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Abstract

Biologically-based medicines such as vaccines and therapeutic proteins are routinely
used in the clinic. While recombinant technologies are firmly entrenched and
biotherapeutics will continue to be developatximising clinical efficacy requires
optimal pharmacokinetics and duration of actibreatment failures havalsobeen
known to occur due to poor adherence, compliance and access to healthcare.
Generally, it is advantageous to have sustained proteivedelsystems to reduce
dosing frequency, to have fewer side effects, and to increase patient compliance.
Controlled release proteioaded particles or depots are options for less frequent dose
administration. Similarly, with vaccines, there is oftereadhto administer boosting
dose, so long acting or pulsatile vaccine formulations could provide clinical benefit.
This thesis focuses on using electrohydrodynamic processes to fabricate polymeric

fibres and particles that could form the basis for conttaldease of biotherapeutics.

Chapters 1 and 2 describe the relevant backgrounthantaterials and methods that
were used. Chapter 3 reports the processes essential for the fabrication of alkaline
phosphatase (ALP) encapsulatsdpolyethylene oxide (PEO) fibres and particles
help understand the effect aflectrohydrodynamic atomisatiofeKID) processing
technigues othe enzyme activity. There was evidence of chaadkee activity of the
enzyme which canbe minimised by reddion of voltage used in processé&hapter

4 describes thproduction ofalbuminloadedfrom electrosprayed PLGA and Eudragit
particles Biphasic release systems could be genefat&ither mixinghe two particle
sets,or by forming coreshell structuresAlbumin was used as a modahtigen
Physicochemical anuh vitro cytokine secretionassays were conducted dorrelate
particle propertieswith processing parametert was possible to varthe albumin
release profiles and th@oly(lacticco-glycolic acid) (PLGA) particlessignificantly
increase the production tafmournecrosidactor(TNF- U) but no other cytokines from
macrophagéike cells Chapter 5 describegptimisation of the processing parameters
that affect particleshape angxamines the effect of PLGA particle morphology on
macrophagdike cells. Rodlike particles had more of an immunostimulatory effect

than spherical particles and midtegncebe bette suited to delivery of vaccines.

In conclusion, materials fabricated using EHD can be tailored to achieve desired

structures, shapes and release profiles.
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Impact Statement

Biological based vaccines and therapeutics (e.g. monoctonidodies, cytokines,
insulins, and blood factors) have faced challenges relatitigeidong-term delivery
and stability. The development of protdéoaded particles to sustain the duration of
protein activityis advantageous dkesecouldpermita reduction in dosing frequency,
fewer side effects, local delivery and increased patient compliance. Another major
limitation to the advancement in the use of some biopharmaceuticals is the poor
stability that could resultlife-threatening sideffects when dministered In
formulations commercially available, cetdhain storage hdselpedto minimise this
risk. However, in many parts of the world facing problems with electricity and
transportation, this limitation translates to substandard healthcare defgsnciated
impact on patients in developing countries include increased cost of delivering care
and gpotential worsening of disease burdearmation of particle would help preserve
the labile therapeutic and enstnerapeutic effect, polymeric encajaion has also
been known to limit the effect of environmental conditions on thesemsitive
products and these particles offer an additional advantage of controlled release.
To achieve the sustained release of biotherapeutics and vadbmpsptein cargo
should preferably be encapsulated in a biocompatible carrier. The work in this thesis
explored the formulation of proteinaded polymeric particles. The materials were
fabricated usindclectrohydrodynamicEHD) processes such as electrospignand
electrospraying. Attempts to understand the process whilst determining the effect of
processing conditions and techniques were firstlertaken Different types of
materias that can be generated using these processes such as fibres, sphaales part
and rods were further investigated dhdir drugrelease profiles determined.
Key findings in this work include a processing technique that taias protein
function after exposure tethanol, arorganic solvent, controlled releas®/érca. 30
days) coreshell formulations and the use of electrospraying to generate particles of
tailored shapes and sizes that act to stimuwells of immunityin vitro.
The fresh perspective the research in this body of waltkaid future scientistgo
explore thepossibility of adjuvantfree drug delivery systems for tfi@mulation of
vaccines, will help in the consideration appropriateprocessing and solution
parameters during the optimisation of electrosprayed formulatiamd will be
informative in the development of depot drug delivery systems.

17



1 Introduction

1.1 The scope of biopharmaceutics

Recombinant technology and identification of disease targets have facilitated the
development of many new products that have advaneaithisarg1). Proteinrbased
treatments are effective for a wide range of dise@@esNow more than ever, since
molecular targets for diseases can be identified, it has become possibledpetiier

proteins such as antibodies to be widely beneficial. For exampl@Rtld ant i body
based medicines are increasingly used to treat chronic inflammation diseases such as
rheumatoid arthritis(3,4). Pharmaceutical proteins have good clinical efficiency
because of their high structural specificity, but their use can be limited by the risk of
immunogenicity compared to low molecular weightlecule drugg5). Further, a

major limitation to the use of biologics is their Ietability.

Protein stability is defined as the preservation of the three dimensional tertiary
structure of the polypeptide under changes in physical cond{®rBroteindtertiary
structure is derived from the primary structure of the protein main chain and non
covalent interactions (e.g. hydrogen bonding, hydrophobic effects). The biological
functionality of a protein is largely determined by tBB structure. Under stress
conditions such as heat, freezing, agitation and pH extremes, theovalent
interactionsin proteins can be disruptedith loss of tertiary structure resulting in
protein misfolding, aggregation or denaturation. Loss or modification of protein
tertiary structure can reduce therapeutic activity, while increasing immunogemdity
toxicity (71 9). Maintaining protein stability is a challenge that has been partly
managed by maintaining a cold chéiith temperatures in the range 682C) from

the point of processing to storage amtribution (10).

With the increasing importance and use of therapgubiteins, investigations into
optimising formulations to overcome their limitations have been on th€lrl3eas

has work taminimise the proteiprotein interactions that could result in aggregation
(3,12) For example, extensive research has been done into functionalising with
poly(ethylene tycol), which in a broad sense positively impacts on the

pharmacokinetic profile of a biologically active prot€ir8,14)
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1.1.1 Therapeutic proteins

Quite a few therapeutic proteins are newleing approvedénd marketedor the
treatment and management of disease condit@amdthey constitute a significant
proportion ofthe drug delivery marketl5). Therapeutic proteins can broadly be
classified asmonoclonal antibodies (mAbs), immunomodulatory proteifs.g.
cytokineg and therapeutic endogenous protdmg. enzymes and hormoheSome
examples obiotherapeutics currently approved for use include-BN& antibodies

for the management of inflammatory conditions such as rheumatoid arthritis,
ul cerative <colitis, Csuah hastliesbramdi,iRenecade e and
(Infliximab (generic namedy Janssen), EnbrelEanercepfrom Amgen) and Humira
(Adalimumabby AbbVie). Conditions propagated by growth factor release such as
human epidermal growth factsensitive breast cancare treated with Herceptin
(Trastuzumalby Roche)and LucentisRanibzumaly Genentechior the treatment of

agerelated macular degeneratiarealso widelyappliedbiotherapeutic$16).
1.1.2 Mechanisms of protein denaturation

