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Abstract

Recent focus on particle based drug delivery systems, necessitates improved drug loading
and sustainable release for water soluble drugs. Biodegradable polyesters, such as poly
(lactide-co-glycolide) (PLGA) and poly (L-lactide) (PLLA), are well studied but are
insufficient in terms of encapsulation efficiency for water soluble drugs and providing a
stable environment for macromolecule encapsulation. Even though hydrogels could allow
for higher encapsulation efficiency of water soluble drugs, they are inadequate in terms of
sustained and controlled release. Hence, the aim of this study was to develop a particulate
drug delivery system, with drug-loaded alginate hydrogel core, encapsulated by a
hydrophobic polyester shell. This is hoped that this would improve the loading of water
soluble drugs, while allowing for the release behavior to be governed by the core-shell
geometry of the particulates formed. In addition, the hydrogel core is also expected to

perform as a stable and friendly environment for protein encapsulation.

In this work, a one-step fabrication method of core-shell microparticles by concurrent
ionotropic gelation and solvent extraction was studied. The resultant microparticles
fabricated, have a core-shell structure of calcium alginate, encapsulated in a shell
constructed of either PLGA or PLLA. The cross-sectional morphology of particles was
established via scanning electron microscopy, Raman mapping and selective dissolution
of hydrogel material. The incorporation of alginate within the microparticles was shown
to improve loading efficiency of model hydrophilic drug metoclopramide (MCA).
Release studies also showed that the polyesteric shell functioned as a limiting barrier in

drug release from a MCA loaded drug hydrogel core. Lysozyme and bovine serum
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albumin released from the microparticles fabricated, show similar behavior in release
controlled by the polymeric shell, and also the preservation of bioactivity and protein

structure post release.

It is also noted that the double emulsion based fabrication method, relies on concurrent
ionotropic gelation of the alginate dissolved within the internal aqueous phase of the
double emulsion to form calcium alginate; and solvent evaporation to cause precipitation
of the shell polymer. It is also put forward that the oil layer of the double emulsion,
consisting of a hydrophobic polymer dissolved within a volatile solvent during fabrication,
act as a semi-permeable membrane during fabrication and is subject to osmotic pressure
forces acting from both aqueous phases. The permeability of this oil layer, the solvent
extraction and polymer precipitation rate; effects of osmotic pressure; double emulsion
stability; affects the particulate fabrication in terms of the cross sectional morphology,

surface morphology and also subsequently release behavior.

Hence, it is hoped that this new particulate drug delivery system would be valuable in
areas such as delivery of macromolecules, including peptides, proteins and vaccine
antigens. Consequently, these hydrogel-core hydrophobic polymer-shell microparticles
would permit the improved encapsulation and release of water soluble drugs, and provide

a safe environment for loading bioactive molecules.
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Chapter 1 Introduction

1.1 Background

Drug delivery systems for pharmaceutical drug administration, are studied for
controllable release of therapeutic drugs, to improve efficiency of treatment regimen and

patience compliance for disease management [1, 2].

In particular, water soluble drugs including antibiotics, anti-cancer drugs, growth factors
and vaccines antigens, were of increased interest [3, 4]. Particulate drug delivery systems
incorporating FDA approved biodegradable polymers such as PLGA and PLLA, are well
studied for their capability for sustained release [5]. However, shortcomings of the use of
such polymers include reduced loading efficiencies of water soluble drugs due to their
hydrophobic nature [3]. This reduced loading is also attributed to the fabrication methods
used, when drugs are leached to the external water phase during the use of emulsion

based solvent evaporation techniques [6].

In addition, the stability of proteins encapsulated in polyesters is known to be an issue,
due to interactions between the polymer matrix and the encapsulated macromolecules
during fabrication and release [7]. Hydrogels on the other hand, such as alginate and
chitosan were explored for better encapsulation of water soluble drugs [8] and a friendly
environment for protein encapsulation [9]. Hydrogels are however insufficient in terms of
sustainable release, due to their susceptibility to swell when immersed in an aqueous

medium as result of the gel high porosity [10].
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1.2 Problem statement

Given the issues and limitations attributed to both PLGA and hydrogel based drug
delivery systems, a particulate drug delivery system incorporating a drug loaded gel core
within a PLGA shell is sought after. Examples of such composite polymeric systems are
already reported in literature [11-13], where PLGA microparticles are fabricated with gel
material dispersed within [12], or on PLGA microparticle surfaces [11]. However, the
hydrogel material used in these methods has to be pre-fabricated in an extra step,
requiring further effort and time during microparticle fabrication. In addition, protein
stability and bioactivity is known to be an issue during fabrication, storage and release;

due to the acidic microclimate of these polyesters [14].

1.3 Objectives

The objectives of this study are as follows:

1. Develop a single-step method to produce core-shell alginate-polyester
microparticles (Alg-Polyesteric MP) for the purpose of encapsulation and release
of water soluble drugs, and also to explore the mechanism of particulate formation.

2. Characterize and study the above mentioned particles on the drug loading capacity,
and release behavior using a low molecular weight water soluble drug.

3. Characterize and study particles fabricated using the above mentioned method,
loaded with model proteins, including the drug loading capacity, release behavior,

protein structure and bioactivity post encapsulation and release.
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1.4 Novelty

The aim of this study is to fabricate a particulate system incorporating a hydrogel-
core/hydrophobic polymer-shell within a single step. It is theorized that this would
increase the encapsulation efficiencies for water soluble drugs to be used in a
PLGA/PLLA based controlled drug delivery vehicle; and at the same time allow for a
controlled release behavior governed by the core-shell geometry of the particulates

formed.

In addition, by fabricating microparticles with proteins encapsulated in the above manner,
it is hoped that this will assist in preserving the bioactivity of proteins, with the presence

of a hydrogel component to house the protein molecules within the hydrogel.

1.5 Scope

The scope of the work reported covers the fabrication technique of microparticles with
variations of the shell polymer constructed, which include alginate-PLGA microparticles
(Alg-PLGA MP) and alginate-PLLA microparticles (Alg-PLLA MP). Metoclopramide
HCI (MCA) as a model hydrophilic was loaded in the above mentioned particles, to
examine the loading capacity and release behavior. Parameter variations for particle
fabrication examined in this study, include the emulsification power of the primary

emulsion, and also volume of the external water phase.

Model proteins, lysozyme and bovine serum albumin (BSA), were also loaded in

microparticles fabricated using the above technique. Besides the release behaviour and
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the particulate morphology, the structure of released BSA was also characterised using
SDS-PAGE and circular dichronism. The Micrococcus lysodeikticus lysing assay was
used to determine the lysing activity of lysozyme post-release. Parameters variations
include the change of cross-linking ion concentration in the external water phase, and the
volume of external water phase; to examine their effects on the microparticles formed and

their drug release behaviour.
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Chapter 2 Literature Review

2.1 Drug delivery systems

Drug delivery systems (DDS) are used to provide an alternative means of pharmaceutical
drug administration, by acting as a storage vehicle that can be introduced to the body to
provide controlled release of the encapsulated payload while maintaining the required
therapeutic concentration levels and reducing the systemic burden for some treatment

regimens, as a result of systemic distribution of the drugs required [15].

Some of the different form factors of these systems include implantable material such as
casted films, slabs or particulates. These systems are delivered into the body via different
administration routes, including enteral, transdermal, oral, intravenous or intramuscular
injection routes [16]. When these DDS are introduced into the body, they can become
localized depots for release of pharmaceutical drugs near the targeted area of delivery,
instead of systemic distribution of therapeutics taken by other routes [17]. Such
pharmaceutical drugs include small molecules such as isoniazid, gentamicin and
ofloxacin for antibiotics; macromolecules proteins such as, growth factors, antigens, viral,
etc. [4]. Examples of DDS systems currently in commercial use includes Lupron,

Somatulin and Ozurdex [18].

Materials used for drug delivery systems, span across various classes of biocompatible
materials, including polymers such as synthetic polyorthoesters, poloaxmers,
polyphosphazenes and natural polymers such as alginates and chitosan [19]. Other

materials include inorganic materials such as hydroxyapatite and silica dioxide [20, 21].
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Among the different materials used, poly(lactide-co-glycolide) and poly(L-lactide) are
among the most researched in-depth [5]. These polyesters are biodegradable and capable
of encapsulating molecules for controlled release. They are however insufficient when it
comes to water soluble drugs, due to the polymer’s hydrophobicity and its resultant
deleterious effects on the bioactivity of loaded proteins [4, 7]. Hydrogels such as calcium
alginate or Poly-(N-isopropylacrylamide) on the other hand, encapsulate drugs within a
porous network, but are prone to burst release due to their porous nature and their

propensity to swell in release medium [10].

2.2 Materials background

2.2.1 Biodegradable polyesters

Poly-(lactide-co-glycolide) (PLGA) and poly-(L-lactide) (PLLA) are a category of
polyesters well researched for their biocompatibility, biodegradability, and their capacity
to allow for sustained release of encapsulated molecules of interest [5, 22]. Essentially,
PLGA and PLLA are made up of monomer units of lactide (LA) and glycolide (GA)

connected via ester linkages, as shown in Figure 2.1:

EH:» (”) (|:H3 (“) ?H.z
RO/C ~C O\CH’( R RO/(‘\C O\CH:C O/CH\ f O\R
5 (l‘H3 s o 5"
Polylactic acid (PLA) Poly (lactic acid-co-glycolic acid) (PLGA)

Figure 2.1: Structure of the PLGA and PLLA, indicating the respective LA and GA monomers. [23]
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PLGA and PLLA are already extensively studied and are in fact employed in commercial
applications such as Lupron Depot for the treatment of prostate cancer [24]. These
polymers degrade via hydrolysis and releases any encapsulated therapeutics from within
the polymer matrix. The release of encapsulated drugs is variable via the rate of diffusion
through the polymer matrix and also the degradation process occurring within or on the
surface of the polymer matrix. PLGA for example, is known to have release rates
dependent on the hydration of the polymer matrix when immersed within a release
medium; due to the different degradation states of the polymer, with varying levels of
chain scission, the dissolution of oligomers; and complete dissolution of the polymer

matrix [25, 26].

The LA:GA ratio in the co-polymer PLGA or PLLA, dictates the different
physiochemical and release behavior of the polymers. For example, PLLA has a higher
lactide content compared to PLGA and hence is more hydrophobic due to the additional
methyl groups found on the lactide monomer. Hence, PLLA is known to degrade slower
than PLGA through hydrolysis due to a decreased water intake. PLGA synthesized with
different LA:GA ratios will hence degrade at a different rate as a result. Since the
difference in degradation behavior due to differing LA:GA content affects the release
behavior of drugs encapsulated (as seen in Figure 2.2, for different types of PLGA), this
can allow for customizable drug release rates in this context. In addition, the different
molecular weight of polymer used, will also affect the degradation rate and subsequently

the release rate of encapsulated molecules. [27, 28] .
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Figure 2.2: Drug release behaviour between the different LA:GA ratio of PLGA [27]

Fabrication techniques of polymeric particulate DDS are extensively studied, which
involve methods of emulsion solvent evaporation, nanoprecipitation, and coacervation [27,
29]. However, some of the issues encountered when using the above mentioned
techniques, include reduced loading efficiencies of water soluble drugs, due to the
hydrophobic nature of the polymer used [3]. This reduced loading is also attributed to the
fabrication method, when drugs are leached to the external water phase during the use of

emulsion based solvent evaporation techniques [6].

In addition, the stability of proteins encapsulated is known to be an issue, as a result of
interactions between the polymer matrix and the encapsulated macromolecules [4, 7].
This becomes a problem during the release of proteins, in addition to the deleterious
effect of common fabrication methods, which involve the use of organic solvents. Burst

release from PLGA particulate DDS is also an issue, as a result of localization of drugs on
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particulate surfaces and within the pores formed in the matrix of microparticles [4, 5, 7,

30].

