between the
adsorbent surface and the adsorbing molecules in addition to other forces including

hydrophobic interactions [238, 239]. A comparatively higher affinity of y-globulin molecules
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(IEP ~ 6.60) for PCL-ES100 can be expected at pH 5 due to the net positive charge on protein
and net negative charge on the nanoparticles. Electrostatic interactions appear to play a much
significant role in protein adsorption on PCL-ES100 than for silica particles. It is also worth
considering that the PCL-ES100 stability may also reduce as the pH approaches close to
neutral due to the solubility of ES100 thus affecting their capacity to successfully immobilize
y-globulin onto the surface at pH 6. Interestingly, both PCL and PCL-ES100 particles have
comparatively small specific surface area as determined by BET but only the latter was able
to adsorb y-globulin. This could be attributed to the presence of pores on the surface of PCL-

ES100 particles, unlike PCL particles which were completely non-porous.

In summary due to their pore diameter, the highest y-globulin immobilization was observed
with Sgp and Sxpp particles while Sa. and PCL core systems had little or no protein
adsorption. The maximum immobilization was generally achieved at a pH closer to the I.E.P
of y-globulin except for PCL-ES100 particles. Nevertheless, it can be concluded that protein
adsorption is a complicated process which is dependent on various factors including pH,
surface porosity, and net/surface charge of both the protein and adsorbent. To further
understand the adsorption process with silica particles, their isotherms were fitted using
Langmuir and Freundlich models. The data obtained with PCL-ES100 was insufficient for the
model fitting.

5.1.2 Langmuir and Freundlich model fitting

The adsorption data for Sgp, Sxpp, SaL and MSU-H were fitted to Langmuir and Freundlich
models (Appendix A.5) and the R? values are presented in Table 5.3 and 5.4 respectively.

Table 5.3: R? values for Langmuir model plots of silica particles

Material pH 5 pH 6 pH 7.4 pH 9
0.9748 0.9999 0.9964 0.9664
0.9928 0.9999 0.9871 0.8073
0.9701 0.8326 0.9981 0.8984
0.9973 0.6377 0.6485 NA

Table 5.4: R? values for Freundlich model plots of silica particles

Material pH 5 pH 6 pH 7.4 pH 9
0.886 0.7432 0.9552 0.9309
0.6353 0.637 0.8915 0.8787
0.8906 0.7572 0.997 0.9718
0.9053 0.7351 0.3978 NA
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In general, the isotherms were a better fit to Langmuir model suggesting monolayer coverage
of y-globulin on the surface of these adsorbent particles [226, 229]. However, it is still worth
noting that the Langmuir model does not consider conformational changes and lateral inter-
molecular interactions related to protein immobilization on a solid surface [229]. R? values
obtained for MSU-H suggested Langmuirian type surface adsorption at pH 5. Whereas,
isotherms plotted at pH 6 and 7.4 did not fit to either Langmuir or Freundlich models. This
once again indicates monolayer coverage at pH 5 and rejects the likelihood of multilayer
coverage at higher pH values. Although the Langmuir and Freundlich equations are widely
used to define the data for protein adsorption, there can be adsorbate-adsorbent systems such
as that of the MSU-H that may not follow these models. This could be related to the fact that
multiple interactions can occur in between the adsorbed macromolecules which are not fully

considered whilst fitting data to these models [200].

In addition to the maximum y-globulin adsorption studies on the core particles, the rate at
which y-globulin molecules are adsorbed at the plateau concentrations was also investigated

which is discussed in the following section.
5.2 Kinetic adsorption measurements

As previously explained immobilization of protein molecules onto solid surfaces is a complex
process and in many cases, can be time-consuming and irreversible. The period taken for an
immobilization process to occur can be efficiently determined by kinetic adsorption
isotherms. Understanding and consequently being able to control the rate at which protein
molecules immobilize is beneficial especially during the design of drug delivery systems
[242]. Overall, the primary adsorption rate is limited by the movement of adsorbing
molecules toward the adsorbent surface and is further affected by on-going interactions
between the adsorbate and the surface [243]. This section covers the results and discussion for

kinetic adsorption measurements of y-globulin onto silica and polymeric materials.

The high affinity of y-globulin molecules for Sgp particles can be confirmed by their kinetic
adsorption isotherms as presented in Figure 5.7.
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Figure 5.7: The rate of change of adsorption (mg/g) with time (minutes) for Sgp at (a) 240

minutes (inset) 15 minutes

The initial immobilization of y-globulin on Sgp takes place rapidly with approximately 81 %
of protein adsorption happening within the first 15 minutes. Minimal changes to the amount
of adsorbed y-globulin occurred as the experiment progressed to 240 minutes. Prior to surface
saturation, the y-globulin adsorption kinetics on Sgp is not primarily limited by the movement
of the protein molecules towards the adsorbent surface but possibly by the initial quantity of
y-globulin or Sgp [244- 246]. Thus, assuming the kinetic process to be of a pseudo-second-
order (Equation 5.13) and using the integrated equation (Equation 5.15) below a straight-line
plot can be obtained (Appendix A.6). The adsorption rate constant (k) presented in Table 5.5
was estimated from the adsorption kinetic isotherm. Pseudo-second order Kinetic rate law can

be expressed as follows [244, 246];

dqr

= = k(q. — q.)? Equation 5.13

Where, k represents the rate constant of sorption (g.mg™.min™), q. is the maximum amount of
immobilized adsorbate (mg/g), and gz is the quantity of adsorbed molecules on the adsorbent-

surface at any time (mg/g).

Integration of the above equation gives Equation 5.14 and can also be re-arranged to give
Equation 5.15, where h is known as the adsorption rate (mg.g™.min™) [244];
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The values derived for Sgp (Table 5.5) indicate fast adsorption rate and high maximum
capacity for kinetic experiments carried out at pH 6 in comparison to pH 7.4. This further
supports the adsorption data discussed in section 5.1.1.

Table 5.5: Kinetic model fitting for Sgp particles

Best model R value k (mg/min) gc (mg/g)
fitting
Pseudo-2" order 0.998 1.74 417
Pseudo-2"" order 1.000 1.60 385

Unlike the kinetics for Sgp, y-globulin adsorption onto Sxpp particles at pH 6 and 7.4
progressed steadily until a maximum protein immobilization was attained between 180 - 240

minutes as shown in Figure 5.8.
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Figure 5.8: Kinetic curve for y-globulin adsorption onto Sxpp particles

Within the first 90 minutes the quantity of adsorbed y-globulin largely increased at a steady
rate with approximately 74 % of free y-globulin molecules adsorbed onto Sxpp. Thereafter, a

slower approach to the rise in adsorbed protein was observed until equilibrium was achieved
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at around 150 minutes. These results indicate that kinetic process with Sxpp can be assumed to
be of the first-order depending primarily on the migration of y-globulin to the adsorbent

surface [208, 247]. The following equation describes the pseudo-first order rate process [247]:

d
d_(f =k(Q,,— Q) Equation 5.16

Integration of the above equation gives [247]:
In(Q,, — Q) = InQ,,, — kt Equation 5.17

Thus, the maximum amount of adsorbed protein (Qn) or quantity adsorbed at a specific time
(Q) can be calculated using Equation 5.17. A straight-line plot (Appendix A.6) was obtained
for Sxpp When /n (Qm-Q) is plotted as a function of time, t. The rate constant (k) was then be

determined from the kinetic isotherm and is presented in Table 5.6.

Table 5.6: Kinetic model fitting for Sxpp particles

Best model fitting R?value k (mg/min) Qm (Mg/g)
Pseudo-1% order 0.9751 1.23 294
Pseudo-1" order 0.9752 1.03 248

A slightly higher rate constant and larger Qn, was obtained for Sxpp at pH 6 in comparison to
pH 7.4, suggesting a faster adsorption rate and higher adsorption capacity for y-globulin at pH

6. However, this was not as explicit as Sgp particles presented earlier.

The adsorption kinetics for Sa_ particles at pH 6 and 7.4 are presented in Figure 5.9 and it

confirmed their limited ability to adsorb y-globulin molecules at both pH conditions.
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Figure 5.9: Kinetic curve for adsorption of y-globulin onto Sa,_ particles

Although the initial adsorption process was rapid and occurred within the first 15 minutes, the
amount of y-globulin adsorbed within this period was minimal in comparison to Sgp and Sxpp.
It also remained same until the end of the experiment at 240 minutes. Therefore, these results
indicate that equilibrium is achieved for Sa. at 15 minutes with only a small amount of y-
globulin attached to the solid surface. The fast adsorption of y-globulin on Sa. indicates strong
affinity of protein for Sa_ surface, however, effect of the lack of porosity on the total

adsorption value is evident from the isotherm presented in Figure 5.9.

The adsorption results for Sa. were best fitted with a pseudo-second order plot (Appendix
A.6) with the rate constant values listed in the table below. The rate constant and adsorption
capacity are both just slightly higher at pH 6 in comparison to pH 7.4. This indicates that the
effect of pH on protein adsorption on these particles was not as strong as for Sgp and Sxpp

particles.

Table 5.7: Kinetic model fitting for S, particles

Best model R value k (mg/min) gc (mg/g)
fitting
Pseudo-2"" order 0.992 0.030 8
Pseudo-2"" order 0.9848 0.025 6

The kinetic adsorption isotherm for MSU-H at pH 6 and 7.4 are presented in Figure 5.10.
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Figure 5.10: Kinetic y-globulin adsorption plot for MSU-H particles

Similar to Sgp and S particles, maximum y-globulin adsorption (79 mg/g) was achieved
within the first 15 minutes. There were variations to the quantity adsorbed after this period
which possibly represent the dynamic exchange process of vy-globulin. In other words,
adsorption and desorption seemed to occur simultaneously, where, the adsorbing molecules
attached, detached, re-attached and re-orientated themselves to optimize their interaction with

the surface [135].

The pseudo-second order model provided the best correlation for data obtained with MSU-H
(Appendix A.6), with slightly higher R? value at pH 6 but similar adsorption rate and

adsorption maxima at both pH values (Table 5.8).

Table 5.8: Kinetic model fitting for MSU-H particles

Best model R? value k (mg/min) 0c (Mmg/g)
fitting
Pseudo-2" order 0.9983 0.33 80
Pseudo-2"" order 0.9875 0.34 81

Generally, the kinetic data obtained with silica core particles suggested that the surface
immobilization of y-globulin occurred either in a step-wise manner as seen with Sxpp or the
adsorbent-surface acted like a “sponge” imbibing significant amount of protein from solution

within a relatively short period of time as observed with MSU-H, Sgp and Sa,.
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The kinetic adsorption data for PCL-ES100 (1:3 ratio) at pH 5 is presented in Figure 5.11 and
similar to Sgp, Sar, and MSU-H, the immobilization of y-globulin onto the surface of these

particles occurs within a short period.
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Figure 5.11: Kinetic y-globulin adsorption plot for PCL-ES100 particles

Although the maximum adsorption capacity is achieved at 15 minutes but the quantity of
adsorbed y-globulin continued to fluctuate and decrease for the duration of the experiment.
The pseudo-second order model gave the best correlation for the data obtained with PCL-
ES100 (Appendix A.6) with the constant values noted in the Table 5.9.