Often, proteins are formulatad a liquid for use parenterally. Maintenance of the
tertiary structure in these formulations can be challenging, as a protein in a liquid form
can adopt a number of different structures which are relatively close irydréggre

1.1). Hence, the active tertiary structure can be easily disrupted. Protein unfolding (or
denaturation) and misfolding (when the oldied protein is not returned to its native

state during refolding) can easily oc¢i7,18)

Several factorssuch aschanges in temperature, pressure, fight and ionic
concentration can affect tmeanner in which protein structuchangesFor instance,
with an increase in temperaturthere is increased mobility and frequency of
interaction between protein molecules within a solytwiich could lead to a faster
loss of native structurthrough interaction of hydroghic sites In essenceprotein
aggregation and loss of tertiary structure can increase with tempevtadersichet

al. investigated the effect of temperatared pessureonfluoresceinbinding lipocalin
(FluA) stability. They found that on observation absorptionand emission spectra
increasing temperature whilst pressure was kept constanice versaaccelerated

denaturation of the prote{i19).
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Figure 1.1 Schematic mechanism of native proteidegradation. The forms o protein are coloured
from green to yellow to orange and then red, representing thancreasing degree of associated
irreversibility. Where N = native protein, D = denatured form, | = intermediate species, A =
aggregatedform and P =precipitated form. Adapted from (3,20,21)

The rative protein(Figure 1.1) is the correctly folded protejiwhich can exerthe
expected biochemical response. Protein instability can lead to denaturat®iof(los
native structure), which can in turn cause unwanted immune resp@ieghis
process can be accelerated by exposure to stress f@302%). Denaturation of a
protein can occur by physical or biochemical processes. A range of degradation

processes angossible andre summarised below.

1.1.2.1 Biochemical degradation processes

Covalent bond cleavage can occur through a series of nescti® described below.

a) Hydrolysis:This is the cleavage of bonds by water moleculespartate and
tryptophan residues when followed by glycine or proline are susceptible to
hydrolysis(26,27)

b) Deamidation and isomerisation: Glutamine and asparagine are likely to
undergo deamidatiof28,29) Factors thaaffect the propensity to deamidation
include acidic pH, temperature and ionic strer(§8). Deamidatioroccursby
the introduction of a negative charge amdn lead to a change in primary
structure(2,31 33). It is generally a slow process but can be accelerated by
protein unfolding(34). Susceptibility to deamidatiois based on the sequence
and placementon individual amino acidse.g Asparagineis prone to

deamidatiorwhen there is a glycine at the end of tHermninal(35).
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c) Oxidation and cleavage of disulfide bonds: Protein based therapeutics are
prone to oxidation at methioningyptophan, hisdine and cysteine residues
(29). Cysteine is typically stabilised by disulfide linkag28,36,37) but if left
unpaired is a target site for oxidation or reduc{i®/38) The process can be
accelerated by oxygen, metal ions and the presence of certain surfg@d9ants
41). For example, noionic surfactantssuch as polysorbate 20 and BOD
protein formulationsundergo autepxidaion reactions because polysorbates
form hydr@eroxidesvhich couldpotentiallydamage proteistructurg42,43)

d) Racemizationand b-elimination: When hydrogen on th&tcarbon is
deprotonated, the intermediate could either causaimination or recombine
with hydrogen. Upon exposure to thermal stress, this mechanism of
degradation can occ(27,32,44)

1.1.2.2 Aggregation

Aggregates are nemative structures comprising multiple protein molecules. Small
aggregates can be soluble, or may grow and precifptajeProtein concentration and
temperature changes can cause prgteatein and protewexcipient contact
frequency to increase, leading to interactions that form stable and often irreversible
aggregatesvhich hide hydrophilic surfaces in aqueous environeéB46) Protein
protein interactions carmsult in nucleation or aggregation to form dimers, trimers and
oligomers(47,48) Aggregation can also be caused by the protesorliing to syringe

or tubing material, where protesurface interactions (particularly to both-aiater

and silicone o#water interfaces) can cause misfolding to o¢d9). Both soluble and
insoluble aggegates can reduce efficacy and dose reproducibility. Even small amounts
of aggregates in a formulation can cause an immunogenic response such as

sensitization or anaphylactic sha@&50 52).
1.1.3 Strategies to maintain protein stability

Achieving protein stability is complex and dynamic, key methbgrotein stability
utilised would depend on the nature of the native protein investigBtedein
aggregation is the most common araubling limitation in drug developme(®6). It

is particularly problematic in liquid formulations, and storage stability is determined
by molecular mobility(53). Stability canbe improved by minimizing local mobility,

most commonly by freezing the solution until it is required by the patient.
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Thermodynamic, functional and vivo stability enhancements to avoid aggregation

of proteins can be achieved through covalent orecardent modificationg54,55)

Lipid vesicles and emulsions provide 3D hydrophilic confinement for proteins,
causing a degree of immobilisatigh6). Confinementhas been known to enhance
preferential hydratiof57,58) Preferential hydration refers to theat®r concentration

in the immediate protein environment compared to the &9k An alternative to
confinement igphysical adsorption onto macroscopic supporita binding through

weak forces such as van der Waals interactions to an inert carrier. These carriers are
selected based on siard pore size distributiqi®0,61) Also, solution characteristics

such as pH, the presence of salts or surfactants, pressure and temperature can affect
the activity and structural stability of the prot€6). The methods describddterin

this chapterare focused ophysical confinement in the solgtate.

Key formulation aspects that could be optimised to help relieve these challenges
include the antigen loading capacity, efficacy, retegrofile, safety and product
stability (62).

1.2 Vaccines and immunity

Vaccines are one of the greatest triumphs of modern medicine, being the most cost
effective public health intervention and prevagtiabout 2 3 million deaths every
year(63). Vaccination exposes the immune system fmart or form of the infecting
organism(termed theflantiged.) The aim of vaccination
system to respond effectively to an infection, whilst posing minimal risks to the
individual being vaccinated64). Vaccines typically confer protection over an
extended period dime and have helped eradicate infections worldwide. For instance,
antibody responses in patients vaccinated against smallpox remain stable for up to 75
years and in 1980 the World Health Organisation (WHO) declared smallpox
eradicated65i 67).

1.2.1 Cellsinvolved in an immune response

1.2.1.1 Monocytes
Monocytes are circulating cells that are made in the bone marrow but canhente

blood stream and migrate into tissues and eventually differentiate into macrophages or
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dendritic celld68). They are a type oftfagocytesimmune cel capable of adsorbing
and internalising noimdigenous particles or pathogens by engulfniéa).

1.2.1.2 Macrophages

Macrophages are antigen presenting cells (AP&g) as such they tayp and process
antigensand displayhemon their cell surfact aidinduction of an immune response

(70). They help engulf infectious agents and senescentleadisghphagocytosis, and

have significant influence on-@ell activation(71). Macrophages also synthesise
cytokines chemicals whiclsend signals to the rest of the immunstsgn(72,73)
Macrophages express different phenotypes, rifigspecialization of function within
microenvironments such as lymphoid or #gmphoid areas (e.qg. the liver, epidermis,
reproductive organs, serosal cavities, lungs, nervous system, heart pancreas and
kidneys)(74).