2.2.2 Alginates

Alginates are a class of natural biopolymers sourced from brown algae and bacteria. A
type of anionic polysaccharide, it is a co-polymer consisting of manuronic acid (M) and

gluronic acid (G) units that make up the entire polymer chain.

a
~ OH
NaOOC\( H”O OH Lj
e Pl B NaOOC =/ ~07
HO HO A/L\_,()H //KZ_ OH
HO
ManA (M) GulA (G)
b
NaOOC OH N: |OO’ r Nz IO”C
OH f ) HO‘- 7\(
QO OH NaQOC ' IC )/ ‘\O,——P
\/O\ \/
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Figure 2.3: (@) Monomer units of alginate; manuronic acid (M) and gluronic acid (G)
(b) the three different possible block compositions of the alginate co-polymer [31]

The uronic acid units are linked by glycosidic bonds and are arranged in blocks of MM,
MG, or GG units, as shown in Figure 2.3. The composition and sequencing of M and G
units is variable among different sources of algae, giving rise to different viscosity ranges

of alginates available for use. The sodium salt of alginate (NaAlg) is also water soluble

[31-34].
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Figure 2.4: (a) Egg box model; (b) illustration of gel formation with the creation of inter-chain
junction zones. [31]

Alginates can be physically gelled together with divalent ions, including Ca**, Mg?*, Ba*",
etc. This results in an “egg box” structure, where uronate units of the copolymer are
bound strongly by Ca®* ions through chelation based binding, forming physical cross-
links i.e. junction zones [31]. With the combined formation of various types of junction
zones (shown in Figure 2.4b), this results in the formation of an ionotropic gel that is
insoluble in water. Hence, the gel is usually formed by dripping or casting into a CaCl,
bath. Disruption or dissolution of this gel requires the presence of sequestering agents like
citrate, EDTA, phosphate buffer saline to remove the Ca®* ions from the junction zones

[34].
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Alginates are actively studied in pharmaceutical and medical settings, such as for drug
delivery, cell encapsulation, wound healing, and tissue engineering applications [10, 33,
35]. With regards to drug delivery however, it is limited in terms of sustained release of
low molecular weight drugs due to the propensity of hydrogels to swell in water, as a

result of its porosity when immersed in an aqueous environment [10, 35].

2.2.3 Encapsulated molecules of interest

2.2.3.1 Metoclopramide hydrochloride

Metoclopramide hydrochloride (MCA) is a low molecular weight drug (336.26 Da),
which is water soluble and is used as a model drug in this study. MCA is a
gastroprokinetic drug prescribed for gastric stasis and nausea [36]. It is also reported to
function as a radio-sensitizer and chemo-sensitizer for lung carcinoma treatment [37, 38].
MCA can be detected via UV-Visible spectroscopy with an absorbance of 309 nm, and
also demonstrates a detectable fluorescence emission at 360 nm when excited at 310 nm.

[39]

Cl
NH,

L

Figure 2.4: Molecular structure of metoclopramide HCI [38]
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2.2.3.2 Lysozyme

Lysozyme, i.e. N-acetylmuramichydrolase or muramidase, is a small molecular weight
protein (14.4 KDa) [40], found naturally in tears, egg white and milk [41]. Being an
antimicrobial enzyme, it is effective against gram-positive bacteria via its lysis action
against the peptidoglycan cell wall [42]. The cleavage of glycosidic linkages between N-
acetylmuramic acid (NAM) and N-acetylglucosamine (NAG) in peptidoglycan cell wall
of bacteria by lysozyme (Figure 2.5), can be used to determine the activity of lysozyme

by monitoring the turbidity change in a Micrococcus lysodeikticus lysing assay [43].

NHCOCH;

\P"UH . o
- (NAG)-om;« o \wo—(NAM) -
i NHCOCH;  CHyOM

CHyCHCOOM

(NAM) (NAG)

Lysozyme

CH,0H NHCOCH,

HO
-—-ua@)- AT o 4 S o an---
? NRCOCH, CH,0H

CH,CHCOOH

(NAM) (NAG)

Figure 2.5: Lysis of peptidoglycan cell wall (backbone polymer of NAG and NAM) with lysozyme

2.2.3.3 Bovine serum albumin

Bovine serum albumin (BSA) is a globular protein (66.4 KDa) obtained from bovine
blood, commonly used as a model protein for studies, due to its availability from
livestock as compared to human blood. Like all mammalian serum albumin, BSA
provides oncotic pressure and is a carrier for molecules such as fatty acids or hormones in
blood [44-46]. BSA is also known as Fraction V, obtained via the Cohn process initially

planned for use as a blood expander in medical use during the 1940s [47]. Structural-
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wise, BSA consists of 54% a-helix & 14% B-helix domains [48]. BSA is used in a variety
of lab applications, for e.g. as a blocking agent in immunoassays such as enzyme-linked
immunosorbent assays (ELIZA) and western blots [49, 50]; and as a protein

concentration standard in quantification assays [51, 52].
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2.3 FEabrication methods

2.3.1 Fabrication of polyesteric microparticles

Microencapsulation of drugs within PLGA or PLLA, usually involves dissolving the
polymer in an organic solvent, together with the molecule of interest (MOI), and then
subsequently casted into the form factor required. For microparticle fabrication, casting
methods include emulsion based solvent evaporation/extraction methods, coacervation
(phase separation) and spray drying, nanoprecipitation (Figure 2.6) [4, 5, 29]. Among
these methods, the emulsion based solvent evaporation (ESE) method is the most

commonly studied [6, 53, 54].

Macromolecular drug
solution

~ Polymer solution

V'  Homogenize

w/o Emulsion

Transfer into PVA
solution/homogenize

Non-

solvent
@ Transfer
: into
' hardening
w/o/w : agent
Emulsion m %ﬂ %
RS IR
‘ Solvent evaporation| | Phase separation | | Spray drying |

Figure 2.6: Scheme depicting the various methods of particulate fabrication [4]
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A typical ESE method is depicted in Figure 2.7 and described as follows:

1. A drug molecule of interest (MOI) is dissolved or suspended within a PLGA
polymer solution. The PLGA solution is typically consisting of PLGA dissolved
in a volatile solvent, such as ethylene chloride or ethyl acetate.

2. The PLGA solution is subsequently dispersed into an external water phase with
poly-vinyl alcohol (PVA) surfactant to form an oil-in-water (o/W) emulsion.

3. As the organic solvent making up the PLGA solution is extracted or evaporated
during the emulsification, the hardened microparticles with the encapsulated MOI

are left in the external water (Wex:) phase and collected for further processing. [2].

Single emulsion process

organic polymer soluion with A~ \\. \ :L‘;"i":g'gﬁt“
dissolved or crystaliized MOl ==\ - -

evaporate solvent
—— collect, wash, and
lyophilize microspheres
aquaous solution of
emuision stabdizer
(e.g. PVA) dispersion of polymer
droplets containing MOI

Figure 2.7: Hlustration of an o/W emulsion solvent evaporation process [2]

In the ESE method of particulate fabrication, the emulsion formation serves to template
the spherical shape of microparticles formed, via the formation of emulsion droplets. The
hardening of the emulsion droplets into microparticles and precipitation of polymer, is
reliant on the extraction of solvent from the emulsion droplets into the Wex phase before

evaporation into the atmosphere [6].
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Due to the hydrophobic nature of the polymers used, water soluble drugs are more
commonly encapsulated using a water-oil-water (w/O/W) double emulsion instead. In this
case, the water soluble drug is dissolved within an internal water (Wi phase, before later
dispersion into a PLGA solution, forming water-in-oil (w/O) emulsion as the first step.
The primary w/O emulsion is then subsequently dispersed into a Wex: phase, as depicted

in Figure 2.8 to form a w/O/W emulsion [2, 53].

A) Form primary (water/oil) emulsion
aqueous solution £ \ )
of MOI & ‘

\

organic polymer
solution ——— a9 e "

mechanical
stirnng device

aqueous droplets of MOI
in polymer solution
B) Form secondary (water/oil/water) emulsion

primary P

emulsion /“‘

\. 3

\ \
MO solution (agueous)
polymer soluton (organic)
PVA solution (aquecus)

evaporate solvent
w— collect, wash, and
lyophilize microspheres

aqueous solution of

emulsion stabilizer ~ont s MOI
(e PVA containing aqueous

dispersion of polymer droplets

Figure 2.8: Illustration of a w/O/W double emulsion solvent evaporation process [2]

As the main process of particulate formation involves the forming a double emulsion and
subsequent emulsion droplet hardening via solvent extraction, factors affect the

encapsulation efficiency of the particles formed, are as follows:
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Solubility of encapsulated MOI when compared to W,y phase: water soluble drugs

usually leaches out to the external water phase in a w/O/W double emulsion, due to

the drug’s hydrophillicity, reducing the encapsulation efficiency [30].

Solvent extraction rate: the solvent extraction rate is proportional to the rate of

polymer precipitation and solidification of the emulsion droplets. The encapsulation
efficiency is reported to improve with a fast extraction rate, due to reduced time for
MOI to leach out to the Wey. The solvent extraction rate is also controllable by
amount of external water phase used, varying the rate of solvent partitioning into the

external water phase before evaporation [30, 55].

Stability of double emulsion: double emulsions are known to be inherently unstable

and the inner water phase has a tendency to coalesce with the external water phase
over time [56]. This results in loss of MOI and reduced encapsulation efficiency as a

result.

Emulsion stability can be improved with the use of surfactants such as Span80 or
Tween80. An increase of viscosity of either of the phases also increases the emulsion
stability, e.g. increase in polymer solution concentration or molecular weight of the

polymers used [30, 57, 58].

Osmotic pressure between aqueous phases and oil phase: due to the presence of solute

dissolved within the internal and external aqueous phases, the oil layer (i.e. polymeric

solvent layer) of the double emulsion behaves like a semi-permeable membrane prior
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to hardening. As a result, the double emulsion can exhibit the effects of hypotonicity

or hypertonicity, dependent on the solutes dissolved in the aqueous phases [58].

Hence, a reduction in an osmotic gradient as direct result of solutes dissolved in the
aqueous phases can reduce formation of water channels or rupture of double emulsion
droplets formed, improving encapsulation efficiency. In addition, care taken on the
direction of the osmotic gradient may reduce out flux of MOI to the external phase

[30, 58].

Pertaining to protein encapsulation, Figure 2.9 below shows the typical steps in the ESE
fabrication process and the various factors that would affect release, especially

macromolecules:

Primary emulsion Secondary emulsion
Internal aqueous :
phase (W1) External aqueous
0 > » \:ll\\\ Oil phase (0) phase (W2) /,/F\\I s 0 <wil
- LR ‘ v . o S o0
w b v
* s® & G F
‘. o
t . a® - ‘.
AN o 0
» e B T . |t — el P 0T
WANINEY B VYT
/)
A B Native (V Il)/ E B

protein

Figure 2.9: The different stages in ESE fabrication and the different deleterious effects on protein
release; inset shows a close up on the emulsion phase interfaces [7]

e A, B: Partitioning of proteins into organic solvent used, and the water-solvent

interface can cause denaturation of protein due to the amphiphilic nature of proteins.

Page 18



e D, E: With the forming of a w/O double emulsion droplet, water channels formed in
the oil/solvent phase would allow proteins to move from the inner to external phase,
resulting in increased exposure of water/oil interfaces and chances of protein

deactivation and also reduction of encapsulation efficiency.

e E: The water channels formed will become pores and channels for encapsulated MOI

to leach out during release, causing burst release. [7]
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2.3.2 Fabrication of alginate hydrogel

To fabricate alginate hydrogel particulates or beads, the alginate is dissolved in water and

then exposed to the divalent ions required to cause physical cross-linking i.e. gelation.