Table 5.9: Kinetic model fitting for PCL-ES100 particles

Best model R?value k (mg/min) gc (mg/g)
fitting
Pseudo-2" order 0.9973 0.58 69

The total protein adsorption on these particles after 120 minutes was 69 mg/g which was
lower than the initial value of 95 mg/g in 15 minutes. This could be either due to the
realignment of protein molecules on the surface or possible deformation of these particles at
pH 5. Hence, y-globulin adsorption on PCL-ES100 in a short period of time may be beneficial

to avoid both particle degradation and protein rearrangement.

In summary, the kinetic adsorption experiments confirmed strong affinity of y-globulin for
Sk, Sxpp, MSU-H, and PCL-ES100 particles in comparison to Sa . Further to these
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adsorption experiments, the physico-chemical characteristics of protein adsorbed-core
particles were measured as discussed in the following section to monitor any changes that

may have occurred during the adsorption process.
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5B. Characterization of protein adsorbed-core particles

This section covers the surface and structural characterization of y-globulin adsorbed-core

particles.
5B.1 Aims and Objectives

The following work was carried out to help confirm the presence of protein molecules at the
surface of y-globulin-adsorbed silica and PCL-ES100 particles. The data obtained from
structural analysis of these systems also helped to study any changes to the conformation of

immobilized y-globulin.
5B.2 Experimental

Following the maximum adsorption studies, protein-adsorbed core particles were prepared
and freeze-dried as described in section 2.5.1. BET analysis was performed according to the
method described for PCL particles in section 2.2.2. The surface charge of protein-adsorbed
silica particles (Sgp, Sxpp, SaL, and MSU-H) was determined as per method in section 2.4. The
zeta -potential of protein-adsorbed PCL-ES100 (1:3) particles was performed as described in
section 2.2.1. ATR-FTIR analysis was also carried out on the y-globulin-adsorbed core

particles as described in section 2.2.3.
5B.3 Introduction

The immobilization of macromolecules onto solid surfaces is known to alter the surface
properties and size of the adsorbent particle [79, 238, and 248]. These changes signify the
presence of adsorbed molecules at the surface, and can help in explaining the interactions of
adsorbate with adsorbent [238, 248]. Therefore, protein-adsorbed particles were analysed with
respect to their surface charge, porosity and surface area as follows. The zeta-potential of
loaded particles against pH was also analysed.

5B.4 Results and discussion

This section summarizes and explains the data obtained for experiments relating to the
determination of surface properties, particle size and surface charge for protein-adsorbed core

particles.
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5.3 Specific surface area and porosity for protein-adsorbed silica

Nitrogen sorption isotherms for protein-adsorbed Sgp, Sxpp, and Sa, particles are presented in
Appendix A.7. In general, there were no changes to the shape of the isotherms post y-globulin
adsorption. The plots for protein-loaded Sgp and Sxpp particles remained class Type IV
indicating that they still retained their mesoporous nature after immobilization of y-globulin.
The isotherm for protein-adsorbed S, also remained the same (Type II) still appearing to be
non-porous as before [176, 177]. However as recorded in Table 5.10, there was a decrease in
the SSA, pore volume and diameter for y-globulin-adsorbed Sgp and Sxpp particles, when

compared to BET data obtained before protein immobilization.

Table 5.10: Surface characteristics for protein-adsorbed Sgp, Sxpp, and S particles

Silica y-globulin- | Srp | y-globulin- | Sxpp | y-globulin- | SaL | y-globulin-
particle adsorbed adsorbed adsorbed adsorbed
particle Skp Sxpp SaL

892 393 966 612 260 266

289 161 258 187 767 703

1.35 0.60 1.44 0.93 0.40 0.42

19.1 14.8 22.2 19.1 2.5 2.6

The quantity of adsorbed nitrogen molecules (cm®g STP) decreased by more than 50% for
Skp and about 40% for Sxpp after y-globulin adsorption. In contrast to Sgp and Sxpp, the
differences to the surface properties of Sa. were minimal, with the SSA reducing only by 8%
post protein immobilization. In summary, amongst the three silica core particles, the
differences recorded after y-globulin immobilization was highest for Sgp and lowest for Sa.

which also agrees with the protein adsorption data.

The changes observed to surface properties of the silica particles post-immobilization can be
related to the presence of adsorbed protein molecules at the adsorbent surface [79, 248]. A
reduction in the nitrogen adsorption and SSA for these protein adsorbed- silica particles
would suggest that the adsorbing surface was now occupied by y-globulin molecules and
hence there was less room for nitrogen to adsorb to it. Similarly, the decrease in the pore

volume after y-globulin immobilization would also indicate reduced space or inaccessibility
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of pores for nitrogen molecules due to the presence of protein molecules on the surface [227].
The importance of pore size and adsorbent surface was also clearly apparent from these
results. Pores on Sgp (19 nm) and Sxpp (22 nm) could evidently accommodate y-globulin
molecules but Sa. (2.5 nm) and MSU-H (7.5 nm) could not. The estimated hydrodynamic
radius of y-globulin is known to be 5.29 nm indicating requirement of much larger spaces for
it to be able to successfully adsorb onto available pores [249]. Nonetheless, proteins are
macro-molecules meaning that the total calculated BET surface area could rarely match the
accessible surface area for these onto adsorbent particles [227]. The maximum change in
surface properties observed with Sgp is likely due to the highest protein adsorption on to its

surface than other silica particles.

Interestingly, unlike Sgp, Sxpp, and Sa. particles, there was a change to the slope of the BET
isotherm for MSU-H after y-globulin adsorption (Appendix A.7). As discussed in section 3.3,
the isotherm of MSU-H could be classed as a Type IV indicating mesoporous nature.
However, H1 hysteresis loop for the protein-adsorbed MSU-H particles became smaller with
the increase in y-globulin concentration. The particles after adsorption at 10 mg/ml nearly lost
its original slope and hysteresis. This suggests that there was a change to the mesoporous
nature of MSU-H after y-globulin immobilization. The presence of protein at the particle
surface evidently reduces the accessibility of adsorbing nitrogen molecules as presented in
Table 5.11.

Table 5.11: Summary of surface characteristics for protein-adsorbed MSU-H

Type of particle Quantity of BET surface | BJH cumulative BJH pore
adsorbed nitrogen | area (m?/g) pore volume diameter (nm)
(cm®/g STP) (ml/g)
651 782 0.99 5.7
281 264 0.43 7.0
27 25 0.04 7.4
27 29 0.04 7.1
34 26 0.05 8.3
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29 21 0.04 9.8

11 9 0.002 11.9

Similarly, as compared to Sgp and Sxpp, there was a decrease in the BET surface area, pore
volume and amount of nitrogen adsorbed to the surface of the MSU-H particles after
immobilization of y-globulin. The quantity of adsorbed nitrogen, SSA and pore size changed
from 651 cm®/g STP, 781.9 m?/g and 0.99 ml/g pre-adsorption to 281 cm®/g STP, 263.5 m?/g
and 0.43 ml/g respectively post adsorption at 1 mg/ml y-globulin concentration. A further
decrease was observed in these properties as protein concentration increases from 1 mg/ml to
2 mg/ml confirming the growing presence of y-globulin at the particle surface. Interestingly,
there was minimal change to the SSA, pore volume, and quantity of adsorbed nitrogen as
protein concentration increased from 2 mg/ml to 10 mg/ml, thereby suggesting a
concentration limit to the adsorption of y-globulin by these silica particles. It can also be noted
from Table 5.11 that the BJH pore diameter increased after immobilization of y-globulin and
continued rising with increasing protein concentration. As the BJH model is based on the
cylindrical pore model and the pore diameter is calculated on the capillary condensation of the
adsorbate molecules in the pores, it does not consider any changes to the surface morphology
which can be caused by the adsorption of protein molecules [250, 251]. Therefore, it can be
unreliable in some cases such as this where adsorbate molecule accessible imperfections

created by protein adsorption could be misinterpreted as pores [250, 251].

In summary, analysis of surface properties for the protein-adsorbed core particles confirmed
the presence of y-globulin molecules at the surface of the adsorbing materials. The higher
capacity for protein adsorption with Sgp, Sxpp, and MSU-H particles in contrast to Sa., was
confirmed by the decrease to their specific surface area and pore volume. The minimal
changes to protein-adsorbed Sa_ suggested a low quantity of y-globulin on their surface
confirming the particles’ limited ability for y-globulin adsorption. The net surface charge of

these particles was also investigated as described in the following section.
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5.4 Surface charge analysis for protein-adsorbed silica particles

The surface charge on protein-adsorbed Sgp, Sxpp, SaL, and MSU-H particles were determined
to establish how it changed from untreated core particles. The plot (Appendix A.8) of zeta-
potential as a function of pH provided the point of zero charge (PZC) as presented in the table

below;

Table 5.12: PZC for y-globulin-adsorbed silica particles

y-globulin- v-globulin- v-globulin- v-globulin-
adsorbed Sgp adsorbed Sxpp adsorbed S adsorbed MSU-H
4.8 4.5 4.0 50

Prior to protein immobilization, the PZC for these core materials was determined to be in the
range of pH 0.80 to 1.60, with MSU-H recording the lowest value while Sxpp gave the highest
value. There was an upward shift to the PZC values after y-globulin was immobilized
suggesting that the surface-charge of the loaded-core materials was influenced by the
presence of adsorbed protein molecules [238]. The surface charge on these particles appeared

to be shifting closer to the IEP (pH 6.60) of y-globulin confirming its presence on the surface.

In addition to these investigations, the surface area, porosity and surface charge of protein
adsorbed-PCL-ES100 particles were also analysed as described in the following sections.

5.5 Specific surface area and porosity of protein-adsorbed PCL-ES100

Likewise, a decrease in specific surface area (m®/g) and pore volume (ml/g) after v-globulin
immobilization onto PCL-ES100 (ratio 1:3) nanoparticles was also observed. A change was
recorded from approximately 20 m?/g and 0.06 ml/g before adsorption to 17 m%g and 0.03
ml/g after adsorption. There was no difference in the nitrogen sorption isotherms for these
particles before and after y-globulin immobilization (Appendix A.7). The surface charge of

protein-adsorbed PCL-ES100 particles was characterized as follows.
5.6 Surface charge analysis for protein-adsorbed PCL-ES100

There was a change to surface charge of these particles after protein immobilization due to the
influence of adsorbed y-globulin molecules. Prior to y-globulin adsorption, the zeta-potential
varied from -36 to -39 mV. However, after immobilization the particles contained almost
neutral charge ranging from +4 to -8 mV. The positive charge obtained was only present at
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pH 5 and could be attributed to the variation in surface coverage between pH 5 and 6 [238].
There was higher amount of adsorbed y-globulin at pH 5 onto these particles, which would
mean that the surface charge was determined by the immobilized macromolecules. On the
contrary, adsorption at pH 6 resulted in comparatively lower protein immobilization
indicating zeta-potential value to be derived from the combination of both adsorbed protein

and uncovered particle surface.
5.7 ATR-FTIR analysis of y-globulin-adsorbed core particles

ATR-FTIR analysis was conducted on protein loaded core particles to assess y-globulin
immobilization and changes to the conformation of the protein that may arise due to its
adsorption on the particle surface. Typically, the secondary structure of a protein can be
predicted by FTIR analysis based on the absorption of infra-red (IR) radiation by their peptide
bonds [252]. As discussed in Chapter 4, for the ATR-FTIR spectra of proteins, the amide |
band ranging from wavenumbers of 1600 to 1700 cm™ (mainly due to C=O stretching
vibrations) and amide Il band (primarily because of N-H bending, and C-H stretching
vibrations) found between 1500 to 1600 cm™ are typically monitored for studies relating to
protein conformation [201, 202]. The amide | band is related to the secondary structure of
protein, while the amide 1l N-H stretching mode is used to monitor the unfolding of the
protein [201].