1.2.1.3 Dendritic cells

Dendritic cells are atsAPCs, and found in both lymphoid and Agmphoid tissues,
similarly to macrophageg75). These cells have characteristic nerve -lied
projections called dwlrites that aid migration after activation. Dendritic cells are
capable of initiating an immune response as a result of being highly effective at naive

T-cell activation(76).

1.2.1.4 T lymphocytes

Also known as T cellsI lymphocytesare produced in the bone marrow but mature in
thethymus Theyrecognise, with a very high level of specificigntigers bound to

major histocompatibility complex (MHC) proteins on APCs and can be broadly
categorisednto three main typeiller or cytotoxicT cells (CTL), helper T cells (Th)

and regulatory T cells (Tredy7). CTLs recognise virally infected cells and trigger
apoptosis. In contrast, Th cells (ThO, Thl, Th2 and Th17) act as cytokine factories to
helpand directhe general immune sysh response. Tregact as a negative feedback

loop and help to keep the immune system form overrea(@#J3)

ThO: These are unbiased and uncommitted T helper cells that can be converted by the
cytokine environment to become Thl, Th2 or Th17 cells. For example, when an

environmenis interleukinl2 (IL-12) rich and under attack, ThO cells are encouraged
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to commit to becoming Th1l cells. Howevaran IL-4 or IL-6 rich environmenthey

are persuaded to become Th2 or Th17 cells respec(i4)y

Thl: When attacked by a bacterial or viral infection in the tissues, Thlprelisice
tumournecrosisfactor(TNF-U )interferono  (-lo N a-8. @hese kytokines help
activate, increase proliferation and maintain the activation of macroplagexic

cellsand natural killer cell§64).

Th2: Under tissue invasion by parasites and pathogenic bacteria via the @ig¢restiy
committed Th2 cells secrete -i, IL-5 and IL-:13. These cytokines induce the
proliferation of B cells that can produce antibodies against parasites and stimulate the

production of mucus to minimise entry of pathogens into the tig6dés

Thl7 These cells help in the defence against &lingr extracellular bacterial
pathogesand produellL-17 and IL-:21. These cytokines signal for the recruitment of
cellsto thesite of infection and influence B cells to produce antibodies against the
infection (64).

1.2.1.5 B lymphocytes

B cells are white blood cells produced in the bone marrow, and are capable of
differentiating into plasma cells and manufacturing antibodies (IgG, IgA, IgD, IgE and
IgM) in significant quantitie$76). These highly gecific antibodies then go on to tag
complimenting antigens on the invading pathogen, permitting the latter to be destroyed
by phagocytic cells.

1.2.1.6 Other cells
Other important immune cells include mast cells, neutrophils and eosinophils. These

cells are impadant in conferring immunity through number omechanismg79).
1.2.2 Innate and acquired immunity

Both innate and acquired (adaptive) immunity utilise macrophages and dendrific cells
which bridge between both systems to invoke responses to ggthogasionSome
factors that affect the recognition and response by the immune system include the
shape, size or proteimarkerson thesurfaceof apathogen which are recognised by

the immune cells.
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1.2.2.1 The innate immune system

The innate immune system resyls rapidly but nosspecifically topathogens anis

a critical regulator of human inflammatory disease. The innate immune system is
triggered by recognition of patterns such as path@gsociated molecular patterns,
(PAMPs) and damagassociated molecalt patterns (DAMPS) brought about by stress
(80,81) Cells involved in innate immunitynclude natural killer cells, neutrophils,

mast cells, eosinophils, macrophages and dendritic(@€l)s

1.2.2.2 The adaptive immune system
The acquired or adaptive immune system is heavily dependent on mass production of
antigenspecific B cells andl cells (68). It is exquisitely specific to a particular

pathogen, but slower to take effect than innate immunity.
1.2.3 Types of vaccines

1.2.3.1 Live attenuated vaccas

These contain a weakened form of the pathogen, prepared using biological and genetic
methods(82). Keeping the pathogen alive but removing its virulence heldd laui
long-lasting immune response without inducing disease. This can be achieved after
one or two doses. Examples of clinically used live attenuated vaccines include:
Zostavax, against the herpes zoster virus; VARIVAX, against varicella; and, DryVax
againg smallpox(83). With such vaccines there is a risk that the pathogen could revert

to its virulent state, howevég4).

1.2.3.2 Inactivated vaccines

These vaccines contain a killed (or inactivated) form of the pathogen, prepared using
physical (heat), radiation, or chemical (formaldehyde) treat8@ntThe antigen here

is unable to replicate, so typically does le@td tothe same levedf immunogenicity

as an attenuated antig&faccination with inactivated agens thereforeequires more
doses and cformulation with an adjuvan85). An adjuvant is a substance added to
vaccine formulationsatincrease the immune response induced by tseloanistered
anti gen, f or (86)inactivatedwaccinds8ne dflvantageous because
eliminating the risk of replication should completely reduce the risk of reversion to

virulence. Examples ahactivatedvaccines currently on the matkeclude: Fluzone,



against influenza; VAQTA against hepatitis A; and, IXIARO for Japanese encephalitis
(83).

1.2.3.3 Subunitvaccines

This type of vaccine exposes the immune system to an antigewprising a
component of the pathogen, for instance a peptide or cellular metabolite such as a
specific proteinor polysaccharid€79,87) The immunity provided is similar to that
confared by inactivated vaccines. Subunit vaccines can be further categorised into
proteinbased subunit vaccines (e.g. acellular pertussis vaccine), polysaccharide
vaccines (e.g. protection agaimgisseriameningitidis groups A, C, W135 and Y),

and conjuga& subunit vaccines (e.g. typhoid conjugate vacdis@)

1.2.3.4 Other types of vaccines
Other types of vaccines available include toxoid vaccines, using inactivated toxins

from a pathogen, and DNA vaccs¥87).
1.2.4 Challenges associated with vaccine delivery

Vaccines have proven to be crucial in halting the spread of djsmégbere remain
challenges that dampen their efficacy after manufacture. This section describes the
challenges associated with vaccine w&ly, and the pharmaceutical or formulation
opportunities we could use to overcome these challenges. This is a vital endeavour:
according to the WHO, a detailed review of agccine (product) related costs
revealed that 70% dhe US$ 25.4 billion spentigbally on vaccine programmes

the past decade had gone towards covering service delivery and supplycasisin

rather than on the vaccine formulations themse(88%

Service delivery accounts for about 63% of tvaiccine dosage costs. Service delivery
costscover outreach, disease surveillance, programme management, training, and
healthcare personnel wag@®). Over twathirds of this cost could be eliminated or
redirected towards more widespread vaccination if there was a means -of self

administering vaccines, without the need for a trained healthcdesgianal91).

The supply chain accounts for 37% of the «vaigcine costs and with more than half

of this budget going towards cold chain equipment and overheads, there exists an
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opportunity to minimise costs by formuladj vaccines that do not require cold chain
storagg92).

1.2.5 The cold chain

A cold chain refers to the maintenance of-anfibient temperatures (typically around
0-C) during the processing, storage and distribution (from manufacturer to camsum
of various products including food, pharmaceuticals, electronics, artefacts and
dangerous goodd.0). It is advised to store most therapeutic proteins and vaccines at
a WHO recommended temperature of betwe&rB82C (93). Cold chain provision is

one of the major bottlenecks in the provision of global vaccination progra®3ies

95). Cold-chain dependendmpacts a hugeconomic and logistical burdeandis a

majorcausebehindthe waste of nely half of all global vaccine$90,96)

With over 1.5 billion of the worl doés
electricity, it can bevery challenging to maintain the cedthain: many regions in the
developing world lack the infrastructure or equipment to adequately store, monitor,
transport or check the reliability of products, making it easy for the cold chain to be
broken. These andiany more temperature related issues have been highlighted by the
WHO (93) and were prominently evident in the distribution of Ef@la vaccine in

Sierra Leone.