Gelation of alginates can either occur via diffusion setting or internal gelation:

e Diffusion based gelation of alginate: the diffusion of Ca®" from an external source into

the NaAlg solution causes the gelation of alginate polymer chain from the interface

onwards. This is marked by fast gelling kinetics, which is common in the extrusion of

alginate beads for use of cell encapsulation, and generally produces inhomogeneous

gels.

e Internal gelation: an insoluble form of a calcium salt, such as Ca-EDTA or CaCOs3 is

dispersed within a solution of NaAlg. The slow gelation of alginate is then initiated by

the addition of §-gluconolactone, which hydrolyses in water and releases H* ions.

This then reacts with insoluble calcium salt and slowly releases the calcium ions into

the solution to initiate homogeneous cross-linking of alginate (Figure 2.10).

Hydrogel
boundary

I

Alginate —— 2 —

Diffusion setting

. Calcium
o * Reservoir

«
4 H.CO,—=H.0 - (O,

GDL

Internal gelation

Figure 2.10: Diffusion and internal gelation setting methods for alginate [31]
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To encapsulation MOI within alginate, the MOI can be dissolved within the NaAlg
solution prior to gelation. This would result in formation of alginate gel beads with the

MOI encapsulated within the gel network [59].
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2.4 Limitations of current fabrication methods

The common issue relating to methods of fabricating PLGA microparticles, includes the
leaching of water soluble drugs from the Wiy, phase to We phase, resulting in low
encapsulation efficiency [3]. Also, given the nature of the organic solvents used to
dissolve the polymer in the oil phase, and also the hydrophobic polymers used (PLGA
and PLLA), this often causes protein stability issues due to the solvent—water interfaces,

during fabrication, storage and incubation [7, 60].

Alternate composite gel-PLGA particulate fabrication methods were reported in literature
for further mitigation on encapsulation efficiency issues [11-13]. Such particulate DDS
systems either have hydrogel material dispersed within matrix of the fabricated
microparticle, [12] or on the microparticle surface [11]. It is noted that in these methods,
the hydrogel material have to be pre-fabricated in an extra step, requiring further effort

and time for microparticle fabrication.
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Chapter 3 Materials and Methods

3.1 Materials

Poly (DL-lactide/glycolide) ratio 50:50 (Intrinsic viscosity 1V 1.03), Poly (L-Lactide)
(PLLA; IV 2.4) were purchased from Purac Biomaterials; Alginic acid sodium salt, from
brown algae; Span® 80, Poly(vinyl alcohol) (PVA) (molecular weight 30-70 kDa);
trisodium citrate; trifluoroacetic acid; calcium chloride; metoclopramide HCI (MCA);
Bovine Serum Albumin; Lysozyme from chicken egg white were acquired from Sigma-
Aldrich. Dichloromethane (DCM) and acetonitrile were obtained from Tedia Co Ltd.
Sodium chloride was obtained from J.T.Baker Ltd. Phosphate Buffer Saline (PBS) (pH
7.4) was obtained from OHME Scientific Pte Ltd Singapore. All items were used as

received. Bicinchoninic acid assay kit was obtained from Pierce, Thermos Scientific.

3.2 Fabrication

3.2.1 Fabrication of microparticles

3.2.1.1 Non drug-loaded particles

A modified double emulsion solvent evaporation technique was developed, to fabricate

non-drug-loaded Alg-PLGA MP.

Before emulsification and solvent evaporation, the below two polymer solutions were

prepared:

e PLGA/DCM solution: 10% (w/v) PLGA was dissolved within DCM, and Span80

(1% (w/v) was also added to stabilize the primary w/O emulsion.
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e Sodium alginate (NaAlg) solution of 4.5% (w/v) was prepared by dissolving
NaAlg in water. Sodium chloride (NaCl, 1.35 M) was also added to function as an

osmolyte for the case of non-drug loaded microparticle fabrication.

A schematic showing the overview the process is depicted in Figure 3.1. The NaAlg
solution was initially emulsified into the PLGA solution by magnetic stirring, to first form
the primary w/O emulsion. This emulsion was then further emulsified into a 100 ml
aqueous solution of 0.5% (w/v) PVA, 50 mM CaCl;, and 0.6 M NaCl to form a w/O/W
double emulsion, with an overhead stirrer fitted with a stirrer blade. The double emulsion
is then stirred mechanically for three hours at 400 revolutions per minute, to concurrently
start DCM evaporation and gelation of sodium alginate. The hardened microparticles
were then collected by centrifugation, washed with deionized water; freeze dried and then
kept in a dry box for storage. Blank Alg-PLLA MP were fabricated in the same manner as

described, with the exception that 5% PLLA was used as the polymer solution instead.
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Figure 3.1: Schematic for the fabrication of Alg-Polyesteric MP.

3.2.1.2 Metoclopramide (MCA)-loaded microparticles

For MCA-loaded microparticles, MCA was first dissolved in the NaAlg solution for a 20%
(w/w) theoretical drug loading. NaCl was excluded from the internal and external aqueous
phase during solution preparation. Microparticles were then fabricated in the same
method described for blank Alg-PLGA MP and Alg-PLLA MP. Neat MCA-loaded PLGA
and PLLA microparticles were also fabricated for comparison with MCA-loaded Alg-
Polyesteric MP. In this case, NaAlg was not dissolved in the internal agueous phase prior

to emulsification.
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The variation of parameters for the different Alg-Polyesteric MP fabricated is shown

below in Table 3.1.

Wi.: phase Oil phase We,: phase
Ref o rera [Nacl] A [Nacl] | [caCl,] | Volume Remarks
=neaRsEl | (v Y (M) | (mM) | (ml)
0, o
1A - 1.35 B IT\L/GlAOSO'SO 0.6 50 100 Non-drug
= PLLA loaded Alg-
1B - 1.35 ° 0.6 50 100 Polyesteric MP
V2.4
0, .
1C MCA - e IT\L/GlAOSO'SO - 50 100 MCA-loaded
- lg-Pol i
1D MCA - 2% PLLA - 50 100 A OA/TF?SterIC
V2.4
Sonicator probe
0, .
1E - 1.35 10% PLGA 50:50 0.6 50 100 used for primary
IV 1.0 e .
emulsification
10% PLGA 50:50
1F MCA - IV 1.0 - 50 50
10% PLGA 50:50
16 MCA i IV 1.0 i >0 150 Variation of Wy
9 : |
1H MCA ) 10% PLGA 50:50 _ 50 200 volume
IV 1.0
10% PLGA 50:50
1l MCA - IV 1.0 - 50 250

Table 3.1: List of batches fabricated for non-drug loaded and MCA-loaded Alg-Polyesteric MP
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3.2.1.3 Protein-loaded microparticles

For fabrication of lysozyme (LYZ)-loaded microparticles, LYZ was first dissolved in

water and then subsequently used to dissolve NaAlg, in order to produce an aqueous

solution for a theoretical lysozyme loading of 10% (w/w). Microparticles were then

fabricated in the same protocol described for MCA-loaded Alg-PLGA MP and Alg-PLLA

MP. For BSA-loaded microparticles, LYZ was substituted with BSA. Variation in

parameters for protein-loaded microparticle fabrication were also made and referenced in

Table 3.2. Neat protein-loaded PLGA and PLLA microparticles were also fabricated for

comparison with protein-loaded Alg-Polyesteric MP. In this case, NaAlg was not

dissolved in the internal aqueous phase prior to emulsification.

Wi.: phase Qil phase W, phase
Ref Encapsulant Polymer ezl Uialmnz Remarks
(mM) (ml)
2A Lysozyme 10% PLGA 50:50 IV 1.0 50 100 Lysozyme-loaded
2B Lysozyme 5% PLLA IV 2.4 50 100 Alg-Polyesteric MP
2C BSA 10% PLGA 50:50 IV 1.0 50 100 BSA-loaded
2D BSA 5% PLLA IV 2.4 50 100 Alg-Polyesteric MP
2E BSA 10% PLGA 50:50 IV 1.0 10 100
2F BSA 10% PLGA 50:50 IV 1.0 25 100 -
Variation of [CaCl,]
2G BSA 10% PLGA 50:50 IV 1.0 75 100
2H BSA 10% PLGA 50:50 IV 1.0 100 100
21 BSA 10% PLGA 50:50 IV 1.0 50 75 o
2J BSA 10% PLGA 50:50 IV 1.0 50 150 VEEEED @ s
volume
2K BSA 10% PLGA 50:50 IV 1.0 50 250

Table 3.2: List of batches fabricated for LY Z- loaded and BSA-loaded Alg-Polyesteric MP
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3.2.2 Fabrication of Calcium Alginate (CaAlg) beads

MCA-loaded calcium alginate (CaAlg) beads were made to compare the drug release
behavior with Alg-Polyesteric MP. The beads were extruded with a syringe needle, with a
4.5% (w/v) NaAlg solution dissolved with MCA for 20% theoretical loading, into a 50
mM CaCl; cross-linking bath. Beads were then gelled in the bath for a time of 3 hours,
before being used for drug release studies. LYZ-loaded and BSA-loaded CaAlg beads of

10% theoretical loading are similarly produced.

Blank CaAlg beads were similarly made, with different immersion times in a CaCl; bath
for purpose of FT-IR spectroscopy to examine the changes in IR absorption with
increased exposure to Ca®* ions. Exposure time to Ca?* ions was varied between 3, 15, 30,

60 and 180 minutes.

3.3 Characterization

3.3.1 Material characterization

3.3.1.1 Scanning Electron Microscopy (SEM)

Microparticles fabricated, were imaged with a JEOL 6360A scanning electron microscope
with a JED2300 X-Ray Energy Dispersive Spectroscopy (EDX) attachment. For cross-
section morphology of microparticles fabricated, microparticles were placed on double
sided carbon tape, dipped into liquid nitrogen for a short while, before a surgical blade is
used to make cuts across the mounted microparticles. To visually distinguish between the

CaAlg hydrogel-core and the polyesteric-shell, cross-sectioned particles after imaging,
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were left in trisodium citrate (0.1 M) overnight to dissolve the CaAlg hydrogel. It is noted
that citrate ions sequestering the calcium ions, causes dissolution of CaAlg hydrogel [34].

The microparticles were then rinsed and air-dried before imaging again with the SEM.

3.3.1.2 FT-IR characterization

A Nicolet Continupum (Thermo Electron) microscope connected to a FT-IR spectrometer,
was used to visually identify the components of the Alg-PLGA MP, through infra-red
spectroscopy. The core and shell of the Alg-PLGA MP after cross-sectioning were
separated with tweezers and placed on a reflective substrate (glass slide coated with gold).
FT-IR spectra were collected from 4000 cm™to 650 cm™ in reflectance mode. Spectra of

the CaAlg beads and PLGA were also collected for comparison.

FT-IR spectroscopy was also used to characterize CaAlg gel cores from Alg-PLGA MP
fabricated with different volumes of external water phase and also CaAlg beads gelated
with different Ca** exposure time. The alginate gel cores from Alg-PLGA MP were first
obtained by dissolving off the shell, through immersion of microparticles in DCM under
ultra-sonication, and then subsequently vacuum dried. The Perkin Elmer Spectrum FT-IR
spectrometer is then used to characterize the gel cores and gel beads obtained by
embedding the material within KBr pellets, running infra-red scans in transmission mode.