The ATR-FTIR spectra for native y-globulin and protein-adsorbed silica particles are

presented in Figure 5.12. The spectra for untreated silica was discussed in section 3.5.
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Figure 5.12: ATR-FTIR spectra for (i) y-globulin, and protein-adsorbed (ii) Sep (iii) Sxpp (iV)
SaL (V) MSU-H particles
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For the free y-globulin molecule, the amide | and Il bands can be observed at 1633 and 1518
cm’ respectively. Generally, the amide | band near 1650 to 1658 cm™ represents an o-helical
structure, whereas that for 3-sheet structure exists between 1620-1640 cm™ [253, 254]. Thus,
indicating a secondary structural arrangement of primarily B-sheets for pure y-globulin. The
amide | band shifted to 1649 cm™ upon interaction with Sgp and MSU-H. Whilst a band shift
to 1647 and 1636 cm™ was observed with Sxpp and Sa_ particles respectively. The peak shift
observed with Sgp, Sxpp, and MSU-H indicate changes in the hydrogen bonding involved in
the peptide linkages found in the secondary structure of adsorbed y-globulin [254]. As stated
earlier, protein molecules can undergo conformational re-arrangements upon interaction with
the solid surface. Hence, these changes can be interpreted as a conversion of the native -
sheet arrangement of y-globulin to a possible a-helical structure [254]. This could be an issue
if the protein does not reverse back to its original conformation upon desorption from the

surface or if there is a loss of the protein’s biological function.

In comparison to the native protein, there was also a reduction in peak intensity for amide |
observed with protein-adsorbed silica particles. The reduction in intensity can be related to the
surface concentration of y-globulin as it rises with the increase in the adsorbed protein content
(Sep > Sxpp > MSU-H > Sat). An upward shift was observed for amide 11 band i.e 1525 cm™
for Sep and Sxop, and to 1522 cm™ for MSU-H particles. The amide Il peak completely
disappeared from the protein-adsorbed Sa_ particles. This could simply be linked to

comparatively low adsorption onto these particles.

Amide I and 11 peaks could not be observed for protein-adsorbed PCL-ES100 particles (A.9).
This could once again be attributed to the poor signal intensity due to low surface adsorption

of y-globulin onto these particles.

The release of immobilized y-globulin from the surface of the solid particles was investigated
as the next step and it is discussed in Chapter 6 using only protein-adsorbed Sgp, Sxpp, MSU-
H and PCL-ES100 core materials. The study on Sa. particles was discontinued due to their

limited protein adsorption capacity.
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5.8 Conclusion

The effect of pH and surface porosity on immobilization of protein onto solid surfaces was
successfully investigated with the means of y-globulin as a model adsorbate, and silica and
polymeric particles as the solid adsorbent. Immobilization was successfully carried out with
Skp, Sxpp, SaL, MSU-H and PCL-ES100 particles, with the maximum adsorbed amounts
observed with Sgp and Sxpp (511 and 387 mg/g respectively). Protein adsorption with silica
materials was more favourable at pH 6, while electrostatic interactions at pH 5 between
protein and solid surface possibly influenced the quantity of protein immobilized onto PCL-
ES100. The adsorption capacity was also established to be greater with mesoporous particles
(Srp, Sxpp, and MSU-H) when compared to non-porous materials (Sa.). The release of y-

globulin from the core particles was evaluated and is discussed in Chapter 6.
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Chapter 6
Protein release studies for uncoated core particles

This chapter discusses y-globulin release from uncoated protein adsorbed- Sgp, Sxpp, MSU-H
and PCL-ES100 particles. The stability of desorbed y-globulin is also covered in Part B of this

chapter.
6A. Protein release studies

This section covers the work investigating the release of protein from uncoated y-globulin-

covered solid core particles.
6A.1 Aims and Objectives

This study was carried out to gain an understanding on the maximum rate at which
immobilized y-globulin can be released from the surface of protein-adsorbed solid materials
formulated in Chapter 5. Thus, the ideal parameters (including pH and type of displacer) for
desorption of protein from y-globulin-adsorbed Sgp, Sxpp, MSU-H and PCL-ES100 particles

was investigated as follows.
6A.2 Experimental

Desorption of y-globulin from freeze-dried pre-adsorbed core particles (Sgp, Sxpp, MSU-H
and PCL-ES100) was studied as described in section 2.6. The investigations were limited to

180 minutes for PCL-ES100 due to stability concerns regarding the polymeric particle.
6A.3 Introduction

In most systems, the immobilization of proteins onto solid surfaces is often considered
irreversible as dilution/washing of the particle surface with chosen solvent does not usually
lead to a substantial release [218, 229]. One of the main factors said to influence the
reversibility of adsorption is the protein denaturation that occurs upon its attachment on the
adsorbent [218]. Nevertheless, several ways to promote the release of immobilized proteins

have been investigated successfully, and they include;

e Use of a displacer or surface-active substances such as surfactants can encourage

desorption of the macromolecules by an exchange mechanism. The attached protein is
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substituted from the surface in favour of immobilization of the added molecules [255 -
257].

e Replacement of adsorbed protein with molecules can also occur by an exchange
mechanism between immobilized macromolecules and free protein in solution. This
process can either be homo-molecular or hetero-molecular (such as the Vroman effect)
[258, 259]. An example of hetero-molecular can be IgG with fibrinogen [259].

e The change in pH or ionic strength can also lead to displacement of adsorbed proteins
due to the reduction in electrostatic affinity between the adsorbate and adsorbent
surface [260- 262]. However, these changes can also lead to protein denaturation and

or aggregation.

In summary, whichever method is used to detach the proteins from the solid surface, there is a
need to quantify and predict the manner at which these molecules desorb for an efficient
design of a drug delivery system [229]. In this study, the use of surface-active molecules
(Tween 80, PF127, and SDS) as a displacer for desorption of immobilized y-globulin was
investigated as the preferred method. This was to mimic the surface active agents already

present in the body fluid which may act as displacers in in-vivo conditions.

Table 6.1: Physicochemical characteristics of studied displacers [96, 263-264]

Description Anionic surfactant Non-ionic triblock Non-ionic surfactant
copolymer
Structure CH3(CH2)11504N& H(OCHQCHz)x- C64H124026
12-carbon tail group (OCH,CHCHg3)y- Hydrophobic carbon tail
attached to an anionic (OCH,CH,),0OH chain attached to poly-
sulfate head group. Triblock Hydrophilic oxyethylene head
poly (ethylene oxide) groups.
ends and hydrophobic
poly (propylene oxide)
M.W 288.378 g/mol 12600 kDa 1310 g/mol
Melting 204 — 207 56 -20.6
point (°C)

The physicochemical characteristics of the surface-active molecules used in this study are

summarized in Table 6.1 above and they are investigated as follows for desorption of y-

globulin.
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6A.4 Results and discussion

The release kinetics for y-globulin from the surface of Sgp particles in SIF (pH 6.8) and at pH

7.4 are presented in Figures 6.1 a and b.
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Figure 6.1: The % desorption of y-globulin from Sgp with time at (a) pH 6.8 and (b) 7.4

In comparison to their adsorption kinetics, the detachment of protein from Sgp took place at a
much slower rate. After 90 minutes, only 6 + 3% and 22 + 3% of y-globulin was desorbed
without the presence of a displacer in SIF and at pH 7.4 respectively. This finding not only
confirmed the high affinity of y-globulin for Sgp, but also suggested that protein adsorption on
these particles might be irreversible. However, desorption rate was greatly improved with the

presence of surface-active molecules in both media. The desorption results after 90 minutes
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and at 240 minutes are summarized in Tables 6.2 a and b respectively. It can be noted from

the table below that desorption rate improves with time and is faster at pH 7.4.

Table 6.2a: Desorption of y-globulin from Sgp at 90 minutes

None 6+ 3% 22 + 3%
SDS 34 +0.1% 72 + 9%
Tween 80 21 +5% 54 + 4%
PF127 36 + 6% 53+ 1%

Table 6.2b: Desorption of y-globulin from Sgp at 240 minutes

Displacer
None 6 + 6% 35+ 5%
SDS 52+ 2% 91 +19%
Tween 80 34+ 7% 74+ 7%
PF127 50 = 6% 72 £0.1%

As previously stated, the use of surface-active molecules as a displacer is an established
approach for protein desorption [255- 257]. The amount of protein detached by these
molecules is typically dependent on the type and concentration of surfactant, along with the
surface properties of the adsorbent [265, 266]. The initial surface loading conditions including
protein concentration in the solution and its contact time with the solid surface also plays a
role in their effectiveness [265, 266]. For the protein-adsorbed Sgp particles at 240 minutes
(Table 6.2b), the highest desorption was obtained with 0.1% SDS in both SIF and at pH 7.4
with 52+2% and 91+19% respectively. Tween 80 provided the least protein desorption (34%)
at pH 6.8, whereas there was minimal difference between the percentage release by both
Tween 80 and PF127 (74 and 72% respectively) at pH 7.4. The variations between these
surfactants in the percentage of y-globulin desorbed could possibly be linked to their nature
and molecular weight and volume. Anionic surfactant such as SDS with negatively charged
head groups are known to promote high protein desorption[266]. Whereas, non-ionic
molecules such as Tween 80 and PF127 have comparatively reduced effect on the desorption
of immobilized protein [266]. The slight differences between protein desorption by PF127
and Tween 80 could be attributed to disimilarities in the hydrophobicity of their hydrocarbon
chains [266].
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The known mechanism of action for protein displacement by a surfactant molecule include;
desorption by replacement or enhanced solubilization of macromolecules due to the presence
of surface active agents. Removal of proteins by the replacement mechanism is said to occur
when there is a significant interaction between the adsorbent surface and surfactant molecules
in comparison to interactions between protein and surfactant [267]. As proteins typically have
weak interactions with non-ionic entities like Tween 80 and PF127, desorption replacement
could be the favoured mechanism instead of solubilization [267]. However, ionic surfactants
like SDS may interact strongly with charged side-chains of the protein and result ‘in part’
desorption via solubilization [267, 268].