A number of colechain related issues can arise. Accidental freezing can occur when
medicines are stored at the back of a refrigerator. Proteins can also undergo freeze
thaw cycles during transportation. The risks associattdfreezesensitive vaccine

have been shown in numerous studies. For instdviatthias revealed 2007that
over75% of vaccine shipments were exposed to freezing temperatures in the national
or regional stores of developing countr{@3). Despite the major impact of freeze
damage, there is no standardised method of analysis to assess this (ascttorpeat
associated damag&onfirmation of freeze damage can be predicted by a shake test
(Figure 1.2) (92,95) The shake téss done by systematically shaking vaccine vials
after exposure to freezing temperatures and recording sedimentation rates before
microscopic analysis. The tastnot quantitative and is subjectively dependenton

healthcare professional 6s judgement .
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Frozen test vial Frozen control vial Non-frozen test vial

Figure 1.2 Visual assessment and optical microscopy detecting freeze damage t@ccine after a
shake test. Image obtained and adapted from Kartoglet al (98). From the image, we can see an
increase in particle size after freezinghat does not ocur in the unfrozen sample.

During freezing, formation of ice crystals disrupts the repulsive forces between
excipients in the formulation causing coagulation and agglomeration. Clumping of
adjuvants such as aluminium hydroxidegure1.2) could increase the particle size,
leading to structural damage to the antigen and a concomitant loss in potency
(18,93,99) Duringlyophilisationthe freezing andehydratiorstressesnay alsacause
proteins ateitherthe air or containerinterfacesto also undergostructural changes
(100). A breach of the cold chain coutdimic thelyophilisationeffect tocompromise

the physical, chemical and biological integrity of the protein cargo, increasing the risk

of immunogenicity or causing the inability to induce an immune resd04¢

Temperaturenduced proteirdamage has resuttd in a large amount of research to
formulate stablevaccines for instance leading to the formulation of proteins with
sugars as cryroprotectant84). Research efforts have focused on maintaining the

stability of therapeutic proteins and vaccines through iptelheating and cooling
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cycles, and over extended periods at ambient temper&l@2sAlthough there have
been a numberfgromising developments in this regard, the cold chain remains the

bastion of protein transport.

The use of surfactants during freednying is quite common. Surfactants help lower
the interfacial tension between protein molecules and surfaces suck ag tbr
container. Proteins are subject to precipitateomd aggregatiorat hydrophobic
interfaces Addition of surfactants such as Tween, 8@lps to reduce th&eeze
induced denaturatiorat the icewater interface duringdrying by minimising
hydrophobt interactions and unfolding.03,104)

Ultimately, it would be desirable to produce protbased therapeutics that are
efficacious and safe d@seady to usedosage forms after extended storage at ambient
temperatures. This could improve access to treatment in hard to reach and disease
burdened areg4.05,106) leading to major improvements in human health and-well
being. For instance, an important contributing factor to smallpox eradication was the
availability of the vaccine in a heatable form(67). In contrast, loss of the cold chain

for hepatitis B vaccine can cause the expiration date to beeddrom 3 years to 3
months if it is stored at room temperature, or to a week if stored ‘@ @®7) An
adenovirushased vaccine formulation displayed a 50% reduction in infectivity when
stored fo 7 years at 4C, while taking only 13 days for this reduction when stored at
37-C (24).
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1.3 Drug delivery systems

Drug delivery systems (DDSj@aformulations or devices that aid in the administration

of a therapeutic and improve the pharmacokinetic profile by controlling the time,
place, rate and quantity of dosing in the bHy8). Drug delivery systemsave been

shown to comprisa solution for the medical and commaitothallenges faced with
delivering biotherapeutidd 7,109) With novel concepts and designs emerging from
interdisciplinary research teams, drug delivery systearshelp ensure biological
activity is retained and the risk of immunogenicity is dleth(110). For instance,
controlled release systems are advantageous for protecting encapsulated active
pharmaceutical ingredients (APIs) and materials from loss of therapeutic activity or
degradation, improving patient acceptability and compliangajmising repditive

dosing requirements, tuning drug release rate, and reducing dosing varjabiity

In this subsection, biotherapeutic drug delivery devices and methods to obtain them

are reviewed.
1.3.1 Chemical modification

1.3.1.1 PEGylation

PEGylation is the process of covalgntonjugating polyethylene glycol (PEG) to a
biological agent. The extensive hydration capacity of PEG increases the hydrodynamic
diameter, thereby reducing the clearance by glomerular filtrafidi?) PEG
conjugation can also increasethlood circulation time by reducing proteolysis and
opsonisatiorn(113). There are over 15 clinically approved PEGylated prodwcis
biosimilar versions of some products now appearing e.g. biosimilar PEGylated
granulocyte colomgtimulating factor. For example, Oncaspar® (Pegaspargase, a
PEGylatel form of the enzyme asparginase) was approved in 1994 for the treatment
of leukaemia. It increases the hilé of the parent enzyme from 20 hours to 357 hours
and protects it from proteolytic degradatidri4) However, PEGylation can indeic
steric hindrance and hinder protein target bindifigl4) Also, long term
administration of PEGylated proteim laboratory animals has been shown to result

in vacuolation of the renal epitheliufil5). Although this risk has not yet been

observedo result in asociated renal damage in man, it is worth noting.
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1.3.1.2 Hyperglycosylation

Glycosylation, like PEGylation, is a modification that involves conjugation of the
protein to an oligosaccharide. These biodegradable carbohydrate moieties hide the
hydrophobic pockets orthe protein surface which are typically involved in
aggregatiorrelated norcovalent interactions. This helps with reducing
immunogenicity and increasing biological hbté (113,114) As with PEGylated
products however, activity could also be decreased due to steric hindrance brought

aboutby hyperglycosylation.

Erythropoietin (EPO) is a cytokine with threeliNked glycans involved in the
stimulation of red blood cell production. A hyperglycosylated form of EPO with two
additional Nlinked glycosylation sites, darbepoetifa, has an incesed efficacy
(116) Glycosylation causes a thré®d increase in halfife when compared to
intravenous epoetialfa (8.5 to 25.5 hours). The time to reach peak concentration is
twice as fast, and the dosing schedule in chronic kidney disease patiertie can

significantly reduced117).

1.3.1.3 Reversibldipidisation

Lipidisation is a chemical modification process that increases the lipophilicity of a
macromolecule. PEGylation of proteins such as interfezangesult in problensuch

as reduced potency and affinity to livezlls (118) However, eversiblelipidisation

by conjugation of human IFll cy st ei nyl residues to palm
bonds has helped improve affinity and poterit$4). In another examplensulin

detemir is a long acting soluble insulin analogue in which hiheohine at position

B30 is omitted and replaced with a C14 fatty acid (myristic acid). This allows long

term binding of insulin to longhain fatty acid binding sites, increasing the duration

of action(119).