Spectra were obtained from 4000 cm™ to 400 cm™ with an interval of 0.5 cm™.
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3.3.1.3 Raman spectroscopic mapping with BTEM algorithm

Spectroscopy mapping with Raman signals from samples and the use of the BTEM
algorithm was used to map the spatial location of polymers and the drugs loaded within
the microparticles fabricated. An In-Via Reflex, Renishaw Raman microscope equipped
with a near infrared enhanced deep depleted thermoelectrically Peltier-cooled CCD
detector array (576x38g pixels) and a Leica microscope was used for the collection of
Raman spectra. The cross-sectioned microparticles were irradiated with a 785 nm near
infra-red diode laser of approximately 20 mW under a 20x microscopic objective, and
measurements were collected in step size interval of 5 um within a grid area of 400 x 200
um. The signals were collected via an 1800 groove/mm static dispersive grating from

300-1900 cm™, with each acquisition time for about 35s per spectra.

Pre-processing of the spectra, including the removal of spikes from cosmic rays, was
performed before the collected spectra are analyzed with the band target entropy
minimization (BTEM) algorithm. The BTEM algorithm was used to reconstruct pure
component spectral estimates [61, 62]. Each normalized pure component spectra of the
underlying constituents were reconstructed and relative contributions of each measured
point of the signals was calculated by projecting them back onto the baseline corrected
and normalized data set. A color-coded scale represents the intensity of each component
recovered in a score image, where summation of intensities (color-coded scale) of all
components at each grid pixel is equated to unity. The score images were then used to
depict the distribution and the semi-quantitative content for all observed component in the

microparticles [63].
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3.3.2 Encapsulation guantification techniques

3.3.2.1 Drug loading

Actual drug loading and encapsulation efficiency of the microparticles fabricated are

defined as below:

Actual Drug Loading %(w/w)
= 100% x (Mass of drug loaded / Total polymer mass)

Encapsulation Efficiency (%)
=100% x (Actual Drug Loading / Theoretical Drug Loading)

Actual drug loading of MCA loaded microparticles was determined, by digesting 5 mg of
microparticles in 1 M NaOH in a sonication bath, for 10 min in an 80 °C water bath. The
solution was then neutralized and filtered before analysis. A reverse phase high
performance liquid chromatography (HPLC) method, using the Agilent 1100 HPLC
system with a XDB-C18 column was used to determine the drug concentration in the
solution. 0.1% (v/v) trifluoroacetic acid and acetonitrile was used as the mobile phase,
and the feed through of the mobile phases through the column was done in gradient mode

and detected with a visible wavelength detector at 309 nm.

For protein-loaded microparticles, an alternative protein extraction method was used. 10
mg of microparticles were weighed in triplicate and then added to acetonitrile, vortexed
and placed in an ultrasound bath to remove the polymer shell of the microparticles. The
resultant suspension is then centrifuged and the supernatant removed. Acetonitrile is then

added again and the process was repeated for another 2 times before the residue was then
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dried in a vacuum oven. The dried residue is solubilized in PBS and the resultant solution

was assayed using a bicinchoninic acid (BCA) assay.

3.3.2.2 Drug release studies

MCA-loaded microparticles (5 mg) were added to 5 ml phosphate buffer saline (PBS) in
vials, placed in a 37 °C orbital shaking incubator. At pre-determined time intervals, 1 ml
of the release medium was extracted from the vial and analyzed for concentration of
MCA released. The vials were then replenished with same volume of fresh PBS after
drawing the sample aliquot. An UV-Visible Spectrophotometer (Shimadzu UV-2501) was
used to measure the MCA concentration through by measuring the absorbance at

detection wavelength 309 nm.

For protein-loaded microparticles, 10 mg of particles are similarly weighed and immersed
in vials of Dulbecco PBS for release. The release medium is similarly extracted for
characterization at set time intervals. The protein concentration of the release aliquot was

determined using the BCA assay Kkit.
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3.3.3 Protein bioactivity studies

3.3.3.1 Micrococcus lysodeikticus assay for lysozyme lysing activity

The bioactivity of lysozyme in the control and release aliquots of LYZ-loaded Alg-
Polyesteric MP was characterized through its lysing activity of Micrococcus lysodeikticus
(ML) cells. 0.5 mg/ml suspension of deactivated lyophilized ML cells was suspended in
66 mM pH 7.0 potassium phosphate buffer at 25 °C. 200 ul of ML suspension were then
added into the wells of a 96 well plate, each containing 50 pl of 10 ug/ml of either the
control samples of lysozyme or the release aliquots. The turbidity of the suspension is
then tracked, by measuring the absorbance at 450 nm with a Tecan M-100 well plate
reader at every minute for a period of 5 minutes. The measured absorbance values were

then plotted against time and compared with those for native lysozyme.

3.3.3.2 SDS-PAGE

Sodium Dodecyl Sulfate Polyacrylamide gel electrophoresis (SDS-PAGE) was conducted
on released aliquots to examine for fragmentation of BSA post release. Samples were
reduced with DTT at 70 °C for 10 minutes, before loading into sample wells of NuPAGE
BisTris 4-12% precast gradient gels. A potential difference was applied to the gel for
electrophoresis at 120 V, 1.5 hours with 30 W of power applied. Gels were then stained
with a SimplyBlue Commasie Blue stain for an hour and then further de-stained to

resolve the bands against a clear background.
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3.3.3.3 Circular Dichronism

The secondary structure of BSA native control and release aliquots from BSA loaded
particles were analyzed by collecting circular dichronism (CD) spectra using a Jasco J-
815 spectropolarimeter. Scans were made in the far-UV region from 190-260 nm, using a
quartz cuvette of 1 mm path-length, with an accumulation of 3 scans per aliquot. Scan
parameters used included a 0.2 nm data pitch, a data integration interval of 4 sec,

bandwidth of 1.0 nm and a scan rate of 50 nm/min.
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Chapter 4 Results and Discussion

4.1 Blank and MCA-loaded Alg-PLGA and Alg-PLLA MP

In this section, the morphology of the blank and MCA-loaded core-shell microparticles
fabricated will be discussed. The drug loading and release behavior was also compared

with MCA-loaded CaAlg beads.

In addition, various fabrication conditions affecting the formation of the core shell
microparticles will also be discussed, including the primary emulsification power used

and the volume of Wy used.

4.1.1 Particulate cross-section morphology

The formation of microparticles was examined by scanning electron microscopy (SEM)
and the various components were verified via FT-IR spectroscopy, selective dissolution

of the particulate components and Raman mapping.

Figure 4.1.1: Electron microscopy images of Alg-PLGA MP, depicting the same microparticle before
(a) and after addition of citrate (b) [63]
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Alg-PLGA MP fabricated was shown to consist of an alginate core and a PLGA shell
structure. The cross-section view of Alg-PLGA MP is shown in Figure 4.1.1a, depicting
a core-shell structure within the microparticle. When this cross-sectioned microparticle
was immersed in trisodium citrate, and viewed again under the SEM, the core portion was
shown to have been removed (Figure 4.1.1b). As the citrate ion can chelate and sequester
Ca® ions from CaAlg, this causes the gel structure of CaAlg to be dissolved [34],
whereas the PLGA component remained intact and unaffected by the action of the citrate
ion. This indicates that the core portion of the microparticle that was removed via citrate

treatment was calcium alginate (CaAlg).

4000 3500 3000 2500 2000 1500 1000 500

- ——— Microparticle Shell

C=0 stretch .
1790-1720cm? |

: 1 i 1 1 A { . Seom—-y i ! A

=+ =+=PLGA (Using Nicolet) ‘

ks LA | K-8 LA

W t Ve | o
%T — A 1 \ 1 A A - il Vi
Microparticle Core
COO-H/ O-H stretch

3750- 3000 cm™

i ] i 1 i 1 " 1 i 1 i 1 i =

. e - - — e T N
B \ ’-.f'. e ,,. 4 4
L. ' " \ —
. -
— \. l. -
I ; 1 ; | R ! h ! . ] —
4000 3500 3000 2500 2000 1500 1000 500

Wavenumber (cm-1)

Figure 4.1.2: Infra-red spectra of the different components of Alg-PLGA MP [63]
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The infra-red (IR) spectra of the microparticle component, with the spectra of PLGA
and a CaAlg bead are shown above in Figure 4.1.2. It is seen here that IR spectra of
the microparticle core and shell matched with the reference spectra of CaAlg and
PLGA respectively. The strong broad peak at around 3500-3000 cm™ arising from
the gel core, distinguishes it from the material in the microparticle shell. This is
representative of the O-H stretch of repeated -COOH and —OH units on the alginate
polymer chain. Also, the carboxylate COO" stretching absorption peak is also seen
around 1608 cm™ for the CaAlg core [63-65]. The doublet seen between 1790-1720
cm’ for the shell, on the other hand, is representative of the C=0 carbonyl stretch of

the lactide and glycolide groups arising from PLGA.
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Figure 4.1.3: Optical microscopy image of a cross-sectioned Alg-PLGA MP, with the Raman mapping
results corresponding to the cross-section of the microparticle [63]

The Raman mapping of a cross-sectioned microparticle and its associated pure component
BTEM spectra estimates are shown in Figure 4.1.3, indicating the location of each
microparticle component. The core of the cross-sectioned microparticle is shown to be

CaAlg, distinct from the surrounding PLGA shell. Basing on SEM imaging, IR spectra
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and Raman mapping, it is hence conclusive that the microparticles formed had core-shell

geometry of CaAlg and PLGA, respectively.

Alg-PLLA MP fabricated is also shown to be formed with a similar core-shell structure
depicted by Alg-PLGA MP. As shown, Figure 4.1.4a shows the cross-section image of
Alg-PLLA MP with a visual core and shell differentiation. The same cross-sectioned
particle with the gel core after citrate dissolution was also shown to be removed (Figure

4.1.4b), indicating that the core was removed after citrate dissolution.

190erm 110187 2y e 108rm 1111683
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Figure 4.1.4: Electron microscopy images of Alg-PLLA MP, depicting the same microparticle before
(a) and after addition of citrate (b) [63]

The Raman mapping of Alg-PLLA MP (Figure 4.1.5), likewise shows the localization of
the different polymeric components, confirming the core and shell to be alginate and
PLLA respectively. It is noted as well that carbon was also detected, as the particles were

mounted on carbon tape during Raman mapping.
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Figure 4.1.5: Optical microscopy image of a cross-sectioned Alg-PLLA MP, with the Raman mapping
results corresponding to the cross-section of the microparticle [63]

For the loading of MCA within the core-shell microparticles discussed above, MCA was
dissolved within the NaAlg solution before emulsification. The images below shows the

cross-section of a MCA-loaded Alg-PLGA MP (Figure 4.1.6):

CaAlg

190vm 111100 ! 2 1880KkMm 111188
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Figure 4.1.6: Electron microscopy images of MCA-loaded Alg-PLGA MP, depicting the same
microparticle before (a) and after addition of citrate (b) [63]
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As observed in blank Alg-PLGA MP and Alg-PLLA MP formed, a similar core-shell

structure was formed. In addition, Raman mapping indicates a strong MCA signal from

the particle core, and PLGA in the shell (Figure 4.1.7). Citrate dissolution of the core of

the microparticles further indicates that the core is CaAlg (Figure 4.1.6b). It is noted

though, that the Raman spectrum of CaAlg was not recovered. This was partly due to

fluorescence interference and Raman scattering from MCA, subsequently resulting in a

relatively stronger signal, which could have overshadowed any CaAlg present [63].
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Figure 4.1.7: Optical microscopy image of a cross-sectioned MCA-loaded Alg-PLGA MP, with the
Raman mapping results corresponding to the cross-section of the microparticle [63]

In the case of MCA-loaded Alg-PLLA MP, a similar core-shell structure was also

replicated, when PLGA was used to form the shell of the microparticle (Figure 4.1.8).
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Likewise, the gel dissolution occurred as well when the same particle was subjected to the

citrate dissolution test.