Similarly, the desorption of y-globulin from Sxpp particles was also investigated with and
without displacers and are presented in Figures 6.2a and b. Protein release without surfactants

was only 2% and 28% at pH 6.8 and 7.4 respectively in 240 minutes.
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Figure 6.2: The % desorption of y-globulin from Sxpp with time at (a) pH 6.8 and (b) 7.4
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The release rate increased significantly with the addition of surfactants where a steady protein
desorption was obtained with time. The desorption results after 90 minutes and at 240 minutes

are summarized in Tables 6.3 a and b respectively.

Table 6.3a: Desorption of y-globulin from Sxpp at 90 minutes

Displacer
None 2+1% 22 + 3%
SDS 42 + 5% 44 + 1%
Tween 80 22 + 4% 49 + 1%
PF127 35+ 1% 56 + 2%

Table 6.3b: Desorption of y-globulin from Sxpp at 240 minutes

Displacer
None 2+1% 28+ 12%
SDS 50 + 6% 65 + 4%
Tween 80 33+ 7% 83+ 1%
PF127 46 £ 2% 78 + 7%

Introduction of SDS in the media resulted in 50% and 65% desorption after 240 minutes at pH
6.8 and 7.4 respectively. Whereas, PF127 and Tween 80 containing buffer resulted in protein
desorption of 46% and 33% at pH 6.8 respectively. A significant increase was observed at pH
7.4 with the final protein release reaching to 78% and 83% for PF127 and Tween 80
respectively. Like Sgp at pH 6.8, the higher desorption obtained for Sxpp Was in the presence
of SDS in comparison to PF127 and Tween 80. On the contrary, Tween 80 led to the
maximum and SDS inclusion resulted in the lowest desorption percentage at pH 7.4. This
trend at pH 7.4 does not fall in line with the one recorded for Sgp. Still, desorption from both
particles was highest at pH 7.4 regardless of the presence and type of surfactant in the buffer.
Therefore, suggesting that the release process from silica is definitely influenced by pH of the
media and the inclusion of surfactant promotes this further. This increase in desorption rate
could be related to the presence of the net charge on y-globulin molecules at these pH [261].
For example, higher electrostatic repulsion between silica and protein could be expected at pH

7.4 due to net negative charge on the y-globulin molecules.
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The desorption from MSU-H was investigated using only PF127 as a result of conclusions
made from the stability analysis on desorbed protein from Sgp and Sxpp particles as discussed
in Part B. The protein desorption from MSU-H presented in Figure 6.3 confirmed higher
desorption at pH 7.4 (34%) in comparison to pH 6.8 (26%) in 240 minutes, similar to Sgp and

Sxpp particles.
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Figure 6.3: Plot of % desorption against time for protein adsorbed-MSU-H

The total y-globulin release from MSU-H was comparatively lower than Sgp and Sxpp
particles which could be due to the pore sizes of MSU-H. It could be possible that protein
molecules occupying pores become inaccessible to the displacer molecules which may take
much longer to desorb. The 26 to 34% desorption could be attributed to the displacement of

surface y-globulin with PF127.

The desorption experiments with PCL-ES100 (ratio 1:3) were limited to pH 6.8 media
containing PF127 for 3 hours because of their reduced stability at pH 7.4. As noted in the
Table 6.4, approximately 72% of immobilized y-globulin was desorbed within the first hour.
There was a minimal increase in the percent desorption as the experiment proceeded further

upto 3 hours.

Table 6.4: Desorption data for protein-adsorbed PCL-ES100

Time (hour)

% desorbed 72 +11 70+5 76+5
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In summary, protein desorption with a displacer at both pH 6.8 and 7.4 for all studied core
particles resulted in a maximum of 91% y-globulin desorption from Sgp in SDS containing pH
7.4 media. This confirms that there is always a population of protein molecules that are
irreversibly adsorbed on the solid surface or inaccessible to the media [220]. The maximum y-
globulin desorption was obtained from Sgp, followed by Sxpp and PCL-ES100 particles.
Experiments with MSU-H resulted in the least quantity of y-globulin desorption. This could
be linked to the adsorption of y-globuin in the pores and/or the state of the adsorbed protein
layer prior to desorption [266, 267]. In relation to the release of immobilized proteins from
solid materials, it was observed that the core particles with higher protein population on the
surface retained a smaller fraction when exposed to the buffer-displacer solution after 3 or 4
hours. This could be attributed to the protein’s ability to adapt and improve its contact with
the un-adsorbed surface thereby making its release more difficult [266]. The low protein
desorption from MSU-H may also be due to the multilayer formation (Section 5.1) during
adsorption which is known to be comparatively harder to disrupt with surfactant molecules
[267]. Further experiments with an increase in surfactant concentration or contact time with

desorption media may result in the higher y-globulin desorption from MSU-H particles.

As discussed earlier, protein molecules usually change their conformation in order to easily
adapt to the surface upon adsorption onto a solid [135]. Therefore there is a possibility that
desorbed protein might not retain or reverse back to its orginal structure, and consequently
loose its functional ability [257, 269 - 272]. Hence, the conformational intergrity of y-globulin
upon subsequent displacement was investigated using CD specstroscopy as discussed in Part
6B.
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6B. Stability of y-globulin in its desorbed state

This section covers studies investigating the structural stability of protein released from the

core particles discussed in Part A.
6B.1 Aims and Objectives

This work was carried out to evaluate any conformational changes that may have occurred to
the y-globulin molecule upon subsequent release from the surface of the solid particles. The
data obtained also provided information on the effect of release parameters such as pH and

displacer type, on the structural stability of desorbed protein.
6B.2 Experimental

Protein-adsorbed core particles were prepared at concentrations (10 mg/ml for Sgp and Sxpp,
0.5 mg/ml for Sa.) that allowed for high surface content, except for MSU-H and PCL-ES100
(4 and 1 mg/ml respectively) where a plateau was not essentially derived. Protein desorbed
from these surface-loaded particles were studied via CD spectroscopy as detailed in section

2.3.3. Data collected was evaluated and compared against that for the native y-globulin.
6B.3 Introduction

The stability of a protein molecule plays a role in various other events aside funtional activity.
These include displacement and recovery of active macromolecules from an adsorbent
surface, the inhibition of aggregation of other protein molecules at the surface, and possible
activation of certain biological actions such as immune responses [269]. Thus, there is a need
to understand their conformational intergrity in relation to the adsorption/desorption process
while designing relevant drug delivery systems [273]. The introduction of an adsorbent
material into a protein solution encourages interactions between the non-polar region of a
macromolecule with the adsorbent surface. Consequently, this may result into the reduction in
the stabilizing effect due to the disruption of intramolecular hydrophobic interactions [274].
During the immobilization or displacement of protein onto/from a solid material, a number of
factors can prompt these rearrangements to the protein’s secondary structure as briefly

discussed below;

I.  Surface coverage: As stated earlier, surface-induced denaturation can occur upon the
adsorption of macromolecules onto solid substrates [269]. For example, Felsovalyi
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et al reported the loss of the a-helical content of lysozyme upon immobilization onto
silica particles [229]. Surface-induced denaturation can be linked to degree of
protein coverage of the adsorbent surface, where the probabiltiy of changes to their
conformation decreases with a rising surface content [229, 257, 273- 274]. This is
attributed to the fact that protein molecules are prone to relax and unfold at low
surface coverages due to the availability of free space. On the other hand, surface
crowding at high coverages leads to steric hindrance which prevents unfolding of a
macromolecule and helps in retaining its conformation [229, 257]. However,
denaturation can still occur in the latter case via other mechanisms such as enhanced
possibility of protein-protein interactions on the surface due to the close proximity of
other molecules [229].

Il.  pH: The environmental pH conditions during adsorption and desorption are known
to affect protein stabiltiy [218, 274]. As discussed earlier in section 4A.4, the
structural stability of a protein decreases at extremely high or low pH values [231,
232]. In general, it is believed that these macromolecules are less likely to undergo
conformational rearrangements at pH values close to their IEP.

I11.  Molecular flexibility: As stated previously, protein molecules can be divided into
two categories namely ‘soft’ and ‘hard’ proteins based on their molecular flexibility
[135, 274]. Soft molecules like y-globulin can sometimes undergo structural changes
upon adsorption onto a solid surface if immobilization parameters are not
established carefully [135, 274].

Other factors such as failure to use appropriate displacer (type and/or concentration) can also
result in conformational changes after desorption. In this study, the secondary structure of y-
globulin molecules displaced from the surface of silica and PCL-ES100 particles were

investigated as follows.
6B.4 Results and discussion

The secondary structure of desorbed y-globulin using various displacer was confirmed by CD
spectroscopy. The CD spectra for native y-globulin was disscussed in section 4.2. Figures 6.4
and 6.5 present CD spectra of y-globulin after desorption using SDS, Tween 80 and PF127 as

displacer molecules.
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Generally, the slope of spectra collected for y-globulin desorbed from Sgp at pH 6.8 (Figure
6.4a) did not differ from that of the native protein. The maximum positive and negative
ellipticity values at 201 and 218 nm respectively indicate that desorbed protein still retains its

[-sheet conformation [275].
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Figure 6.4a: CD spectra for y-globulin desorbed at pH 6.8 from Sgp

Minor differences were observed in the ellipticity values for y-globulin desorbed with SDS
between 195- 200 nm, and also with Tween 80 and PF127 from 215- 220 nm. This may
simply be attributed to slight irregularities in estimation of the y-globulin concentration for the
analyzed samples which impacts the CD absorbance data and consequently the corrected
molar CD values [275].

Similar to Sgp, there were no differences observed to the slope of the spectra collected at pH
6.8 for y-globulin desorbed from Sxpp with the use of SDS and PF127 (Figure 6.4b).
However, in comparison to native protein, considerable changes were obtained for protein
desorbed with Tween 80 where the shape of its spectra is nearly lost. This indicates a major

change to conformation of desorbed y-globulin in the presence of Tween 80.
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Figure 6.4b: CD spectra for y-globulin desorbed at pH 6.8 for Sxpp

The slightly higher ellipticity values recorded for both SDS and PF127 between 190 and 205
nm could also be as a result of variations in sample concentration. Furthermore, changes to
the ellipiticty values due to varying protein concentration could indicate aggregation of the
macromolecule. However, as the minima and maxima peaks of the spectra for both SDS and
PF127 are still present and do not shift from the original wavelengths of 218 and 201 nm
respectively, it would suggest that desorbed y-globulin still retains its native conformation in

the presence of these displacers.

The spectra for protein desorbed from MSU-H at pH 6.8 is presented in Figure 6.4c. In
comparison to native protein, the spectra for y-globulin desorbed from MSU-H retained its
original shape and consequently the -sheet conformation of its original structure. Similar to
Sep and Sxpp, there were considerable differences between the molar ellipicity values of the
spectra for desorbed y-globulin from MSU-H and the native protein which may be attributed

to dissimilarities in concentration as previously discussed.
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Figure 6.4c: CD spectra for y-globulin desorbed at pH 6.8 for MSU-H

The CD spectra for protein desorbed at pH 7.4 from Sgp, Sxpp, and MSU-H with surface-

active molecules are presented in Figures 6.5a to c.
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Figure 6.5: CD spectra for y-globulin desorbed at pH 7.4 from (a) Sgp, (b) Sxpp and (c) MSU-

H

Generally, in contrast to the data obtained at pH 6.8, the spectra for y-globulin molecules
desorbed from these silica particles at pH 7.4 considerably differed from that of the native
protein. Aside from differences in the ellipticity values, for y-globulin desorbed with PF127
and Tween 80, there was either a loss of the maxima peak at 201 nm (as seen with Sgp and
MSU-H) or shift in this peak as observed with Sxpp particles. The minima peak at 218 nm for
protein desorbed by both PF127 and Tween 80 retained its position when compared to the
native spectra. On the other hand, the spectra for y-globulin desorbed by SDS from Sgr and

Sxpp completely lost its maxima peak and there was a significant shift in the position of the
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minima peak. This indicated conformational changes to the secondary structure of released y-

globulin at this pH.