1.3.1.4 Affinity-based drug delivery

Affinity -based drug delivery systems control drug release and loading by taking
advantge of associations between biotherapeutics #red carrier system. The
interactions could be ionic, van der Waals, hydrophobic, or hydrogenizsed
(120). For instanceBelair et al investigated the use of PEG hydrogel microspheres
and affinitymediated release to control the release of vascular endothelial growth

factor (VEGF a protein produced by cells to signal tfeemation of new blood
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vessel¥ Tuning of the release profile could be achieved by varying the concentration

of peptide available to interact with the polymer mattit1,122)
1.3.2 Encapsulation

1.3.2.1 Liposomes

Liposomes are spherical vesicles made up of phospholipid bily23¥ Due to their
amphiphilic nature, they can be used to encapsulatehyattophilic and lipophilic
species, including small drug molecules, peptides and prg¢i&td¥ They can also be
surface conjugated for specificifd25). The use of liposomes can help improve
stability and efficacy of a drug and reduce toxicitheseipid-based formulationican
alsopreferentially accumulate at target sites to deliver improved therapeutic activity
(126). However, they have a short hiife, are expensive to produce, could leak
encapsulated moleculasd carundergo hydrolysisraoxidation type reactiond23).
Studies were performed deliver insulin encapsulated liposomes to the livevia
oral administration, buthe associated costs and varidpilin glycaemic response

outweigh the potential benefit of developmgi27).

1.3.2.2 Semisolids

Hydrogels are materials thabnsist of 3D crosnked networks containing ca. 50

90% wi/v of water, and which do not flow upon invers{@28) Hydrogels can be
employed as drug delivery systemdth researcherypically exploringsystemsnade

from natural polymers such as polysaccharides (e.g. chitosan, dextran, alginate and

hyaluronc acid) or proteins (e.g. collagen and gelatin) as well as DI2A).

In one recent example, Egbtal loaded a collapsible hydrogel based on crosslinked
hyaluronic acid and po{iN-isopropylacrylamidewith infliximab, an antibody for the
treatment of ocular inflammatiodero order release was observed with abolt 25
infliximab released from the hydrogel in the first 9 déy/30). There are also clinical
formulations based on hydrogels. Locteron, an interiétéhb me drinudatechie f o
PolyActive (biodegradable hydrogel) microsphengas developed by OctoPlus for

the treatment of hepatitis C virus, and offeres@kly dosingwhile the PEGylated

form requires weekly administration. The hydrogel system also reduces the nceurre
and severity of depression and-fike sideeffectswhich are experienced with the
PEGylated versiofi131).
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1.3.2.3 Solid micre and nane particulate polymer systems

Polymerbased particles have garnered attention for decades as protein drug delivery
vehicles. Suitable pginers that have been explored include garyino acids (e.g.
polylysine), polyesters such as poly(D-ldctideco-glycolic acid) (PLGA). PLGA

particles are explored in this thesis, and may be prepared via a number of routes.

1.3.2.3.1 Nanoprecipitation

Nanopreciptationalso known as the solvent displacenmethod,is a practical route
to naneparticle formulation, and requires low energy inpNanoprecipitationis
based on reducing the quantity or changing the properties of a sol@oh can
induce precipitationin a solution This can be achieved by varying the pH, salt

concentration, solvent, or the addition of a 1smivent(132).

For example, in the nesolvent precipitation method, ethanol can be used as a poor
solvent for a protein that has good solubility in water. Supersaturation causes the
formation of protein nuclei on which more protein molecules condense. Asilg res

small unimodallysized particles are produced without the need for surfactants or
stabiliserg133,134) MoralesCruzet al utilised a twestep nanoprecipitation method

to increase the | oading capac-chymotrypsin var i
and cytochrora C into PLGA. They fabricated particles of 30800 nm in size with
encapsulation efficiencies above 70% and residual protein activity of above 90%
(135). However, although widely researched and utilised, in #o®precipitation

method it can be challenging to eliminate solvent, and highly veatable actives are

hard to incorporate into the mat(i36).

1.3.2.3.2 Emulsificationbased methods

An emulsion is a mixture of ligds that are immiscible, resulting in a liguidliquid

colloid. An emulsion typically consists of a hydrophobic (oil; 0) and hydrophilic
(water; w) phas€137) The biphasic system which results is thermodynamically
unstable, and requires an emulsifying agent to stabilise the formulation and prevent
phase separatidt38). Emulsions can be eih-water (o/w), watein-oil (w/0) or even
double emulsions (g. waterin-oil-in-water, w/o/w). They are constructed by
providing kinetic input to disperse one immiscible phase in an¢ii&) Over time,
reversible processes like flocculation, creaming and sedimentation can occur.

Irreversible processes such as Ostwald ripemhgresmall particleof the dipersed
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phase grow larger by combining with one anotl{@B89) can also occur.
Nanoemulsions however, usualigve a dispersed droplet saearound 26500 nm,

and typicallyare less likely t@ream, sediment, flocculate or coalesce due to their high
free energy(113)When formulating proteins, care needs to be taken as the process of

emulsifying the preparation could be damaging to proteins.

Emulsionhave been instrumental in vaccine de
squalenebased licenced emulsion adjuvant that has been used in influenza vaccines
and other licenced product&0,140) In the therapeutic settingKirby et al
investigated the use of PLGA and PLPEGPLGA for the emulsion encapsulation

and delivery of bone morphogenetic prot2ifBMP2), a growth factor for bone
generation Theyfound the formulation released bioactive BMP2 over 2 weeks and
could induceearly differentiation of primary cells to osteogenic c€lld1) Double

and single emulsions containing PLGA have been used by MeCGdlto encapsulate
Vitamin ETPGS in spherical microparticldsytthe group found that bateb-batch
variability was high eve when the same protocol was ugéd2) A pronounced
drawback to the use of emulsions for protein processimgd be the risk of damage

to the native struate of the protein.

1.3.2.3.3 Microfluidics

Microfluidics involves the manipulation and utilisation of fluid behaviaurvery

small channel$o help control the shape and size of particles, even in sub picolitre
volumes (Figure 1.3) (143,144) Microfluidic technologies offer the advantage of
tailored micre or nanoparticles capable of delivering proteins. However, scale up and
cost of production remain a challenge, and damage to the microfthigiby solvents

or occlusion can halt the entire production proqég,146) Micro-channel based
systems have been usedpi@pareproteinsencapsulatedh core/shell particlebut

shell rupture can occur during solidification. This leads to a burst release or unstable

material(146). The microfluidic set up can also bgpensive to set up.
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Figure 1.3 Schematic diagrans of T-junction and flow focusing microfluidic set-ups for droplet
formation.

The FernandeArevalo group used microfluidic approaches to generate green
fluorescent protein (GFP) and insulin loaded PLGA particles, with the aim of
increasing their hallife and improvng oral absorption. >90% encapsulation of GFP
was seen, with no degradation products induced by the pr{ib&ss The insulin
formulation was compared to particles generated by double emdddidnation It

was found that the microfluidic particles werem®homogenous in size, had increased
insulin loading, better encapsulation efficiency, slower releaseyaralbetteable to

retain conformational stability ofhe peptide(148).