X158 189xm SEI o kU X158 190mm

Figure 4.1.8: Electron microscopy images of MCA-loaded Alg-PLLA MP, depicting the same
microparticle before (a) and after addition of citrate (b) [63]

Hence, it is shown that microparticles fabricated using this technique have a core-shell
structure, where the embedded alginate gel core was located within a hydrophobic shell
polymer of either PLGA or PLLA. Drugs to be encapsulated within this particulate
architecture, can be loaded by dissolving them in the internal aqueous NaAlg phase
before emulsification, and subsequently localizing them within the CaAlg gel core of the
particles formed. This single step process also eliminates the need for prefabrication of

gel material prior to emulsification as seen in prior work.

It is also noted that the gelation of CaAlg within the microparticles occurred during the
fabrication process. It appears that the concurrent processes of solvent extraction of the
PLGA/DCM phase, and the ionotropic gelation of alginate in the internal water phase
occured during the secondary emulsification of the double emulsion. This is evident with
the in-situ formation of a gel core material within an enveloping shell polymer material,

hardened via the removal of DCM. Since alginate can be gelled in the presence of
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calcium ions [31, 33], the calcium ions would have diffused from the external water phase

into the internal phase to effect the formation of a CaAlg gel core [63].

It is also noted that varying the polymer shell material can be achieved by dissolving a
different polymer in the solvent used for the oil phase. In the above examples shown, we
have shown that fabrication of Alg-PLLA MP was achieved by simply dissolving PLLA
instead of PLGA to form a PLLA/DCM polymer solution. This indicates that
microparticles with a different polymer shell can be changed, by just simply dissolving a

target polymer of interest in the organic solvent.

4.1.2 Drug loading and release of MCA-loaded Alg-Polyesteric MP

The encapsulation efficiency of MCA in PLGA and PLLA microparticles fabricated with
and without the inclusion of CaAlg is compared in Table 4.1.1. An almost double in
increase in encapsulation efficiency of MCA was observed for the core-shell

microparticles, when compared to the neat monolithic polyesteric microparticles.

MCA Encapsulation Efficiency (%)
Shell Polymer / Monolithic Alginate core +
Microparticle Type matrix Polymeric shell
PLGA 30.1+2.40 59.96 + 13.82
PLLA 32.26+1.99 66.54 +2.23

Table 4.1.1: Encapsulation Efficiencies of MCA loaded microparticles of different polymer types,
neat and Alg-Polyesteric MP [63]

Since encapsulation efficiency is correlated to the drug leach to the Wex phase in

emulsion solvent evaporation fabrication methods [30], the presence of a hydrophilic

Page 42



polymer like alginate can better retain and associate with hydrophilic drugs, as compared
to the more hydrophobic PLGA. This hence resulted in improved drug loading efficiency

for the fabricated Alg-Polyesteric MP.
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Figure 4.1.9 : Release profile of MCA from MCA-loaded Alg-Polyesteric MP and CaAlg beads across
7 days (main plot), and a close up of the initial 24 hours (inset) [63]

The release profile for the MCA-loaded Alg-PLGA MP, Alg-PLLA MP and naked CaAlg
beads are shown in Figure 4.1.9. MCA-loaded naked CaAlg beads showed a complete
drug release within 6 hours, while Alg-Polyesteric MP exhibited a suppressed initial burst
in the first 1 day. This was followed by sustained release till to 4 and 7 days, respectively

for PLGA and PLLA shell Alg-Polyesteric MP.
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It was noted that Alg-PLLA MP exhibited a more sustained release as compared to Alg-
PLGA MP. It was then also observed that when fitting the release data with the power law
(Table 4.1.2), a lower n exponent value for Alg-PLLA MP was observed, when compared

to Alg-PLGA MP.

Particle type Release Exponent Linear Correlation
n Coefficient R?
Alg-PLGA MP 0.8194 0.9686
Alg-PLLA MP 0.5104 0.9911

Note: Power law is defined as M/M,, = k(t)"
where My/M,, is the fraction of total drug release at time t, k = constant, n = release exponent

Table 4.1.2: Fitting results of release with the power law [63]

This difference in the release exponent, could be due to the semi-crystallinity of PLLA,
which causes the retardation of the MCA release rate, when compared to amorphous
PLGA, which has a more open polymer network [66]. Hence, it is expected that release
kinetics of Alg-Polyesteric MP can be tuned by choosing a suitable polymer as the

polymer shell.
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4.1.3 Other fabrication conditions affecting particulate formation

In this section, other miscellaneous conditions affecting the microparticle formation are
examined. This serves to examine how certain conditions when changed, affects the

primary emulsification method and particle hardening process.

4.1.3.1 Primary emulsification factor

The primary emulsification method was changed to examine the effect on particulate
cross-section morphology. In this case, a sonication probe was used to form the primary
w/O emulsion, instead of magnetic stirring. It was observed that the particles formed have
much smaller internal cavities with some of them filled by small bits of CaAlg. Unlike
particles fabricated with magnetic stirring, a larger cavity with a central gel core was not

formed (Figure 4.1.10).

190k M1l 100

Figure 4.1.10: Cross-section of microparticles formed primary emulsification with a sonication probe
(left) and magnetic stirring (right)

It is noted that a sonication probe emulsifies by the cavitation effect and produced a finer
w/O emulsion with smaller Wi, droplets, as opposed to a magnetic stir bar which
emulsifies by rotational shearing action. Hence, it can be seen here that the Wiy droplets

did not coalesce before particulate hardening took place, resulting in formation of a
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microparticle with a porous cross-section. This is in contrast to microparticles fabricated

with magnetic stirring, where a central hydrogel core was formed instead.

Since the cross-section of a microparticle formed by a double emulsion ESE method is
representative of the state of the w/O droplets and the location of Wi, droplets prior to
hardening, this indicates that the hardening rate is in competition with the speed the Wiy

droplets coalesce, which would then affect the particulate cross-section morphology.

4.1.3.2 Volume of external water phase

To examine the effect of change in volume of the W,y phase, different volumes of Wex
phase was used for solvent evaporation during particulate fabrication. The CaAlg gel core
was recovered from the fabricated Alg-PLGA MP microparticles via DCM dissolution of

the shell, and the gel bits were then characterized using FT-IR spectroscopy.

The collected FT-IR spectra are shown in (Figure 4.1.11a). It is observed that with a
lower volume of Wey phase used, the change in —OH stretch at 3500 cm™, where the tip

of the peak with respect to the —OH shoulder is, becomes increasingly pronounced.
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Figure 4.1.11: FT-IR spectra of (a) CaAlg gel core recovered from particles with different volume of
W, phase used for particle fabrication, and (b) CaAlg beads gelated with different Ca®* gelation
times.

This change is similarly observed in CaAlg beads, when bead immersion time in CaCl,
increases (Figure 4.1.11b). This change in FT-IR spectra is an indication of Ca*
exposure time and increased calcium cation content, as reported by Sartori et al, where an
increase in Ca®* exposure time resulted in a more pronounced —OH stretching peak

(Figure 4.1.12). [64]
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Figure 4.1.12: Comparison of CaCl, exposure time for CaAlg beads [64]

In correlation with the FT-IR spectra obtained, it appears that with decreased volume of
W,y phase, an increase in Ca* exposure time and content was observed. Given that the
decreasing Wex: volume results in a slower hardening of the PLGA/DCM layer due to a
slower precipitation rate, more Ca®* ions in the Wey Water phase can then diffuse from the
Wy phase to the Wi, phase during emulsification. Hence, a slower hardening rate would
allow an increased time for Ca®* ions to diffuse and penetrate the w/O double emulsion
droplets. This difference in Ca®* exposure time for NaAlg gelation, could then explain the

change in FT-IR spectra observed.
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4.1.4 Discussion

4.1.4.1 Characterization technigues

The various microparticles fabricated using the technique explored have a core—shell
structure of a CaAlg core and a polyesteric shell. Identifying the corresponding polymer
for the core and shell required using BTEM based Raman mapping to resolve the
combined Raman signals from the different components of the microparticle. This helped
to spatially map the different materials present, which was difficult to identify if only
microscopy is used. Also, the use of citrate to sequester calcium ions in order to dissolve
CaAlg, confirms further that the particle core was indeed CaAlg. This helps to conclude

the presence of a core—shell structure present in the microparticle.

4.1.4.2 Particulate formation

The Alg-Polyesteric MP were fabricated using a modified double w/O/W emulsion ESE
method, depicted in Figure 3.1 and Figure 4.1.13. This first involves the forming the first
primary w/O emulsion, by dispersing a Win phase consisting of NaAlg and NaCl into an
oil phase (i.e. PLGA/DCM). The w/O emulsion was then subsequently dispersed into a
Wy phase with PVA, CaCl, and NaCl dissolved, to form the secondary double emulsion.
When secondary emulsification is initiated, this started two concurrent processes resulting

in the formation of the core-shell microparticle [63].
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Figure 4.1.13: Principles of Alg-PLGA MP formation

One of the two concurrent processes occurring, was the removal of DCM from the w/O
double emulsion droplet, resulting in the PLGA precipitation and forming the PLGA shell.
This extraction initiated the hardening of the PLGA shell, by the partitioning of the
solvent into the water and then evaporated from the water phase. Hence, the hardening
rate and the corresponding solvent extraction rate can be controlled by varying the

volume of W phase.

The second process happening concurrently was the ionotropic gelation of the NaAlg
within the Wi, droplet. Since NaAlg can be gelated, i.e. physically cross-linked with
divalent ions such as Ca®* to form CaAlg hydrogel [31], Ca** influx from the We, phase

into the Wi, phase causes the alginate dissolved within the Wi, phase to gel, forming

Page 50



CaAlg. With both processes happening simultaneously, microparticles with core-shell
CaAlg-PLGA geometry can be formed in a one-step fabrication step, whereby water

insoluble CaAlg core is gelled in-situ within the hardening PLGA shell.

For stabilization of the w/O/W double emulsion, a hydrophobic Span80 surfactant and
hydrophilic PVA surfactant stabilizes the primary w/O emulsion and disperses the
secondary w/O double emulsion droplets within in the external water phase. Fabrication
of particles without Span80, resulted in microparticles with inconsistent shapes and sizes.
This can be attributed to the destabilizing of the double emulsion droplet in the external

phase, resulting in droplet sizes of different sizes and hence different particulate sizes [63].

Given that this fabrication method relies on forming a w/O/W double emulsion, any huge
osmotic pressure differences between the two water phases can cause a bulk movement of
water between both phases. This affects stability of the double emulsion, which could
rupture the DCM/PLGA oil layer and causing the double emulsion droplets to break [63,
67]. At the same time, the contents of the internal aqueous phase (i.e. alginate and MCA)
can also leach into the external phase due to molecular migration [58]. NaCl therefore
was used as an osmolyte in both Wey: and Wi, phases of the w/O/W emulsion to reduce
the osmotic pressure difference between the two aqueous phases of the double emulsion,

while at the same time, to reduce leaching of alginate [68, 69].

It was noted that when MCA was encapsulated within the microparticles, NaCl was no

longer needed during fabrication. Given alginate can form complexes with poly-cations
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such as chitosan and poly-L-lysine [34, 63], it was inferred that the dissolved MCA could
form a similar complex with alginate, possibly due to the presence of amine and amide
groups in the drug [63]. Also, MCA dissolution may have led to an increased osmotic
pressure in the Wi, phase [70]. Hence, this would restrict contents of the Wi, phase from
leaching and increase the retention of alginate within the w/O double emulsion droplet. A
drug like MCA can therefore substitute NaCl, as an osmolyte, for the fabrication of drug-

loaded Alg-PLGA MP.