In summary, when compared to native y-globulin, desorption by SDS at pH 7.4 resulted in the
most pronounced changes to CD spectra followed by Tween 80 and PF127. This could be
related to the interactions of released protein with surfactant molecules in the media. SDS is
an anionic surfactant that strongly binds to the positively charged and the hydrophobic
residues of proteins through its sulfate groups and alkyl chains respectively, which could
result in the unfolding of the protein structure [276]. On the other hand, although non-ionic
molecules like Tween 80 and PF127 could have weak hydrophobic interactions with released
v-globulin, they tend to interact more with each other rather than the protein thus limiting their
denaturing effects on the structure of the macromolecule [276]. Furthermore, interactions of
ampiphilic substances like PF127 and Tween 80 including masking of hydrophobic sites of
the protein have been shown to have stabilizing effects on the protein structure by preventing
aggregation and surface adsorption [276- 278]. Moreover, as the spectra deviations from
native protein were more pronounced for protein desorbed at pH 7.4 than pH 6.8 it would
seem that the pH also plays a role in the stability of released y-globulin. As discussed earlier
in section 4A.4, differences in the electrostatic state of protein with the change in pH can

result in conformational alterations to the structure of the macromolecule.

CD spectra was also collected for y-globulin desorbed from PCL-ES100 (1:3 ratio) with 0.1%
PF127 in pH 6.8 buffer (Appendix A.10) and it shows a loss of the maxima peak and a shift in
the minima peak. This indicates changes to the secondary structure of the protein and it may
be related specifically to interactions of y-globulin with the polymeric surface. With respect to
the type of core particle, conformational changes to the protein were least pronounced for Sgp
and more substantial for PCL-ES100. This suggests that the absorbent surface may play a role
in the stability of the protein but a combined effect of core particles, pH and displacer must

also be considered.
6.1 Conclusion

The release of immobilized y-globulin was evaluated and found to vary with pH and the type
of displacer present in the media. The highest percentage of released y-globulin (91%) was
obtained at pH 7.4 in the presence of SDS. However, the stability of desorbed y-globulin was
found to be better at pH 6.8 with molecules displaced by PF127. Based on these results,
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protein adsorbed-Sgp, Sxpp, and MSU-H particles were selected for the formulation of
SCDDS via supercritical fluid technology (SCFT) as discussed in chapter 7. The work with
PCL-ES100 systems was discontinued due to the reduced stability of y-globulin following its

subsequent desorption from the particle surface.
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Chapter 7
Formulation of SCDDS and drug release studies

This chapter covers the formulation of SCDDS and the release of immobilized protein from

the coated core particles.
7A. Formulation of SCDDS

This section discusses the work relating to the preparation of SCDDS using y-globulin-
adsorbed Sgp, Sxpp, and MSU-H particles.

7A.1 Aims and Objectives

The aim of this study was to design a SCDDS that will allow for the adsorption and
subsequent release of y-globulin at the intestinal pH without compromising the integrity of the
protein. The ideal solid core materials that will permit for the immobilization and subsequent
release of y-globulin have been investigated and discussed in Chapters 5 and 6. Further to this
work, the appropriate shell material that can provide protection to the protein-adsorbed core

particles against gastric pH will be studied as follows.

7A.2 Experimental

The experimental procedure involved in this work is detailed in section 2.7.
7A.3 Introduction

The rising interest in protein and peptide therapeutics has led to the growing research in the
developments of novel carrier systems particularly for oral delivery [1]. However, several
physicochemical and biological barriers pose as a challenge for the use of biomolecules as
oral drug therapies [32]. This includes physiological factors of the G.I tract that can result in
significant changes to the biologics such as denaturation of therapeutic proteins because of the
acidic environment in the stomach [32]. Various delivery systems (as discussed in Chapter 1)
have been established to overcome some of these limitations including the use of enteric
materials that provide protection to the biomolecules against the harsh acidic environment of
the G.I tract [53]. SCDDS involves the immobilization of the therapeutic drug molecule on
the surface of a solid, followed by the coating of this drug core to achieve targeted/sustained

release [73]. SCDDS in this work was prepared by immobilizing y-globulin molecules onto
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silica particles (Sgp, Sxpp and MSU-H) and their subsequent coating by FAs [Palmitic (PA),
Stearic (SA) and Myristic acid (MA)] via melt deposition method in scCO,. These FAs
excipients and supercritical coating conditions were selected based on the work reported by
Trivedi et al [73]. The work successfully established the role of FAs as a shell coating for

bovine serum albumin adsorbed-core particles.

With respect to the formulation of DDS for biomolecules, the use of SCF has been established
as a processing technique that can help ensure the stability of these molecules during coating
procedures [279]. Conventional methods for coating usually involve one or more organic
solvents that are not only toxic to the environment but can also lead to the degradation of
therapeutic proteins [279, 280]. The possibility of a substantial amount of residual solvents
being retained in formulated particles also means that they can be harmful to the patients.
Additionally, conventional techniques such as hot-melt coating or fluid bed systems comprise
of extreme temperatures that are not compatible with thermo-labile substances including
peptides/proteins [279, 281]. Hence, the need to develop novel procedures that can help to
avoid these concerns has led to the advancement of SCF technology in DDS design for
biomolecules [279]. The application of SCFs, specifically scCO,, as a processing media
provides a coating technique that either reduces or excludes the need for organic solvents. The
coating can also be performed in oxygen and moisture-free environment to minimize the
chances of oxidation and hydrolysis. Furthermore, processing of excipients such as FASs in
scCO, allows the opportunity for coating to be performed at comparatively lower
temperatures due to the plasticizing effect of scCO, [282]. This helps to avoid the possibility

of thermal denaturation of thermo-sensitive excipients such as protein or peptide.

In this work, SCDDS prepared using scCO»-based technology was investigated for their
selective ability to delay y-globulin release at gastric pH (pH 1.2) and promote a controlled-
release at intestinal conditions (either at SIF or pH 7.4). A schematic of the procedure

involved in SCDDS design is presented in Figure 7.1.
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Figure 7.1: Schematic presentation of SCDDS design

During the scCO, coating process, the desired quantities of y-globulin-immobilized particles
and FA are introduced into a high pressure vessels at pre-determined temperature and pressure
to allow melting of FAs. The protein-adsorbed core particles suspended in the FA melt are
then mixed to achieve even coverage of coating around the particles. Depressurization of the
vessel causes deposition of shell material on the surface of particles which can then be
retrieved and potentially be used immediately as there are no further steps involved in the

formulation process i.e. drying, solvent evaporation etc.
7A.4 Results and discussion

The y-globulin-adsorbed Sgp, Sxpp and MSU-H particles were coated with MA, PA and SA by
melt deposition in scCO,. The silica to FA proportions were established after preliminary
release studies from the formulations prepared with 1:2, 1:1, and 2:1 (silica: FA) ratios for all
core particles. There was no protein release for formulations prepared with 1:2 and 1:1 ratios
from SCDDS based on Sgp and Sxpp in SGF, SIF and pH 7.4 buffer. Whereas, MSU-H based
formulations prepared with 2:1 ratio led to similar protein release as uncoated particles and
1:2 ratio formulations did not show any y-globulin release. The formulations which did not
provide sufficient protection and/or release of y-globulin were excluded from further studies.

In order to allow for sufficient particle surface coverage and protection to the protein by FAs,
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the silica to FA ratios of 2:1 for Sgp/ Sxpp and 1:1 for MSU-H particles were chosen. The
higher ratio of FA required for final formulations of MSU-H in comparison to both Sgp and
Sxop could be due to larger specific surface area of MSU-H i.e. 782 m?/g for MSU-H than
289 and 258 m?/g for Sxpp and Sgp respectively.
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7B. Protein release studies for coated particles

This section covers in-vitro drug release studies carried out with formulated SCDDS in SGF
and SIF, and in phosphate buffer pH 7.4 containing 0.1% PF127 as a displacer. The CD

analysis of released protein is also discussed in this section.
7B.1 Aims and Objectives

The aim of this work was to study the rate of y-globulin release from the FA coated particles.
The data obtained from this work provided information on the influence of pH and type of
shell material on the amount of y-globulin released from these core materials. The effect of
the processing method on the stability of y-globulin was also studied from the CD analysis of

released protein.
7B.2 Experimental

The experimental procedures involved in the protein release studies are detailed in section

2.7.1. CD analysis of release y-globulin was performed as detailed in section 2.3.3.
7B.3 Results and discussion

This section covers the in-vitro release data obtained for SCDDS formulations prepared with
2:1 and 1:1 silica to FA ratios for Sgp/ Sxpp and MSU-H particles respectively.

7.1 y-globulin release profiles from SCDDS formulated with PA

The release profile of y-globulin from SCDDS prepared with protein adsorbed-Sgp particles
and PA are presented in Figure 7.2. There was no release of y-globulin from these particles
during the first 120 minutes in SGF. On the other hand, by 135 minutes at SIF and pH 7.4, a

release of 25% and 53% were obtained respectively.
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Figure 7.2: y-globulin release profile for PA coated Sgp

The amount of y-globulin released from these particles at pH 7.4 continued to rise rapidly
reaching to 97% at 420 minutes. On the other hand, there was only a slight increase in the
percentage of protein released at SIF conditions with just 32% in solution at 420 minutes. The
initial experiments (between 0 and 120 minutes) in SGF (pH 1.2) represent the first stages of
digestion that occurs in the stomach upon oral intake, and a lack of protein release indicate
that PA successfully acted as an enteric coating at the acidic environment. The subsequent y-
globulin release in SIF and at pH 7.4 suggests that protein release from the coated PA
particles occurs by the continuous erosion of PA. This can be attributed to the physico-
chemical property of FAs with respect to their enhanced solubility at alkaline pH in
comparison to acidic pH [97]. As the pH reaches close to neutral, the carboxylic acid group of
PA become deprotonated which drives their dissolution. On the other hand, the protonation of
FA molecules in SGF media makes them insoluble [97]. The dissolution of PA at the higher
pH values would mean that the displacer (PF127) in the media can now have access to the
solid surface and promote y-globulin release by displacement mechanism. Additionally, as
earlier discussed in section 6A.4, the faster release at pH 7.4 could also be attributed to the

electrostatic repulsion between y-globulin and silica at this condition.