1.3.2.3.4 Lithography

This technique enables the precise fabrication of 2D and 3D structures on small scale
moulds similar to planographic printirif)49,150) For instance, gticle repication in
nonwetting template (PRINT) is a highly versatile lithographic method with mould
containing wells and cavities that can be ustestale to encapsulate oligonucleotides,
proteins and synthetic virusgsparticles withan array of sizes, shape®mpositions

and surface properti€$49,151,152)The DeSimone group developed a PL-G&sed
trivalent vaccine against influenza using lithography, and compared the immune
response generateddoluble antigen. They found that their PRINT cylindrshaped
particles induced significantly higher antibody production in rabbits than the soluble
antigen(153)

1.3.2.3.5 Freezedrying

Freezedrying is the mostwidely-used method for drying proteirsamples and
preserving functional activitfor clinical productsin freezedrying, a frozersample
is placedundervacuum and water is removeg suldimation (154) Freeze drying is

the mostwidely used process to make solid formulations of proteins and vaccines
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(155). Residual moisture diypically less than 1%s required for satisfactory stability
on storag€156,157) Freeze drying comprises three steps: sample freezing, primary

(sublimation of bulk waterand secondary dryin@lesorption of bound water)

When freezing a sampl@-igure 1.4a), the rate of freezing is importabecause it
affects the size and number of protein particles forrffd@tie particlesare largethe
inter-particle pore size is increasededucing the diffusion pathway and ice
sublimation timg158,159) The ideal freezing temperature would be befb@iTg of
sample (160). In a formulation prone to phase separation, stalwying could result
in increased damage to the loigical produc{160' 162). This is because an iseater
interface is formed during freezing and proteins adsorbedisinterface can lose

native tertiary structuré an occurrence termed surfaioeluced denaturatiof103).

a b c

Figure 1.4 Schematic illustration of the freezedrying process a) Frozen formulation b)
Sublimation of water in the bulk (unbound water) ¢) Desorption of interstitial water (bound
water).

Primary drying occurs aftesample freezingFigurel.4b). Primary drying is a process

by whichfrozen unbound water is sublimed by the direct conversion of ice to water
vapour. After this process, only -BD% ofthe initial water remainsVapour pressure

(VP) or partial pressure is created by leaving the shelf temperature at a higher
temperaturehtan that of theandenseunder reduced pressufiéhe shelf temperature
refers to the temperature of the equipment directly in comattt the sample

container After the step, a dried cake is forméd primary dryingis the slowest part

36



of the process,a quicker primary drying stegan make freezdrying more

economically favourabléL58)

Unfrozen water bound to the biological produasg)(is removed by diffusion atshelf
temperatureignificantly higher than the primary drying temperatineg low enough

to avoid degradation or collapdaring secondary drying-{gure 1.4c). This process
generally takes less time than the primary drying pro€asitapse of the product can
occur during drying (primary or secondary) when makénidghe frozen state cannot
maintain its macroscopic structure after removal of frozen solvent. Loss of cake
structure can influence rehydration properties, water vapour flow and residual
moisture conten{163), and therefore collapse should be avoided. Secoruigiyg
canalsodestabilise hgrogen bondsleading to reversible or irreversible losstire
desired native conformation of the biological molec(l®4,165) Removal of
interstitial water under the right conditions has been known to improve the storage
stability of biopharmaceuticgleowever there is alwaysiak of damage to the protein
occurring during freeze dryingdue to stresses such as ice crystal formation, pH and
ionic strength changesrhesecan lead to precipitation diologic which can be
minimised by use of suitable excipients that do not crystallise in frozen solutions
(45,101,156,166)

The most important parameters that could affect the biological product quality,

potency, stability and characteristics after freeze dryin@1&@&)

a) The product: The formulation and its composition e.g. presence of stabilisers

or buffers. The concentration of the compion and the fill volume.

b) The process: Set temperature, shelf temperature, time spent at each step of the

process and chamber pressure.

C) The equipment: The freezkyer model and capacity, loading factors such as

the presence of a shelf and its @pilo temperature regulate.

d) The storage container: Geometry of container, the type of container or material
it is made of and the material of the i&bntact surfaces such as thel@juid interface
can induce aggregati¢h04,158,167)The differences between contact surfaces play

critical roles in the drying process and retention of protein integrity.
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Freeze drying flers a range of advantages suchcastrolled moisture content and
ease of reconstitutioout it is a complextime-consumingand expensive process that

exposes the protein to interfaces that could be damaging

1.3.2.3.6 Spray drying

Spray drying is a method that is webltablished for the drying of pharmaceutical
products. On atomisation of a suspension or emu(§imurel1.5), the liquid phase is
evaporated by hot gas with an inlet temperature of around 300 °C Thisresults

in solid particles condensind32,168,169)Factors such as the type of atomiser and
feed rate affect the size and morphologytha fabricatedparticles. Spray drying is
easyto scale, cost effective, often yields homogenous partieled benefits from
being a single step procefkr0). Spray drying an agueous solution of pure protein
can result in loss of conformational stability, aggregation and loss of achivityever
(171) to reduce the likelihood of protein damage by spray dryiagtive
pharmaceutical ingredientdRIs) can be formulated with stabilising excipients or by

encapsulation in polymeric carrigis72,173)
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Figure 1.5 Schematic representation of the spray drying instrument.

Wanet al developed a spragried PLGAencapsulated lysozyme formulation in a bid

to sustain release and minimise trisk of degradation in vivo. They observed that the
release profile was dependent on the solvent used during processing, and the speed at
which the solution was fed into the spidiyer (174). When dichloromihane was used

as a solvent, a burst release of over 50% was observed in under Shbawaser, the
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faster the feedintate the slower the rate of releasiter theburst. The authors suggest
this arises because tpeocessing conditions affettielysozyme concentration #te
particle surfaceSpray dryingis unsuitable for materials such as proteins, that are
sensitive to heat or exposure to. &pray drying could also reduce the yield of the

product.
1.4 Electrohydrodynamic processes

An alternative to the approaches outlined above are electrohydrodynamic (EHD)
processes. These are versatile and sindpte-d p w précessing techniques that
exploit electrical energy to produce uHiae structures from polymer solutie
(175,176) When the process issed to make fibres, it is termed electrospinning and

when particles are formed the process is called electrospraying.

For centuries, the effect of electrostatic forces on liquids have been investigated and
in the late 1@ century Lord Rayleigh developath equation to calculate the maximum
charge a liquid droplet can hold whilst remaining stable. This is now known as the
Rayleigh limit(177). In the early 2@ century, Zeleny led efforts to mathematically
model and understand the EHD proc@s&). In 1900 and 1902 Cooley and Morton
patented electrospinning processasdsubsequently in 193Bormhals patented an
experimental setip that utilised electrostatic forces to produce filaments. This work
was based on fabrication of cellulose acetate textile yarns using acetone and ethylene
glycol as solvent§l79). Over the subsequent 10 years Formhals, developed a number
of new fibre collection and production sgis. In the 1960$urther advancements in

the field were made when Taylor investigated the influence of electric fields on fluid
droplets. He found that at the initiation of the process a conical shape is formed from
which polymer jets are then ejected; this is known asthi Tay | @80 182)o n e 0
After this early interest, there was little attention paid to EHD until the 4233

with the emergng interestin nanotechnologyjor the production of particles and fibres
Kenawyet al were thdfirst to recognise the potential BHD use in drug deliverin

2001 when thegncapsulated tetracycline in a poly(lactic acid) and poly(ethydene

vinyl acetate) blend for the treatment of periodontal dis€E88).