The gelation of NaAlg is also correlated to the permeability of Ca®" ions through the
PLGA/DCM layer, affected by the solvent extraction rate and the variation in Wy
volume. Since polymer precipitation rate is hastened with an increased volume of Wy
phase used, a resultant increased rate of solvent removal decreases the influx of Ca?* into
the Wiy and vice versa. The difference in Ca®* content with different solvent extraction
rates, affirms the presence of a semi-permeable DCM/PLGA phase membrane layer,
during the formation of a double emulsion [58], which impeded the penetration of Ca®*

ions upon hardening of the particulate shell.

It is also observed that the cross-section morphology changes, when a different primary
emulsification method was used. When a finer primary w/O emulsion was formed via
sonication, smaller cavities containing CaAlg were observed. This is in contrast to the
larger central CaAlg core formed via magnetic stirring primary emulsification. Since the
pores formed are due to voids left over by Wiy, phase droplets dispersed within the

DCM/PLGA phase after lyophilization, the cavities are an indication of the Wi, droplet
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size and position prior to particle hardening. From this, it can be assumed that the particle
hardening rate, in relation to the time required for the Wi, droplets to coalesce, will affect

the final cross-section morphology of the particles formed.

4.1.4.3 Drug loading and release behavior

For drug encapsulation, the MOI can be either dissolved in the Wi, phase or the
solvent/polymer oil phase before emulsification. For example, MCA was loaded by
dissolving the drug in the Wi, phase before emulsification. It was also noted that Alg-
Polyesteric MP had increased encapsulation efficiency over neat polyesteric
microparticles without alginate. This could be due to the encapsulation of MCA within
viscous Wiy droplets dissolved with NaAlg and gelated during fabrication, subsequently
increasing retention of drugs within the Wiy droplets and reducing out-flux of water
soluble drugs during fabrication. This also indicates that the inclusion of water soluble
polymer can help to improve encapsulation efficiency of drugs which are rather water

soluble.

An initial study of the release behaviour compared with naked CaAlg beads was also
examined. A reduced burst release was observed for Alg-Polyesteric MP when compared
to naked CaAlg beads, and was due to the microparticles shell acting as a protective
sheath and behaving as a membrane to control the amount of drug released. While
hydrogels are known to release its contents rapidly [3, 71], the surrounding shell of PLGA

or PLLA limits the water influx and becomes a rate-limiting membrane for drug diffusion.
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It was also observed that each different type of polymer selected can limit the drug release
rate differently, depending on the polymer’s hydrophobicity, crystallinity and rate of

degradation.

It is thus in hope, that the combination of a drug-loaded gel core within a polyesteric
encapsulating material, will improve encapsulation efficiencies of water soluble drugs;
while the polymer shell which encapsulates the drug loaded hydrogel core will limit the

release of the drugs by acting as a semi-permeable membrane during release.
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4.2 Protein-loaded Alg-Polyesteric MP

In this section, the loading of Alg-Polyesteric MP with lysozyme and BSA will be
discussed. The cross-section of the microparticles fabricated was also examined, while
encapsulation efficiency, drug release behavior and the bioactivity of the proteins loaded

were examined after release.

4.2.1 Lysozyme-loaded Alg-Polyesteric MP

4.2.1.1 Cross-section morphology of microparticles fabricated

The SEM image of cross-sectioned lysozyme (LYZ)-loaded Alg-PLGA MP are shown
below in Figure 4.2.1. The microparticles formed were observed to have CaAlg gel

material dispersed within the PLGA matrix.

Figure 4.2.1: SEM images showing cross-section of LYZ-loaded Alg PLGA MP

The CaAlg gel portions of the microparticle were distinguished from the PLGA matrix
via an EDX mapping of particles on the SEM to locate regions of calcium (Figure 4.2.2).
From there, it can be seen that the core of these microparticles were calcium rich,

indicating the location of the CaAlg gel core material. (Carbon was detected in the
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background during mapping, as microparticles were mounted on adhesive carbon tape

during EDX mapping.)

Figure 4.2.2: SEM/EDX map of a LYZ-loaded Alg-PLGA MP
(red represents location of carbon, green represents location of calcium)

LYZ-loaded Alg-PLLA MP fabricated is shown below (Figure 4.2.3). Likewise, the
cross-sectioned microparticles have core and shell structures as seen in LYZ-loaded Alg-

PLGA MP.
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Figure 4.2.3: SEM images showing cross-section of LYZ-loaded Alg-PLLA MP

The EDX mapping of a cross-sectioned LYZ-loaded Alg-PLLA MP is shown below in
Figure 4.2.4. Elemental calcium is shown to localize within the core of the particles,

indicating the core of the microparticle consists of CaAlg, as observed for LYZ-Alg-

PLGA MP.

Figure 4.2.4: SEM/EDX map of a LYZ-loaded Alg-PLLA MP
(red represents location of carbon, green represents location of calcium)
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4.2.1.2 Encapsulation efficiency and release from LYZ-loaded Alg-Polyesteric

MP

The encapsulation efficiency of the different type of particles fabricated, are shown below

in Table 4.2.
Lysozyme Encapsulation Efficiency (%)
Shell Polymer / Monolithic Alginate core +
Microparticle Type matrix Polymeric shell
PLGA 100.57 + 8.08 83.07 £ 6.82
PLLA 84.88 + 8.80 64.87 £3.74

Table 4.2.1: Loading efficiency of LYZ-Alg-Polyesteric MP, compared to neat microparticles

In terms of loading, we note that microparticles fabricated with PLGA, generally have
higher encapsulation efficiency (EE) when compared to those made using PLLA. This
was expected due to the slightly hydrophilic character of PLGA compared to PLLA, as a

result of the presence of the GA groups, as opposed to the all LA groups found on PLLA.

It is also noted that LYZ-loaded Alg-Polyesteric MP did not have higher EE when
compared to neat microparticles, as opposed to what was seen in MCA-loaded Alg-
Polyesteric MP. Some of the possible reasons include leaching of the lysozyme into the
Wex phase, with the formation of water channels and other surface defects during
fabrication as a result of osmotic pressure imbalances. Also, one can note that the
amphiphilic nature of proteins may have resulted in the partitioning of lysozyme at the
oil/water interfaces, which may have resulted in further leaching and contribution to a

lower loading as well.
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The release of lysozyme from LYZ-loaded Alg-PLGA MP, Alg-PLLA MP and CaAlg

beads are shown below in Figure 4.2.5.
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Figure 4.2.5: Release comparison between LY Z-loaded Alg Polyesteric MP and CaAlg beads across 2
weeks (main plot), close-up of release profile on the first 24 hours (inset)

It is noted that Alg-PLGA MP and Alg-PLLA MP demonstrated a sustained release over
one and two weeks respectively. This is in comparison to naked CaAlg beads where a
burst release of over 75% was observed within the first day. This difference in release is
expected due to the hydrophobic shell of the Alg-PLGA MP protecting the CaAlg gel
core, as compared to naked CaAlg beads. In addition, it is also observed that Alg-PLLA
MP had a reduced burst release when compared to Alg-PLGA MP in the first 24 hours.

This was expected due to the relative semi-crystallinity and hydrophobic nature of PLLA
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as compared to PLGA, as previously seen in the release of MCA-loaded Alg-PLGA and

Alg-PLLA MP.

4.2.1.3 Bioactivity of lysozyme released from LYZ-loaded Alg-Polyesteric MP

The bioactivity of released lysozyme was verified using the Micrococcus Lysodeikticus
(ML) lysing assay. The change in turbidity of the ML suspension due to lysis, with the
addition of the release aliquots was compared to a native lysozyme control and denatured

lysozyme controls.
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Figure 4.2.6: Plot of absorbance at 450nm against time, describing change of turbidity after addition
of lysozyme to ML cells; inset table indicating the gradient of plots and respective R? values

The rate of change in turbidity (i.e. gradient of plots) of release aliquots from Alg-PLGA
MP was observed to be similar to the native lysozyme control; whereas lysozyme

denatured by either heat or vortexing in DCM, exhibited a slower change in turbidity. It
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is hence inferred from here that the bioactivity of lysozyme encapsulated after release is

preserved, as compared to the negative controls used to establish bioactivity.
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4.2.2 BSA-loaded Alg-Polyesteric MP

4.2.2.1 Cross-section morphology of microparticles fabricated.

The SEM images of cross-sectioned BSA-loaded Alg-PLGA MP fabricated are shown
below in Figure 4.2.7. 1t was observed that microparticles fabricated have a CaAlg core
located within a PLGA matrix, similar to fabricated LYZ-loaded Alg-PLGA MP
microparticles. Likewise, when BSA-loaded Alg-PLLA MP was fabricated, a similar

structure was obtained, as shown in Figure 4.2.8.
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Figure 4.2.8: SEM images showing cross-section of BSA-loaded Alg-PLLA MP
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In Figure 4.2.9, EDX mapping indicates that the central portion of the BSA-loaded Alg-
PLGA MP was calcium rich, indicating that the core consists of CaAlg gel. Similarly, the
presence of calcium was also found to be localized in the center of BSA-loaded Alg-

PLLA MP, as confirmed by EDX mapping (Figure 4.2.10).

200 pm IMG1

——+—1200 pm Ca kK

200 pm

Figure 4.2.9: SEM/EDX map of a BSA-loaded Alg-PLGA MP
(red represents location of carbon, green represents location of calcium)
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Figure 4.2.10: SEM/EDX map of a BSA-loaded Alg-PLLA MP
(red represents location of carbon, green represents location of calcium)

4.2.2.2 Encapsulation efficiency and release from BSA-loaded Alg-Polyesteric

MP

The loading efficiencies were compared between BSA-loaded Alg-Polyesteric MP and

neat polyesteric microparticles (Table 4.2.2.)

BSA Encapsulation Efficiency (%)
Shell Polymer / Monolithic Alginate core +
Microparticle Type matrix Polymeric shell
PLGA 110.06 £ 3.17 64.19 £9.87
PLLA 67.14 + 8.99 94.34 +3.31

Table 4.2.2: Loading efficiency of BSA-loaded Alg-Polyesteric MP, compared to neat microparticles

It is observed here that microparticles fabricated with PLGA had a better EE compared to
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PLLA based microparticles. This is observed for LYZ-loaded microparticles previously,
and is attributed to the hydrophilic character of PLGA. The resultant poorer encapsulation
efficiency for BSA-loaded Alg-PLGA MP could be due to the osmotic pressure
differences, causing increased leaching during fabrication. It is noted however, that BSA-
loaded Alg-PLLA MP had better EE compared to neat PLLA microparticles. This is
attributed to the larger molecular weight of BSA retained within the Wi, droplet with
alginate inside, and the resultant reduced likelihood to partition into a PLLA/DCM layer

during fabrication.