Similar to Sgp, PA coating also prevented the release of y-globulin from Sxpp coated particles
in SGF (Figure 7.3).
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Figure 7.3: y-globulin release profile for PA coated Sxpp

There was no protein release within the first 120 minutes. However, by 135 minutes, 32% and
53% of immobilized y-globulin was released at SIF and pH 7.4 respectively. Although the
release attained in SIF remained at 32% as the experiment proceeded to 420 minutes, but the
percentage of y-globulin released at pH 7.4 rapidly increased to 87%. Similar to Sgp, the data
obtained with PA coated Sxpp particles also indicate a pH-dependent release of immobilized

protein as a result of the solubility of the PA shell in alkaline conditions.

The protein release profile for PA coated MSU-H based SCDDS is presented in Figure 7.4.
There was no y-globulin release in SGF similar to Sgp and Sxpp based formulations. In
contrast to both Sgp and Sxpp, y-globulin release from the MSU-H coated particles was
delayed until 240 minutes in SGF (21%) with a slight increase at 420 minutes to 25%. This
delay was also observed at pH 7.4 where 27% protein release was obtained after 180 minutes
with an increase to 33% at 420 minutes.
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Figure 7.4: y-globulin release profile for PA coated MSU-H

The total protein released from MSU-H based SCDDS was lower than that for Sgp and Sxpp
based formulations which was also similar to the desorption results discussed in section 6A.4.
Moreover, the difference between the release at pH 7.4 and in SIF for MSU-H formulations
was also considerably smaller than for the other particles. This could be related to the
comparatively smaller pore size for MSU-H particles resulting in a limited access to
immobilized protein by the displacer molecules in the release media. Therefore, it may be
possible that the amount of protein released from these particles relates mainly to y-globulin

adsorbed at the surface which is easily accessible to the desorbing FA molecules.
7.2 y-globulin release profiles from SCDDS formulated with SA

The release profiles for SCDDS prepared by the SA coating of protein adsorbed-Sgp are
presented in Figure 7.5. Similar to previous observations, the release of y-globulin from these
formulations was dependent on pH. The SA shell was able to prevent y-globulin release in
SGF and the release of y-globulin was higher at pH 7.4 in comparison to pH 6.8. The
percentage of immobilized protein released from the SA coated Sgp particles increased from
21 and 41% at 135 minutes to 25 and 72% at 420 minutes for SIF and pH 7.4 respectively.
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Figure 7.5: y-globulin release profile for SA coated Sgp

The pH-dependent release of y-globulin from SCDDS prepared by SA coating of Sxpp

particles can also be observed in Figure 7.6.
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Figure 7.6: y-globulin release profile for SA coated Sxpp

The release of y-globulin from these Sxpp based formulations was low and slower in SIF, in

comparison to pH 7.4. The y-globulin release in SIF and pH 7.4 media was obtained to be

22% and 48% respectively at 135 minutes. A total release of 28% and 79% was determined at

420 minutes in SIF and pH 7.4 respectively.
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The protein release profiles for SA coated MSU-H particles are presented in Figure 7.7.
Similar to earlier observations, the release of y-globulin from MSU-H based formulations was
lower in comparison to both Sgp and Sxpp. The total amount of y-globulin released was only

25% and 29% in SIF and pH 7.4 media respectively after 420 minutes.
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Figure 7.7: y-globulin release profile for SA coated MSU-H

Generally, for all the SA coated silica particles the amount of protein released at pH 7.4 was
higher than that in SIF. As discussed earlier, this could be related to the increased solubility of
SA [97, 283], along with the higher electrostatic repulsion behaviour of y-globulin and core

particles at pH 7.4 [261].
7.3 y-globulin release profiles from SCDDS formulated with MA

The release profile of y-globulin from SCDDS formulations prepared using MA and Sgp
particles is presented in Figure 7.8. MA coating on protein adsorbed Sgp also prevented the
release of y-globulin in SGF and resulted in 21% and 38% release at SIF and pH 7.4
respectively after 135 minutes. There was only a minimal rise in the released amount in SIF
but values obtained at pH 7.4 increased rapidly to give a total y-globulin release of 52% after

420 minutes.
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Figure 7.8: y-globulin release profile for MA coated Sgp

Figure 7.9 presents protein release from MA coated Sxpp based formulations. There was no
release in SGF and a total y-globulin release of 35% and 77% was obtained after 420 minutes

in SIF and pH 7.4 buffer respectively.
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Figure 7.9: y-globulin release profile for MA coated Sxpp

The protein release profile for MA and MSU-H based SCDDS is presented in Figure 7.10,
where, zero release in SGF was followed by 21% and 30% protein release after 135 minutes
in SIF and at pH 7.4 respectively. The amount of y-globulin released in both media stayed

relatively constant between 135 and 360 minutes. There was a sudden increase in y-globulin
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release between 360 and 420 minutes in pH 7.4 buffer resulting in total release of 42% after

420 minutes.
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Figure 7.10: y-globulin release profile for MA coated MSU-H

In summary, when compared to SIF the release of y-globulin was higher for all FA coated
silica formulations at pH 7.4. As protein release from these systems was as a result of the
erosion of the FA coating, therefore it can be expected that it will follow a trend of MA > PA
> SA [73, 98]. This is attributed to the reduction in solubility of FAs with the increase in
carbon chain length [98]. However, this trend was not observed with the data obtained in this
work. Although, for coated MSU-H particles the highest protein release was seen with MA
but the same was not observed with Sgp and Sxpp preparations where PA coating provided
higher y-globulin release of 97% and 87% for Sgp and Sxpp respectively. Additionally, the
release of protein from MA coated formulations happened at a more controlled manner than
that from both PA and SA systems particularly at pH 7.4. It is not fully understood why this
occurred but it is thought to be due to possible imperfections during the coating process
and/or supersaturation of the dissolution media. With regards to the coating via scCO;
processing, it is known that CO, interactions improve with decrease in carbon chain length of
FA. This could possibly result in lower melt viscosity of MA in scCO, leading to better

mixing and uniform surface coating with better control in the release of y-globulin.

Tables 7.1a to 7.1c compare the release of y-globulin from uncoated and FA-coated silica

particles after 240 minutes.
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Table 7.1a: y-globulin release from uncoated and coated Sgp particles after 240 minutes

uncoated MA PA SA
SIF 50 + 6% 18 + 3% 30 + 3% 23+ 2%
pH 7.4 72 +0.1% 40 + 3% 75+ 12% 53+ 10%

Table 7.1b: y-globulin release from uncoated and coated Sxpp particles after 240 minutes

uncoated MA PA SA
SIF 46 + 2% 28 + 2% 31+0.1% 24 + 1%
pH 7.4 78 + 7% 68 + 8% 69 + 3% 64 + 4%

Table 7.1c: y-globulin release from uncoated and coated MSU-H particles after 240 minutes

uncoated MA PA SA
SIF 26 + 5% 19+ 3% 21 +3% 24 + 2%
pH 7.4 34 + 7% 31+3% 28 + 6% 28 + 1%

Generally, the amount of protein released from the uncoated Sgp and Sxpp particles at pH 7.4
and in SIF was higher than that from SCDDS. This suggests that the FA coating definitely
slowed the release of y-globulin from these systems along with the required enteric properties.
This delay can be attributed to the fact that the release of protein from the coated particles first
requires the solubilization of FA shell before coming in contact with the release media. The
only exception was seen with PA coated Sgp particles where the percentage of y-globulin
released at pH 7.4 (75%) was similar to the uncoated particles at 72%. Although, this is
difficult to explain however it could be due to a number of factors including surface features
of Sgp along with the coating imperfections in this formulation. Likewise, MSU-H based
SCDDS showed lower release in SIF for MA coated formulation but had limited effect of
other FA coating as protein release for both uncoated and coated particles was very similar in
both SIF and pH 7.4 buffer. Although, imperfect coating and differences in surface properties
(surface area, pore size and volume) can be the possible reason but it is important to
remember that adsorption of a macromolecule and desorption from a solid surface is a

complex process.
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As described in section 2.8, F1 and F2 contrast was made between the reference (uncoated
particles) and various coated preparations in both SIF and at pH 7.4. The results obtained are

presented in Tables 7.2a to c.

Table 7.2a: F1 and F2 calculations for FA coated Sgp particles

Sep: MA Srp: PA Srp: SA
SIF pH 7.4 SIF pH 7.4 SIF pH 7.4
F1 55 39 36 3 51 25
F2 31 30 40 79 33 40

Table 7.2b: F1 and F2 calculations for FA coated Sxpp particles

Sxpp: MA Sxpp: PA Sxpp: SA
SIF pH 7.4 SIF pH 7.4 SIF pH 7.4
F1 24 12 22 13 45 20
F2 47 54 50 52 37 43

Table 7.2c: F1 and F2 calculations for FA coated MSU-H particles

MSU-H: MA MSU-H: PA MSU-H: SA
SIF pH 7.4 SIF pH 7.4 SIF pH 7.4

F1 20 9 12 17 3 15

F2 64 24 75 62 01 64

Two dissolution profiles can be regarded similar if the value of F1 is <15 and F2 is > 50
[284]. In general, for FA coated Sgp and Sxpp formulations, F1 values were higher than 15 and
F2 values were lower than 50. Hence, suggesting that these coated preparations were not
similar to the reference (uncoated) particles. The only exemptions were observed at pH 7.4
with PA coated Sgp and Sxpp, and MA coated Sxpp particles. These variations can be related
to the pH solubility of the FA shell as earlier discussed. The higher solubility of FAs at pH 7.4
would mean that coated particles are more likely to quickly lose their FA shell, thus resulting
in a release profile that is relatively similar to that of uncoated particles. On the other hand,
the F1 and F2 values for FA coated MSU-H formulations (Table 7.2c) show that their release
profiles at pH 7.4 and SIF are similar to that of the uncoated particles. For both uncoated and
coated MSU-H preparations, the total y-globulin release was comparatively lower than Sgp
and Sxpp, and it was also limited to only a maximum of 33 to 34%. This could be due to the

relatively smaller pore sizes of MSU-H particles as previously discussed in section 6A.4. The
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inadequate protein release could be as a result of displacement of only surface y-globulin by
PF127. Additionally, the state of immobilized y-globulin layer prior to desorption could also
be linked to the limited release. Adsorbed protein molecules are less likely to desorb if they
have undergone significant changes to their conformational state upon attachment to the solid
surface [218, 266- 267].

Nevertheless, SCDDS prepared using silica and FA clearly possess important enteric
properties but further investigations into the coating technique to achieve improved surface
coverage may be required to enhance the potential of these systems to be used as oral DDS.
The structural conformation of released y-globulin was evaluated by CD spectroscopy as

discussed in section 7.4.
7.4 Stability of desorbed y-globulin

This section covers CD analysis to investigate any changes to the secondary structure of

released y-globulin from SCDDS.