During electrohydrodynamic processiadhigh voltage is applied between a spinneret

(metal needle) and a collector plakagure1.6) (184) A polymer melt or solution is
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ejected from the spinneret at a controlled rate. The surrounding electric field (between
the needle tip and collector) distorts the solution into the Taylor (feigere 1.7).
Solution ejection is followed by jet initiatio(1.85,186) When the electric field is
stronge than the surface tension of the polymer solution, the polymer solution forms
a jet which is stretched and whipped. In electrospinning, as the polymer jet travels
away from the spinneret, solvent evaporation occurs, resulting in a solid product being
depasited on the collector as a dry naoven mat of ongimensional fibres. In
electrospraying, the jet is unstable and breaks down into droplets owing to the

Rayleigh limit being exceeded. This results in mi¢mnanosized particles.

Syringe pump

ﬁ Syringe
Spinneret |

Voltage generator

!

Grounded collector

Figure 1.6 Schematic diagram of a basic EHD process sap. Thesyringeis loaded with apolymer
solution.

EHD can be used to process a range of materials inclsgimtpetic polymers (e.g.
PLGA), ceramics, metals, and natural biopolymers including collagen, alginates,
elastin and fibrinogeK185,187) Some of the physicochemical properties that make
EHD processed materials highly desirable include high specific surface treas,
ability to achievehermolabile material encapsulation with minimal effect on stability,
high tensile or mechanical strehgand the ability to process both biodegradable and
nontbiodegradable material$88 192). There hadeen exploration of the use of EHD
in cosmetics, biomedicine (e.g. for wound healing, tissue engineering scaffolds, or the
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controlled release of active ingredients), electrode materials, sanitary pads and diapers,
protective clothing, sensors and ulight materialg193 195). In particular, there is
increasing interest in the use of EHD processes to produce nanostructured drug and
biomaterial delivery vehicles with taied material properties and release proféesl

even shapes, which could be challenging to achieve using previously listed methods
of micropatrticle fabricatiorf189,195,196)Advanced drug delivery systems could be
fabricated to haveraried shapes angroperties such as burst, delayed, sustained,

pulsatile or multiphasicrelease functiongl97).
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Figure 1.7 A schematic illustration of a Taylor cone being formeda) A liquid droplet with no

el ectrical field applied; the droplet admpts a
When high voltage is applied, the fluidmeniscus is deformed and opposing forces start acting

against the surface tensionc) A stable Taylor cone which arises when the voltage applied
overcomes the surface tension. Red arrows represent forces keeping the droplet together (e.g.
surface tensionand drag force) whilst the blue arrows represent the forces acting to break the

droplet apart (e.g. gravitational force andCoulombic forces).

1.4.1 Material fabrication process

For a droplet or stream to break apart, éimeount of charge on the surface of the
droplet or forces driving for the brealp of the liquidhave to be greater than the

surface tensioanddragforces which acio keepthe droplet intactin electrospraying,
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the travelling stream then esqpences Coulombic fissiowhere the droplet breaks up

to form multiple daughter droplets. These then go forward to repeat the process until
drying is achieved, material is collected on the grounded collector plate, and charges
are dissipateq198) In electrospinning thdorces holding the stream togethare
stronger, and thus rather than breaking up the travelling polymer jet accelerates
towards the collector, bepong narrower as it does so and the solvent evaporates. A

solid fibre product is thus collected after charge dissipation.

The EHD process can be described mathematically by Equation 1.1:

Equation 1.1

n ¢ -ry

This defines the critical charge for a droplet with a given radius okREy is the

dielectric constant of the gasirrounding the liquid (air in most experiments)d A

is the liquid interfacibetension. When a charged droplet begins to travel away from the
spinneret, the charge remains constant while the droplet size shrinks due to evaporation
of solvent. A point is eventually reached where the interfacial tension is overcome by
the chargechage repulsiori this is called the Rayleigh limibr critical charge limit
(Equationl.1).

1.4.2 EHD parameters

Although relatively simple in concept, the EHD process involves a critical interplay
between the factors highlighted Bquation 1.1 and Figure 1.7. These must be
optimised to achieve desired properties, functionalities or morphologies of the final
product. In drug delivery, most ekeospinning or electrospraying processes are
carried out using polymer/drug solutions. There are three fmoailes ofprocessing
parameters affecting the behaviour of a polymer solution in an electromagnetic field:
a) solution parameters, Iprocessing conditions, and c) environmental conditions.
This section aims to highlight the influence of these conditions on the formulations

produced.
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1.4.2.1 Solution parameters

a) Solution viscosity: For the formation of fibres, the ability of the solution jet to
stretch without breaking is key. Droplet stretching relies on polymer chain
entanglement, and as entanglement reduces, particles or-dresilsigs are
increasingly formedKigure1.8) (199,200) The likelihood of fibre formation can be
predicted by knowledge of viscosity: a more viscous solution contains more edtang|
polymer chaing199). Factors affecting viscosity include the length of the polymer
chain (molecular weight), morphology and the concentration of polymer in solution
(201). It is important to optimise viscosity because as it incredisefibre diameter
and unifomity increasebut blockage of the needle also becomes more [i{z82).
For instance Nezaratiet al investigated the effect of poly(carbonate urethane)
solution viscosity on fibre morphology and demoat&d that at low viscosity of 7.2
Pa.s beaded fibres were formed with an avethgmeterof 1.2 pum while at high
viscosity of 22.5 Pa.s larger more uniform fibres were formed with an average
diameter of 3.5 unf203).
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Concentrated Entangled Dilute

—

Increasing polymer concentration.

Figure 1.8 Schematicillustration of the relationship between polymer concertation and material
formed. a) Electrospun fibre formed from concentrated polymer solution.b) Beadson-strings
structure. c) Particles.

b) Surface tension: Fohé EHD process to occur, the repulsive forces in the
charged polymer solution have to overcome the droplet surface tension. Increased
surface tension decreases the surface area per unit mass of a fluid, resulting in the
congregation of solvent moleculas adopt a spherical shaf#04). When a solvent
with high surface tension is used for electrospinning, a higher critical voltage is
required for the formation of uniform fibres. Foeg al investigated the effect of
surface tension by varying the mixing ratio of water : ethanol from 10069:41 in

the spinning of poly(ethylene oxide) and found an increased ethanol content reduced
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the surface tension, forming homogenous fibres, whereas beaded fibres were formed
when the surface tension was higher due to increased water d@®&nt

c) Solution conductivity and dielectric effect: Repulsion of surface electrostatic
forces is fundamental to the separation of particles during electrospraying and for
elongation of the jet in electrospinninghe more conductive a solution, the more
charge tlat can be carried. In electrospinning this can help with the stretchihg of
polymerstream(206). Increased conductivity helps reduce fibre diameter and critical
voltage(207) Choiet al found that condlctivity also increassthe bending instability
of a jet and deposition aré208). The dielectric constant of a solution indicates how
well charges will be held after induction and has kiminfluence to conductivity
(209).