The release of BSA from BSA-loaded CaAlg beads, Alg-PLGA MP and Alg-PLLA MP
are shown below in Figure 4.2.11. It is observed that BSA-loaded CaAlg beads had a
large burst release of BSA within the first day and completed release within a week;
whereas BSA loaded Alg-PLGA MP and Alg-PLLA MP continued to release the
encapsulated BSA over 2 and 5 weeks respectively. This indicates the encapsulated shell
of the polymer limits the release by acting as a barrier between the alginate gel
component and the release medium, as previously reported for MCA-loaded Alg-

Polyesteric particles observed.
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Figure 4.2.11: Release comparison of BSA-loaded Alginate beads vs. Alg-Polyesteric MP across 5
weeks (main plot), close-up of release profile on the first 24 hours (inset)

It was also shown that the BSA release from Alg-PLLA MP was noticeably slower than

Alg-PLGA MP, both during the first 24 hours and over the entire period of release. This

is explained by the different polymer type used, in that the more hydrophobic and semi-

crystalline PLLA had a retarded release compared to amorphous PLGA. This affirms that

the choice of polymer used will limit the release by the nature of the polymer shell used to

encapsulate the CaAlg gel core.
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4.2.2.3 Preservation of BSA structure after release

Release aliquots from the BSA-loaded Alg-PLGA MP and Alg-PLLA MP were assayed
using circular dichronism (CD) and SDS-PAGE to observe for any major changes to the
protein structure after release. The CD spectra of released BSA from Alg-PLGA MP and

Alg-PLLA MP were compared with native BSA below in Figure 4.2.12:

| —— Native BSA i | —— Native BSA
| —— Alg-PLGA MP Day 1 | | —— Alg-PLLA MP Day 1
Alg-PLGA MP Day 4 g | | —— Alg-PLLA MP Day 4

| —— Alg-PLGA MP Day 7 ! ! —— Alg-PLLA MP Day 7

ellipticity (mdeg)
ellipticity (mdeg)

T =T L T T T 1 T T T T T 1
190 200 210 220 230 240 250 260 190 200 210 220 230 240 250 260
wavelength (nm) wavelength (nm)

Figure 4.2.12: CD spectra for release aliquots for BSA-loaded Alg-PLGA MP and Alg-PLLA MP

Native BSA control and the released BSA at day 1, 4 and 7 of release from microparticles
were observed to have the same negative maxima at 208 nm and 222 nm, indicating the
a-helix structure present in BSA [72]. Given the similarity in ellipticity when comparing
between native BSA and the released BSA, it can be presumed that the secondary
structure of the BSA released from Alg-PLGA MP is generally preserved and did not
undergo major alteration due to the fabrication or release conditions. Likewise, the release
of BSA from Alg-PLLA MP at day 1, 4 and 7 exhibited the same ellipticity, also
indicating the secondary structure of BSA were also mostly maintained post release. It is
noted though, that the signals detected were low due to a lower concentration of BSA

released.
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The SDS-PAGE of release aliquots were also compared with a native BSA control and an

acid hydrolyzed BSA control, as shown below in Figure 4.2.13:

191

O

64

51

Figure 4.2.13: SDS-PAGE image of release aliquots with Native BSA and degraded BSA
(From left, Alg-PLGA MP Day 1, 4, 7; Alg-PLLA MP Day 1, 4, 7; Native BSA control,
acid hydrolysed BSA, flanked by molecular weight ladder on left and right of gel)

The bands seen for day 1, 4, and 7 from the release aliquots are observed to be similar
with the native BSA control on the third last lane. Also, there is no observable
fragmentation of proteins in the release aliquots observed on the gel electrophoresis
below the major band of BSA (66.4 KDa). From this, it is inferred that the released BSA

from particles did not undergo structural degradation of the protein backbone.
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4.2.3 Variation of fabrication conditions for protein-loaded microparticles

In this section, the variation of conditions fabricating BSA-loaded Alg-Polyesteric MP is
discussed, on the effect on particulate formation and the release behavior. This includes
the variation of the [CaC1;] concentration in the Wy phase, and the volume of We,; phase

used.

4.2.3.1 Variation of [CaCl,] in the external water phase

The concentration of CaCl, used in the external phase was varied during fabrication, and
it was observed that microparticles fabricated had variation in size and presence of
ruptured particles. Among the different concentration used, microparticles fabricated with
50 mM [CaCl,] were observed to have minimal size variation and ruptured microparticles,

when compared to other concentrations (Figure 4.2.14).

Figure 4.2.14: Overview of microparticles fabricated with different [CaCl,] in the external phase
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It was also observed that microparticles fabricated with concentrations above or below 50

mM had more surface features, such as wrinkles, pores and “pimples” (Figure 4.2.15).

S W
{888 Wum MR 98 sal

Figure 4.2.15: Overview of microparticle surfaces fabricated with different [CaCl,] in the external
phase

In terms of release, particles fabricated with [CaCl;] = 50 mM or 75 mM demonstrated a
more sustained release with a reduced burst. This is as opposed to microparticles

fabricated with [CaCl;] of 25 mM, 75 mM and 100 mM, which demonstrated a larger

burst release compared to the rest (Figure 4.2.16).
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Figure 4.2.16: Release of BSA from microparticles fabricated with different [CaCl,] in the external
phase across 1 week (main plot), close-up of release profile on the first 24 hours (inset)

The difference in release behavior was expected to be due to ruptured particles and
surface artifacts, such as the pores formed on the microparticle surface during fabrication,
which were observed with microparticles fabricated with concentrations above or below

50 mM.

This difference in surface topography and the particle size distribution with the variation
of [CaCl;] in the external phase observed could be explained to be due to the presence of
an osmotic pressure gradient between the aqueous phases of the double emulsion during

fabrication. If a hypotonic or hypertonic situation occurs, where a lower or higher solute
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concentration is present in the Wey; phase as compared to the Wi, phase respectively [58],
this causes an osmotic pressure difference, resulting in water movement via 0sSmosis
across the semi-permeable oil membrane. This may then result in an uneven size
distribution of particles, due to varied uptake of water between different w/O double
emulsion droplets. The movement of water either by bulk or osmosis across the oil
membrane may also cause pores, water channels and particulate rupture to occur [7]. This
may then explain for the burst release observed for extreme concentrations away from 50
mM. Likewise for the surface wrinkling observed could be due to increased osmotic
pressure forces acting on the double emulsion droplet surface at the point of hardening,

resulting in an uneven surface or distortion of the oil membrane.
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4.2.3.2 Variation in volume of external water phase

Figure 4.2.17 shows the representative SEM images of surface details of microparticles
fabricated with different volumes of the W,y phase. It is observed that when 150 ml or
250 ml of Wex phase is used, the fabricated microparticle surfaces appeared to be covered
with holes or patches of coating. These patches are not observed on particles fabricated

with a decreased volume of Wey: phase such as 75 ml or 100 ml.

X250 108wm 83 45 SEI

Figure 4.2.17: Representative SEM images showing surfaces of particles of batches fabricated with
different volume of external water phase.

These patches were prone to charging during electron microscopy scans, and were
identified to be calcium rich when an EDX was performed on these regions, implying the

localization of CaAlg in these areas (Figure 4.2.18 and 4.2.19).
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Figure 4.2.18: Close up SEM images showing surfaces of microparticle batches fabricated with 150ml
(left) and 250 ml (right) of W, phase
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Figure 4.2.19: SEM image of a microparticle fabricated with 250 ml of external phase, with close up
of the regions and EDX on two regions covered and uncovered with alginate patches.
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Figure 4.2.20 shows images of the microparticles formed. The microparticles were also
measured and counted in bin intervals, shown in Figure 4.2.21. It is likewise observed,
that microparticles fabricated with 100 ml of external phase had a narrower particulate
distribution compared to the other volumes used. Also, with a larger volume of Wy phase

(250 ml) used, the particles fabricated appeared to be smaller in size.

Figure 4.2.20: SEM images showing size distribution of particles of batches fabricated with different
amount of external water phase.
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Figure 4.2.21: Plot showing particulate count vs. particulate size binned at 50um intervals for
different volumes of W,,; fabricated.

The release of BSA from the microparticles fabricated is compared as shown in Figure
4.2.22. Microparticles fabricated using larger volume of Wy phase demonstrated a larger

burst release, compared to microparticles fabricated with a smaller volume of Wy phase.
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Figure 4.2.22: Release comparison of microparticles fabricated with a different volume of W, across
1 week (main plot), close-up of release profile on the first 24 hours (inset)
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The observation made in the change in particulate morphology and release behavior,
could be due to a change in polymer precipitation rate, with a difference in the Wey
volume used. With an increased volume of external phase, the precipitation rate increases
with a higher DCM solvent concentration gradient between the two aqueous phases [30].
A fast rate of hardening resulting from a large volume of external W,y phase would then

harden and freeze the state of a w/O emulsion droplet immediately.

Since a double emulsion is not expected to be stable, the tendency for the Wiy droplets to
coalesce and form a larger Wi, droplet in the w/O droplet, is highly probable to reduce
the surface energy of the double emulsion [56]. With a fast hardening rate due to a larger
volume of W phase, this may result in insufficient time for the smaller Wi, droplets to
move away from the DCM/PLGA membrane and regroup at the center of the w/O
emulsion droplet. This may then explain why CaAlg was observed on the surface of the
particles when a larger volume of Wey phase was used, causing the larger burst release
observed. Conversely, if the Wi,; phase were allowed to coalesce at the core of the w/O
droplet, instead of the surface before hardening, this would reduce the burst effect when

lower volume of Wey phase is used.

The smaller sized microparticles observed with a larger volume of Wey phase used, could
be also due to the fast hardening of microparticles during solvent evaporation, preventing
further osmosis of water through the PLGA/DCM layer into the microparticles. On the
contrary, if microparticles do not harden immediately, this may allow an increase influx

of water into w/O droplets, causing the swelling of the w/O droplets before hardening due
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to the presence of osmotic pressure. This could then explain for the larger sized
microparticles and a wider size distribution observed for lower volumes of Wey: phase

used.

Page 78



4.2.4 Discussion

4.2.4.1 Fabrication of protein-loaded microparticles and bioactivity post release

In this study, batches of LYZ-loaded and BSA-loaded Alg-Polyesteric MP were
fabricated to examine the effect of protein loading on particulate formation, release
behavior, and preservation of the protein structure post-release. Microparticles were
fabricated by first dissolving NaAlg within a protein solution to form a Wi, phase, before
emulsification into a PLGA/DCM solution, then into a Wy phase containing PVA and
CaCl,. Concurrent solvent evaporation and alginate gelation by calcium ions produced
microparticles similar to MCA-loaded microparticles, where the cross-section of
microparticles had CaAlg gel material dispersed within a PLGA matrix. Variants of
different polymer shell of Alg-Polyesteric MP were also fabricated by just varying the

type polymer dissolved in the solvent used for the oil phase.

It was observed that for protein-loaded microparticles, the EE was not as high as was
expected, or was seen in MCA-loaded microparticles. This was attributed to the
amphiphilic nature of proteins encapsulated, and was expected to differ with higher

molecular weight of proteins encapsulated.

In terms of release, Alg-Polyesteric MP were shown to have a reduced burst release
compared to naked CaAlg beads, observed in both BSA-loaded or LYZ-loaded Alg-
Polysteric MP. This indicates that an additional polymer shell could control and slow
down the release of encapsulant from the CaAlg core. The use of different polymers as

the shell of the microparticle fabricated also changes the release rate, depending on the
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type of polymer used. With a more slowly degrading or a more hydrophobic polymer, the
rate of release can be reduced. This indicates that release rates can be tailored by polymer
choice. This could extend to beyond the polymers used for this study, including those of

higher molecular weight or other non-polyester based biopolymers.

Preservation of protein structure is also evident after release: For BSA released from
microparticles, SDS-PAGE did not show any fragmentation of the BSA released; the CD
spectra of release aliquots also showed no major change in secondary structure of BSA
after release as well. In the case of lysozyme, the use of the Micrococcus Lysodeikticus
lysing assay indicates the preservation of bioactivity and lysing ability of lysozyme post
release. Hence, this pointed to ability of the Alg-Polyesteric MP to preserve the

bioactivity of encapsulated biomolecules after their release.