The CD spectra for y-globulin released in SIF and phosphate buffer pH7.4 from FA coated
Skp formulations are presented in Figures 7.11a and b. In comparison to native protein, lower
ellipticity values were observed in the spectra for released y-globulin. This may be attributed
to the variations between the concentrations of released protein which could consequently

result in differences in CD absorbance and molar ellipticity values [285].
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Figure 7.11: CD spectra for released y-globulin from FA-Sgp in (2) SIF (b) pH 7.4

In comparison to native protein, there were no changes to the slope of the spectra for y-
globulin released from Sgp based formulations in SIF indicating that the protein retains its
original - sheet structural arrangement. On the other hand, there was nearly a complete loss
of the shape of the spectra for y-globulin released at pH 7.4 from all the FA coated Sgp
particles. This suggests pH-induced changes to the conformation of released y-globulin at pH
7.4 which could be attributed to the electrostatic state of the protein at this pH [209]. This pH-
induced effect to protein stability was also observed after y-globulin desorption as described
in section 6B.4. As discussed earlier in section 5A.4, at higher pH values y-globulin molecules
attain higher charges which could affect the electrostatic inter-molecular and intra-molecular

interactions that are responsible for maintaining its structural conformation.

The spectra for protein released from FA coated Sxpp particles are presented in Figures 7.12a
and b. Similar to Sgp, aside from the differences in the ellipticity values there are no changes
to the shape of the spectra for y-globulin released in SIF. The loss to the slope of the spectra

for y-globulin released at pH 7.4 was also observed for these systems.
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Figure 7.12: CD spectra for released y-globulin from FA-Sxpp in (a) SIF (b) pH 7.4

CD spectra obtained for released protein from MSU-H formulations are presented in Figure

7.13a and b and they differed considerably from that of native protein.
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Figure 7.13: CD spectra for released y-globulin from FA-MSU-H in (a) SIF (b) pH 7.4

The CD spectra collected for MSU-H based SCDDS indicate possible changes to the

conformation of protein released from these formulations at both SIF and pH 7.4. However, it

is worth noting that the amount of protein released from coated MSU-H particles (0.08 to

0.095 mg/ml) might not be sufficient to allow for an accurate CD analysis. The standard y-

globulin concentration used for CD analysis in this work usually ranged from 0.1 to 0.25

mg/ml. It is known that quality of CD spectrum can be influenced by the analyte

concentration where data collected at low concentrations could provide inconclusive results
due to high noise to signal ratio [285].
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The results obtained for the coated formulations confirm earlier observations made in section
6B.4, where, pH-induced conformational change to the secondary structure of y-globulin at

pH 7.4 was also observed for all silica particles.
7.5 Conclusion

The aim of protein immobilization on solid surfaces and subsequent coating by SCF
processing with FAs was successfully achieved. The formulated SCDDS effectively
prevented the release of adsorbed protein in SGF consequently protecting the macromolecules
against the possible denaturation by the acidic gastric conditions. Protein release was
successfully achieved at alkaline pH with higher release obtained at pH 7.4 in comparison to
SIF. Generally, larger amounts of immobilized y-globulin were released from SCDDS
formulations prepared with PA coating and Sgp and Sxpp particles whereas the least released
quantities were recorded with MSU-H formulations. The stability of released y-globulin was
evaluated by performing CD spectroscopy and found to be better for experiments carried out
in SIF. These results suggest that SCDDS have the potential to protect biomolecules from the
harsh gastric environment and provide release in upper intestine without causing any

denaturation of the protein/peptide based pharmaceutical actives.
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Chapter 8

Summary and Future work

This section summarizes the key findings for this work and discusses future work related to

this research.

8.1 Summary (Key findings)

Polymeric nanoparticles (PCL and PCL-ES100) were successfully formulated by
solvent extraction from the organic phase of nano-emulsions either at atmospheric
pressure or by scCO, processing. The solvent removal process was evaluated to be
more efficient under scCO; conditions in the formulation of PCL nanoparticles, with
complete solvent extraction occurring within 1 hour at a CO; flow rate of 10 g/min.
The gas-like viscosity of scCO, coupled with high diffusivity facilitated faster
extraction rate without particle agglomeration in comparison to solvent extraction at
atmospheric pressure at the same temperature. PCL particles formulated by SFEE
were monodisperse with negative surface charge and particle sizes ranging between
190 to 356 nm. PCL nano-emulsions prepared with the lowest polymer concentration
(0.6% wi/v) and higher surfactant amount (0.14% wi/w) led to the formulation of
particles with the smallest sizes. On the other hand, there was no correlation between
rising polymer content and particle size for PCL-ES100 particles although the addition
of ES100 to the PCL systems further resulted in a decrease in size (184 to 199 nm).

The physico-chemical characteristics of formulated polymeric systems and silica
materials were evaluated by nitrogen sorption (BET and BJH), SEM, ATR-FTIR, and
DSC. The SSA, and pore diameter and volume of these solid particles were
determined by BET theory and BJH model respectively. Sgp, Sxpp and MSU-H
particles were determined to be mesoporous in nature with the largest porosity
obtained for Sgp and Sxpp, While Sa;, PCL and PCL-ES100 particles were largely non-
porous. The lowest surface area and pore volume were recorded for PCL and PCL-
ES100 particles and largest specific surface area was obtained for MSU-H and Sa.
particles. DSC analysis confirmed the presence of PCL in the PCL-ES100 systems.
The change of zeta-potential with pH was confirmed for native y-globulin by titration

experiments and the IEP was determined to be around pH 6.60.
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The immobilization of y-globulin was successfully evaluated with experiments
involving Sgp, Sxpp, SaL, MSU-H and PCL-ES100. For the silica particles, protein
adsorption followed the descending trend of Sgp > Sxpp > MSU-H > Sa.. The
variations in adsorbed protein between these particles were related to their differences
in surface porosity and pore sizes. A reduction in the immobilized y-globulin (mg/g)
was observed for Sgp, Sxpe, and Sa particles when the quantity of silica was doubled
to 400 mg and could be related to surface crowding at lower adsorbent amounts.
Adsorption of y-globulin was also successfully obtained on PCL-ES100 particles with
minimal differences between varying ratios. In comparison to silica particles,
electrostatic interactions between the adsorbent surface and the adsorbing molecules
were suggested to largely influence y-globulin immobilization on PCL-ES100.

The release of immobilized protein from uncoated y-globulin-covered Sgp, Sxpp,
MSU-H and PCL-ES100 (1:3 ratio) particles was evaluated to be faster in the presence
of a displacer (SDS/ Tween80/ PF127). The displacer molecules encouraged y-
globulin desorption from the adsorbent surface by an exchange mechanism. The
anionic surfactant (SDS) resulted in the highest percentage for desorbed protein of
91% when compared to the non-ionic molecules (Tween80 and PF127). In comparison
to SIF, desorption in pH 7.4 media led to the highest y-globulin desorption. The
stability of desorbed y-globulin appeared to be compromised at pH 7.4 possibly due to
the electrostatic state of the protein at this pH. Additionally, interactions of the
desorbed protein with the displacer in the media (particularly SDS) resulted in further
changes to their conformation.

SCDDS was successfully formulated by FA coating of protein-adsorbed Sgp and Sxpp
particles (2:1 silica: FA ratio), and MSU-H (1:1 ratio) via melt deposition technique
by scCO, processing. A pH-induced release of y-globulin was observed with the
SCDDS formulations where protein release was not obtained in SGF but achieved in
both SIF and pH 7.4 media. This was attributed to the pH-dependent solubility of the
FA shell. When compared to experiments carried out in SIF, the release of y-globulin
was also recorded to be highest at pH 7.4. This could be due to a number of factors
including the higher solubility of FA, and the electrostatic interactions between the
protein and adsorbent surface at this pH. There was no consistent correlation between
the FA coating and the amounts of protein released. However, in addition to their

enteric properties, coated formulations delayed y-globulin release resulting in lower
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protein release in 4 hours when compared to uncoated particles. Similar to earlier
observations, when compared to the SIF media, the conformational stability of
released y-globulin was compromised at pH 7.4. Additionally, protein released from
FA coated MSU-H particles also showed significant changes to their secondary
structure. The collective data from this work indicate that Sgp and Sxpp particles can
be used as carrier systems for large protein molecules, FAs as the shell material, and

SCFT as the processing technique for the formulation of SCDDS.
8.2 Future work

Although, this research has effectively recognised the application of SCFT for the preparation
of polymeric nanoparticles, there is a possible limitation with regards to detection of the
presence of residual solvent in these preparations. It would be of particular interest to perform
established method of analysis for residual solvent testing such as gas chromatography [286].
Gas chromatograph-based techniques including direct injection, headspace analysis, and
solid-phase micro-extraction are the most common and are chemically specific for residual
solvents [286].

Secondly, this work has successfully established the preparation of SCDDS with mesoporous
silica particles for the delivery of y-globulin but it can be extended to include other types of
solid materials including carbon and iron oxide particles [287]. The use of polymeric
nanoparticles for protein immobilization can be further investigated focusing particularly on
processes that may improve their physico-chemical characteristics including their porosity.
There are numerous methods to obtain porous structures but gas foaming using scCO; or use
of a pore forming agent could be explored to assess if porous PCL particles could be prepared.
The work carried out by Orsi, et al successfully produced hollow micro- and nano-
polystyrene/ poly-(lactic-co-glycolic) acid (PLGA) particles by gas foaming technique in
scCO, [288]. Prior to polymer processing at scCO, conditions, the polystyrene and PLGA
particles were embedded in a barrier film that subsequently helped to contain the particles for
ease of handling and to prevent loss of the blowing agent that encouraged the formation of
pores. The gas foaming method is said to be simple and environmental friendly, and suitable
for the production of a variety of pore structures [288]. A study published by Yang et al also
proposed a simple double-emulsion method for the production of highly porous polymeric

particles [289]. The introduction of an effervescent salt ammonium bicarbonate in the internal
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aqueous phase helped to confer these favourable morphological properties in the formulated
particles [289].

In this work, the amount of protein immobilized onto core materials (mg/g) was estimated
using concentration equations as described in section 2.5.1. For further characterization,
quantitative assessment techniques such as particle mass spectrometry can be employed to
analyse y-globulin adsorption onto the solid particles [290]. This method is inexpensive and
simple and it quantifies protein immobilization based on mass variations of the core particles
before and after adsorption. Additionally, its mass resolution is significantly adequate enough

to differentiate between adsorbent materials with and without protein [290].

The use of FAs as coating materials for delivery of protein at simulated gastric and intestinal
pH have been established by this work and can also be expanded to cover other enteric
coating materials or systems including the use of other stimuli-responsive polymers. By using
a double emulsion technique, Carpuso and Fahmy were able to encapsulate the interleukin-10
protein in an aqueous gelatine core which was subsequently coated with Eudragit® FS30D
polymer [72]. The polymer coating helped to protect the encapsulated protein from the low
pH at the stomach and target their delivery to the lower G.I. tract [72]. In addition to
investigating other coating techniques, the drug release studies carried out in SIF can be
prolonged to cover a period of 24 hours to further understand the release profile of the FA

coated silica particles formulated in this work.

In this research, the conformation of release y-globulin has been established by CD analysis.
Additional techniques like fluorescence spectroscopy could also be employed to study the
protein structure. Furthermore, it will be important to carry out protein assays to determine if
the released y-globulin still retains its biological functionality. For example, ELISA (enzyme-
linked immunosorbent assay) is a plate-based assay procedure that is designed for quantifying
and detecting antibodies such as immunoglobulins in biological samples [291].

Finally, this work doesn’t address the important aspect of poor absorption of proteins when
delivered via oral route due to their high hydrophilic properties. Fatty acids are known to act
as penetration enhancer, hence, the coating in this work to prepare SCDDS can potentially
serve dual purpose [292]. This could be investigated to establish cellular absorption or
permeability of biologics released from SCDDS using standard cell lines such as Caco-2, HT-
29, HT-29/MTX and T84 [293].
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A.1 PDI and zeta-potential for PCL particles at varying PCL-Tween 80 ratios

Table 1.1S: PDI and Z-potential of PCL particles before and after SFEE for PCL-Tween 80

(1:1 ratio) samples

PCL concentration (%

PDI + SD before

PDI + SD after

Z-potential (mV)

w/w in acetone) SFEE SFEE + SD after SFEE
0.6 0.14 +0.10 0.13+0.08 -13+3
1 0.10+0.04 0.21+0.03 -16+ 2
2 0.18+0.11 0.17 £ 0.09 -18+ 2
4 0.25+0.10 0.27 £ 0.09 -28+ 3
6 0.35+0.02 0.25+0.02 -28+5
8 0.36 +0.17 0.33+0.08 -32+1
10 0.38 £ 0.03 0.37+£0.05 -32+1

Table 1.2S: PDI and Z-potential of PCL particles before and after SFEE for PCL-Tween 80
(2:1 ratio) samples

PCL concentration (%

PDI + SD before

PDI + SD after

Z-potential (mV)

w/w in acetone) SFEE SFEE + SD after SFEE
0.6 0.13 +0.07 0.12+0.10 -10+1
1 0.14 +0.05 0.19 +0.04 -17+ 3
2 0.11+0.04 0.17 +0.03 -21+3
4 0.15+0.05 0.19+0.08 -22+4
6 0.09 £ 0.02 0.23+0.01 -28+2
8 0.13+0.06 0.25+0.10 -28+2
10 0.18 +0.05 0.20 £ 0.05 -31+3
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Table 1.3S: PDI and Z-potential of PCL particles before and after SFEE for PCL-Tween 80

(4:1 ratio) samples

PCL concentration (% PDI £ SD before PDI £ SD after Z-potential (mV)
w/w in acetone) SFEE SFEE + SD after SFEE

0.6 0.12 +0.03 0.03+0.02 -17+1

1 0.19 +0.06 0.09 +0.07 -12+1

2 0.09 £ 0.04 0.14 + 0.07 -19+3

4 0.19 +0.08 0.22 +0.02 -29+2

6 0.29 +0.05 0.23+0.01 -29+3

8 0.27 +0.04 0.28 +0.00 -29+4

10 0.27 £ 0.04 0.29 £ 0.05 -33+2

Table 1.4S: PDI and Z-potential of PCL particles before and after SFEE for PCL-Tween 80

(8:1 ratio) samples

PCL concentration (% PDI + SD before PDI + SD after Z-potential (mV)
w/w in acetone) SFEE SFEE + SD after SFEE

0.6 0.10+0.04 0.07 £ 0.02 -20+0

1 0.08 +0.05 0.07 +0.03 -19+3

2 0.09 +0.07 0.16 + 0.08 -15+2

4 0.14 +0.08 0.19 +0.08 -21+3

6 0.26 £ 0.04 0.21+0.02 -29+2

8 0.31+0.06 0.23+0.01 -31+6

10 0.29 +0.07 0.29 +0.07 -33+3
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Table 1.5S: PDI and Z-potential of PCL particles before and after SFEE for PCL-Tween 80
(16:1 ratio) samples

PCL concentration (% PDI £ SD before PDI £ SD after Z-potential (mV)
w/w in acetone) SFEE SFEE + SD after SFEE

0.6 0.13 +0.06 0.07 +0.02 -19+4

1 0.06 +0.03 0.05+0.01 -17+ 3

2 0.14 + 0.06 0.10 £ 0.03 24+ 7

4 0.17 £ 0.04 0.22 +0.04 276

6 0.23+0.03 0.25+0.02 -32+5

8 0.19+0.04 0.26 +0.09 -29+3

10 0.27 £ 0.05 0.24 +0.03 -34+4

A.2 Nitrogen sorption isotherms for PCL-ES100 particles
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Figure 2.1S: Nitrogen sorption isotherm for PCL-ES100 (1:3 ratio) particles
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Figure 2.2S: Nitrogen sorption isotherm for PCL-ES100 (1:4 ratio) particles
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Figure 2.3S: Nitrogen sorption isotherm for PCL-ES100 (1:4 ratio) particles
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A.3 ATR-FTIR analysis for PCL-ES100 particles
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Figure 3.1S: ATR-FTIR spectra for PCL-ES100 particles (i) 1:2 (ii) 1:3 (iii) 1:4 and (iv) 1:5

ratios.

A.4 DSC analysis for PCL-ES100 particles at varying ratios
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Figure 4.1S: DSC thermograms for PCL-ES100 particles
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A.5 Langmuir and Freundlich model fitting for silica particles

0.03 ~
0.03 Rz =0.9664 X
0.02 -

Onno | R2=0.996

5002 *pH6
0.01 - Rze=09748  ®WPHS

ApH7.4
0.01 - R2 =0.9999 % pH 9
000 £v’ T T T T T T T T 1
0 1 2 3 4 c 5 6 7 8 9

Figure 5.1S: Langmuir plot for y-globulin adsorption onto Sgp particles
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Figure 5.2S: Freundlich plot for y-globulin adsorption onto Sgp particles
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Figure 5.5S: Langmuir plot for y-globulin adsorption onto S, particles
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Figure 5.6S: Freundlich plot for y-globulin adsorption onto Sa, particles
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Figure 5.8S: Freundlich plot for y-globulin adsorption onto MSU-H particles
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A.6 Kinetic-order plots for y-globulin immobilization on core particles
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Figure 6.1S: Pseudo-second order kinetic curve for y-globulin adsorption onto Sgp
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Figure 6.2S: Pseudo-first order kinetic curve for y-globulin adsorption onto Sxpp
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Figure 6.3S: Pseudo-second order kinetic curve for y-globulin adsorption onto Sa.
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Figure 6.5S: Pseudo-second order kinetic curve for y-globulin adsorption onto PCL-ES100
(1:3 ratio)

A.7 Nitrogen sorption isotherms for protein-adsorbed core particles
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Figure 7.1S: Nitrogen sorption isotherm for protein-adsorbed Sgp particles
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Figure 7.2S: Nitrogen sorption isotherm for protein-adsorbed Sxpp particles
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Figure 7.3S: Nitrogen sorption isotherm for protein-adsorbed MSU-H at 1 mg/ml
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Figure 7.5S: Nitrogen sorption isotherm for protein-adsorbed MSU-H at 4 mg/ml
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Figure 7.6S: Nitrogen sorption isotherm for protein-adsorbed MSU-H at 6 mg/ml
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Figure 7.7S: Nitrogen sorption isotherm for protein-adsorbed MSU-H at 8 mg/ml

Quantity adsorbed (cm"c‘g STP)

= Adsorption
® Desorption

12 -
10 !
a
-
X 4
B Jount®
23 =2
= -
N L] =-.
= - ....
...........
soee®
0 -
T T T , I I |
0.0 0.2 0.4 P P -
Relative pressure (P/Po)

Figure 7.8S: Nitrogen sorption isotherm for protein-adsorbed MSU-H at 10 mg/ml
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Figure 7.9S: Nitrogen sorption isotherms for protein-adsorbed PCL-ES100 particles

A.8 Surface charge analysis for protein-adsorbed silica
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Figure 8.1S: Plot of zeta potential vs pH for untreated silica particles
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Figure 8.2S: Plot of zeta potential vs pH for protein-adsorbed silica particles

A.9 FTIR analysis for desorbed y-globulin
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9.1S: FTIR spectra for protein adsorbed-PCL-ES100 (1:3)

198



Appendix

A.10: CD analysis for desorbed protein
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Figure 10.1S: CD spectra for desorbed y-globulin from PCL-ES100
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Preparation of polycaprolactone nanoparticles via supercritical
carbon dioxide extraction of emulsions
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Abstract Polycaprolactone (PCL) nanoparticles were pro-
duced via supereritical fluid extraction of emulsions (SFEE)
using supercritical carbon dioxide (2000, The efficiency of
e ao OO, extractionwas investigated and compared i that of
w0l vent extraction at atmospheric pressure. The effoc & of pro-
cess parameters inchuding polymer concentration | L6—10%
wiw in acetone), surfactant concentration (0,07 and 0.14%
wiw) and polymer-io-surfactant weight ratio (1:0-16:1 wiw)
on the particle size and surface morphology were also inves-
tigated. Spherical PCL nanoparticles with mean particle sizes
between 19 and 350 nm were obtained depending on the
poymer concentration, which was the maost inportant factor
where increase inthe particle size was direcily related i intal
paymer conient in the formulation. Manoparticles produced
were analysed using dynamic light scatiering and scanning
elactron microscopy. The resuls indicated that SFEE can be
applied for the preparation of PCL nanoparticles without ag-
glomeration and in a compa rativel y short duration of only | h
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Introduction

Thee use of drug delivery sysiems, particularly the micro- and
nang-scale intelligent systems for therapeutic molocules has
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rapidly increased over the years bocause they can suc cesafully
maximise the efficacy of the drug molecules [1].
Manoparticles are particles with a diameter range from | to
1) i, even though the dynamic range can cover the whole
nanomeire scale [2]. As a drug delivery system, nanopanicles
can entrap drugs or biomolacules inip deeir intemnal strocturnes
andipr adsorb these drugs or biomolecules onin their extemal
surfaces [3].

Due to their particle size, nanoparticles can move frecly
through the body via te smallest capillary wessels, oell and
tissue gaps in onder to reach their target organs [4]. These
properties of nanoparticles help to modify the bio-
distribution and phamacokinetic properties of the adeorsed!
entrapped drug molocules leading © an improvement in the
efficacy of the drug, docrease in unwanted side-effocs and
incresase in patient compliance [5]. Manoparticles can be pre-
pared from inorganic or pohymeric materials. Polymenc nano-
particles are more common and apgropriate a5 they can be
chemically modified o be biodegradshle and biocompatible
[6]. Bindegradable substances are brolen down in vivo either
enzymatically or non-enzymatically or both, to give rise to
tecicologically safe by-produce which are further remowved
by the mormal metbolic pathways. The wse of biode gradable
polymers has greatly increased over the past decade, and they
can gencrally be classified as either (1) synihetic biodegrad-
ahle polymers which include relative by hydrophobic materials
for example poly-lactic-co-glycolic acid (PLGA),
polycaprolacione (PCL) and others, or (2) naturally occuming
polymers such as chitosan, hyaluronan, etc. [7]. Principally,
synthetic polymers have many inherent advantages since their
structures can be manipulated o genorate spocialised camiers
o st particular applications [B].

PCL is a semi-crystalline polyester that is hydrophobic,
bindegradable and biocompatible. When compared o other
polymers, the biodegradation of PCL is slow; hence, it can
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