4.2.4.2 Changes in fabrication conditions in the external water phase

Two of the fabrication variables examined was the change in the [CaCl;] of the Wex
phase, and also the volume of the Wext used. It is noted that CaCl, in the Wy phase,
provided a source of Ca®" ions for the gelation of NaAlg; whereas the volume of the Wey

phase controlled the solvent evaporation rate of the emulsion droplets formed.

When [CaCl;] of the Wey: phase was varied between 10 mM and 100 mM, it is noted that
concentrations away from the mid-point concentration 50 mM, resulted in fabricated
particles with various forms of swelling and rupture or surface artifacts. This also

subsequently affected the release sustainability for these concentrations. Given the
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DCM/PLGA polymer solution layer can be perceived as a semi-permeable membrane,
between the water phases in a double emulsion [58], a change in [CaCl;] alters the
osmotic pressure resultant in the Wex phase. It is then expected that the osmotic pressure
gradient changes with variance in [CaCl,]. Hence, any resultant extreme imbalance in
osmotic pressure gradient may then cause destabilization of the double emulsion, due to
large forces acting on the PLGA/DCM solvent layer separating the two water phases. As
an outcome, surface artifacts and rupture of particles is evident on these microparticles
fabricated as a result of a large osmotic pressure gradient, subsequently affecting release.
This likewise suggests that the 50 mM [CaCl;], can be used as a central reference point

for minimal osmotic pressure mismatch across the DCM/PLGA layer,

When the W, phase volume was varied between 75 ml and 250 ml, it is observed that
when a much larger volume such as 150 ml or 250 ml used caused the formation of cracks
and patches of CaAlg on the microparticle surface. This appears to account for the burst
release behavior, which was otherwise not observed for a lower volume of W,y phase
used. In addition, the microparticle surface of microparticles fabricated with lower
volumes such as 75 ml and 100 ml, did not have the CaAlg patches and cracks on the
particulate surface. Since a large volume of the W,y phase affects the DCM solvent
extraction rate, this may have accelerated the hardening and precipitation rate of the

DCM/PLGA layer.

It is also noted that since double emulsions are inherently instable, the coalescing of the

Wit droplets reduces surface energy at the interfaces as part of destabilization [56].
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Hence, it is then postulated that if the Wiy droplets is not allowed sufficient time to move
inward towards the core and coalesce in the center of the w/O emulsion droplet prior to
hardening, the resultant Wi droplets containing NaAlg would remain on the surface of
the hardened w/O droplet, causing gelation to occur on the surface instead of diffusing
through the DCM/PLGA membrane layer. This would result in the surface defects seen in
microparticles fabricated with large volume of Wy phase used; which was thus otherwise

avoided with a lower volume of W phase.

Also, smaller sized microparticles were observed with a larger volume of W,y phase used
and a lower volume of W,y phase used resulted in larger sized particles and a wider size
distribution observed. Given a faster precipitation rate with more external water phase
volume, it is also inferred that the fast hardening of the PLGA/DCM layer prevents the
osmosis of water into the w/O droplet. This could hence explain the larger sized particle
and a wider size distribution observed for lower volumes of water used. As a result, it is
possible here that the precipitation rate of the w/O droplet here limits the diffusion of

contents across the PLGA/DCM layer.

Hence, in terms of particulate formation mechanics, it can be conceived that the below

processes that would occur during fabrication, based on the observations made:

e First the w/O/W double emulsion forms, with an internal NaAlg dissolved Wi,; phase
and a Wy phase consisting of PVA surfactant and CaCl, as a gelling ion source. The
oil phase, i.e. the PLGA/DCM polymer solution layer, separates both the aqueous

phases, and acts as a semi-permeable membrane, allowing osmosis and diffusion to
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occur. This layer also contains the Span80 surfactant for the stabilization of the w/O

primary emulsion.

e As the emulsion forms, solvent evaporation initiates, by the partitioning of DCM
solvent from the PLGA/DCM layer into the external phase, before escaping into

air/water interface of the double emulsion.

e Concurrently during solvent evaporation, Ca** ions diffuses through the PLGA/DCM
layer into w/O double emulsion droplet, to cause gelation of NaAlg in the Wiy

droplets, forming CaAlg as an end result.

e Dependent on the w/O droplet hardening rate,

o The influx of Ca®* ions into the w/O double emulsion droplet is expected to
increase with the amount of time the PLGA/DCM layer remains semi-
permeable, which correlates to the volume of W,y phase employed for solvent
evaporation. The amount of Ca®* content in the gelated CaAlg then correlates
to the volume of Wey phase in use.

o The location and morphology of the gelated CaAlg gel material within the
cross-section of the microparticles formed, is also an indication of the state of
the w/O emulsion droplet prior to hardening. i.e.

= |f small bits of CaAlg gel material are found dispersed within the PLGA
matrix, the Wiy droplets did not coalesce prior to particle hardening.

On the converse, if a single CaAlg core is found within a shell, this
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would indicate that the Wi, droplets would have coalesced prior to
gelation.

= Also, if CaAlg patches are found on the surface of particles, this would
also indicate the lack of inward movement towards the core of the w/O
droplet and lack of coalescence of Wiy droplets, before the particle
hardens.

o Dependent on the amount of water or other osmolytes moving through the
PLGA/DCM layer, movement in bulk that is incomplete before the particles
completely harden, would result in defects that will cause burst release,
including the formation of surface cracks, CaAlg patches, pores or water
channels.

o The permeability of the PLGA/DCM layer during the occurrence of the
concurrent process of solvent evaporation and ionotropic gelation, and other
release behavior, would also be highly dependent on the hardening rate of the

PLGA/DCM layer during fabrication.

Hence it is put forward that the final microparticle cross-section, surface morphology or
topography, is reflective of the double emulsion state at the point of complete particle
hardening, and is representative of the frozen state of events at that point. This would be
seen as a correlation of solvent extraction and polymer precipitation rate; effects of
osmotic pressure; and double emulsion stability. The resultant of these events coming
together, will also affect the release behavior of the microparticles fabricated. This
implies that fabrication of the Alg-Polyesteric MP system requires care in maintaining

emulsion stability during fabrication.
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Chapter 5 Conclusion

In this work, a novel microparticulate DDS was developed, by fabricating microparticles
with a CaAlg hydrogel core, encapsulated by biodegradable hydrophobic polyesteric shell.
These microparticles were fabricated using a one-step technique, with concurrent
ionotropic gelation and emulsion solvent evaporation processes. The polymer shell can be

varied by the choosing a suitable polymer to be dissolved in the oil phase.

The inclusion of CaAlg within PLGA or PLLA was shown to improve loading efficiency
when a model hydrophilic drug, MCA was encapsulated within Alg-Polyesteric MP and
compared to neat polyesteric microparticles without CaAlg. The polymer shell performed
as a physical barrier between the drug-loaded hydrogel core and the release medium, thus
modulating the release rate, variable by the type of shell polymer of the fabricated Alg-

Polyesteric MP.

Alg-Polyesteric MP loaded with model proteins BSA and lysozyme also showed a
difference in release rates, when compared to naked CaAlg beads, and the release rates
were dependent on the shell polymer used. The BSA released from the microparticles also
showed that the secondary structure was maintained and fragmentation did not occur after
fabrication and release, through the use of circular dichronism and SDS-PAGE.
Lysozyme released from the microparticles was also shown to maintain bioactivity, as

seen in lysing activity in the Micrococcus Lysodeikticus assay.
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In terms of microparticle fabrication, it is observed that the formation of a CaAlg gel
within a PLGA matrix requires the concurrent ionotropic gelation of the NaAlg in Wip
droplets within the w/O double emulsion droplet to form CaAlg; and solvent evaporation
to cause precipitation of the shell polymer. It is also put forward that the PLGA/DCM
layer during fabrication act as a semi-permeable membrane during fabrication and is
subject to osmotic pressure forces acting on from both aqueous phases. The permeability
of the PLGA/DCM layer before hardening and bulk movement of solutes and water
moving through this layer affects the fabrication process. It is hence inferred that in
correlation of the PLGA/DCM layer permeability, the solvent extraction and polymer
precipitation rate; osmotic pressure effects, double emulsion stability, affects the
particulate fabrication in terms of the cross sectional morphology, surface morphology

and also subsequently release behavior.

Hence, there is hope that this new particulate DDS would be valuable in areas such
macromolecular delivery of peptides, proteins and vaccines. Consequently, these
hydrogel-core hydrophobic-shell microparticles would permit the improvement in
encapsulation and release of water soluble drugs, and also a friendly environment for

protein encapsulation.
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Chapter 6 Recommendations

Future works on the alginate-polymer microparticle system are proposed below, for the
deeper understanding of the properties of this particulate drug delivery system. This is
especially on the drug loading and release behavior of proteins, and the different

fabrication parameters that affect the particle formation.

6.1 Alternative fabrication methods

Given that the microparticles are fabricated by a simple double emulsion method
performed by mechanical agitation or stirring, the drop size of the emulsion formed is
largely determined by these mechanical shear forces and can be difficult to control
dependent on the state of the emulsion and the fabrication conditions involved. This
ultimately affects the particle size and shape distribution. Also, the high shear forces
involved in mechanical stirring may result in rupture of double emulsion droplets, which
cannot be easily controlled during turbulent flow emulsification. For a better control of
emulsion droplet size, templating methods to form the primary water and secondary w/O
emulsion droplet can be explored. This includes the use of droplet extrusion methods
through a fixed opening or cross emulsification employed in microfluidics, in order to

achieve constant emulsion drop size for particulate fabrication consistency.

It is also noted that during the microparticle fabrication, NaAlg was gelated via external
gelation from an external Ca?* source. Since this method of gelation is reported to form
hydrogels of varying gelation gradient [73], an internal gelation method is also proposed
to achieve homogenous gelling, to examine any differences in gelling and release

behavior. Such a gelling method would involve dispersing insoluble CaCO3; and the
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addition of &-gluconolactone to gradually cross-link the gel before secondary
emulsification. ldeally, this would reduce the osmotic pressure gradient resulting from the

use of Ca?* in the external water phase.

6.2 Further mechanistic studies on the particulate formation

Further mechanistic studies can be conducted for the fabrication of the Alg-Polyesteric
MP core shell system for in depth examination of the processes occurring during
emulsification, gelation and solvent extraction. This can include the use of tracking dyes
and the use of in-situ microscopy to track changes in time lapse intervals. In this manner,
any major changes in osmotic pressure and movement of double emulsion droplet can be

tracked.

Characterization of gelation properties of the resultant CaAlg gel core formed, including
the gelation density, is also proposed to be studied via energy-filtered transmission
electron microscopy. This would allow location of calcium rich regions for the study of

gelation Kinetics.

6.3 Further protein loading work on Alg-Polyesteric MP

Encapsulation efficiency is a problem, in spite of the use of a hydrogel to encapsulate
proteins. Since this could be an issue of osmotic pressure during emulsification, further
experiments on the protein concentration and basal calculations for osmotic pressure
exerted by the protein and alginate in solution need to be determined to examine its effect

on the double emulsion formed.
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Also, given that lower encapsulation efficiency was due to a lower retention of
encapsulated molecules within the core of the double emulsion, it is proposed that
additives can be used to improve retention. Such additives could include other types of
surfactants such as ionic surfactants like CTAB to examine the effect of charged
surfactants on the encapsulation efficiency. Also, viscosity thickening agents added to the
Wint phase such as carrageenan, can be also added to promote retention of these molecules
in the double emulsion. These additives could also be varied in concentration to explore

their effect on the double emulsion and the resultant encapsulation efficiency.

In addition, given that BSA and lysozyme in this study are model proteins to begin with;
true therapeutic performance should be assessed by the loading and release of therapeutic
macromolecules, such as growth factors and the use of ELIZA assay to further affirm the

bioactivity of these proteins loaded after release.
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