1.4.2.2 Processingparameters

a) Voltage This is the main driver of the EHD process. The applied voltage
influences Taylor cone formation, jet initiation, and jet acceleration. When the applied
voltage is sufficient, the surface tension of the solution can be overcome and as it
increases, thedvelling jet accelerates faster towards the coll@@2). If the applied
voltage is too high for the solution flowhd Taylor cone can recede into the spinneret
and become unstable, resulting in nonform particles or fibres. Research by
Megelski et al showsCoulombic forces increase with the induced electric field,
leading to greater stretching of a fibre, progemyrfation and reduced diame{2d.0).

b) Flow rate: The volume of solution available for processing is ohitexd by
the flow rate through the spinneret. The flow rate influences the stability of the Taylor
cone and can affect the time available for solvent evaporation. There is a critical rate
where there is continuous replenishment of the solution to prel@ckalge while
maintaining uniformity in the fabricated material. With an increased flow rate, fibre or
particle diameter is likely to increase. However, a slower flow rate is often more
desirable as the material will have more time to (#%1) Zuo and colleagues
investigated the effect of feed rate on the morphology of electrospun fibres and
concluded that when thrate is too high the field force is unable to stretch the polymer
solution, resulting in the formation of beads with increasing diani21e)

c) Distance: Distance refers to the gap between the spinneret tip and epound
collectorandis critical to the jet travel time and strength of the electric field. Hekmati

and team investigated the effect of electrospinning distance on polyéringéon6)
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fibre properties. When they varied the distance betwdek(bcm the deposition area
increased with distance, whilst fibre diameter redu@dda).

d) Diameter of needle orifice: The internal diameter of the needle must be
optimised to reduce clogging. A needle with a narrower orifice could help reduce the
fibre diameterandrisk of beadingout increas the riskof blockage However, if the
bore is too small it would be difficult to extrude the solution and occlusion of the

spinneret can be expectEil4)

1.4.2.3 Environmentaparameters

a) Temperature: An increased temperature of the solution and/or EHD chamber
can increase the evaporation rate, viscosity, and risk of needle occlusion. In instances
where biologcs are being encapsulated, increased temperatures could lead to loss of
therapeutic functionality210).

b) Humidity: At high humidity, water can condense on the fibre surface, thereby
affecting morphology and limiting drying. Humidity can also induce pore formation
on patrticle or fibre surfase The evaporation of solvent from the needle tip may be

slower tha the rate of removal leading to wrinkled or flattened morpho(84%).
1.4.3 Types of EHD set up

The basic configuration useddonduct EHD processeBigure1.6) can be modified

to control the distribution of active pharmaceutical ingredients within the polymer
matrix. Tailored EHD techniques have provided the opportunity to load multiple
components into a single DDS to yield multifunctional systems. For examplet, Jin
al. utilisedcoaxialelectrospinning to fabricate fibres loaded with indomethacin, a non
steroidal ati-inflammatory drug, and Gd(DTPA), a contrast agent for imaging, for
simultaneous delivery to the col¢t®3). The major variants of the EHD apparatus are

depicted inFigurel.9.

4€



a b c d e

Figure 1.9 Schematic diagrams of EHD processshowing(a) monoaxial, p) multi-jet, (c) coaxial,
(d) emulsion, and (e) siddoy-side electrospinning, with the expected composition of a particle or
fibre cross-sectionpresented at the bottom

a) Monoaxial Figure1.9a): This is the simplest set up. Drug and polymer are
mixed in a single solution, typically yielding a monolithic amorphsaigl dispersion

with the drug evenly distributed throughout the matrix. The solution is dispensed from
a single syringe and spinneret, similar to the set Ugigare 1.6 (216). A first order

drug release profile is typically expected with this fabrication techn{@i&),
athough Kaassigt al have fabricated a pulsatile release system for ibup(@fEB).

The multi-jet method (Figure 1.9b) offers an avenue to increase the production
capacity of singldluid processing, as multiple ejection ports ased.

b) Coaxial Figure 1.9c): In this experimental setp, two nested feeding
capillaries are used to produce csteath structure@19). The flow of the core is
controlled separately from the flow of the shell, resulting in-tempartment
products. This method has been known to protect labile core material by limiting
interaction with the shell solver(20) Compared to the singlid setup, an
additional syringe pump is required to yield a midiieredsystem with distinctive
compartments. Jet d. compared protein loaded scaffolds made by coaxial and
monoaxial methods, and found that the esmell method resulted in more uniform

fibre morphology and controlled protein distributi¢Z16).
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C) Emulsion Eigure 1.9d): Emulsion processes use the basic monoaxial set up,
with all components flowing through the same syringe. The main difference is that an
emulsion is prepared by homogenisation or tdwaication prior to atomisation. The
simultaneous spraying of two orore immiscible solutions has been known to result

in the formation of corshell materials, advantageous in the delivery of labile material
(221).

d) Sideby-side Figurel.9¢): Like the coaxial setip, a sparate syringe pump is
required for both the individual solutions. Here, neither of the polymer solutions are
embedded in the other, batspinneret is instead constructed to allow the flow of
constituents next to each other. This method has been usdudlitafe Janus structures

for multifunctional applications. Vazquez at al. investigated the use of electrosprayed
Janus particles for photthemotherapy, and found it was possible to develop

formulations which were highly selective for cancer cells ovaithg cells(222).
1.4.4 EHD for biomoleculedelivery

EHD processing has been explored for its use in biotherapeoksculedelivery in a
number of literature reports. This section explores research on various material

encapulated using EHD technology.

1.4.4.1 Therapeutic pteins

Emulsion electrospinning has been explored for its use in encapsulating proteins.
Horseradish peroxidase and alkaline phosphatase were prepared as emlkions
Eudragit -100 by Frizzell et al and electrospun to achieve a-pehsitive depot
system with retained bioactivity that could be administered orallg23).
Angkawinitwong and colleagueswviestigated corshellfibresencapsulatig the anti

VEGF antibody bevacizumab ia p o | -gaprddactone)shell for the sustained
intraocular treatment of agelated macular degeneration. The group found that
optimised fibres delivered structurally intaconoclonal antibodies consistently over
months(224) Electrospraying has also been explored for the encapsulation of genes
(225228).

Other researchers have applied coaxial electrospraying to ppaghell insulin
loaded silk fibroin microparticles for accelerated chronic wound heé®8§). The

formulationwas subsequently loadédo dressingsandit wasfoundthatinsulin was
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released over 40 days with a Radé of about 7 days. Histological observations of
dorsal skin wounds revealed accelerated neovascularisation in type 1 diabetic rats

when exposed to the insulinaded silk fibroin dressin(229).

Stromal derived factet U (-BD)F has shown potential for
myocardial infarction by recruiting endogenous stem cells intthe injured
myocardium Zamaniet al. developed a novel system that encapsulated this protein in
PLGA using coaxial electrospraying. The group found 8BE1 Welease wasate

controlled and continuous above 40 days especially whencapsulated withdvine

serum albumin (BSA)The demotacticactivity of SDF1 U was r et ai ned
number of migrated mesenchymal stem cells was incrg@88) In other work,
Romanoet al investigated the release ofgeeen fluorescent protein (EGFP) from
coresshell electrospun fibrescomprising plycaprolactone as the shell and
poly(ethylene oxide) in the core. Photoluminescence studies shbeggdectrum of

the fibres as being identical to the native protein, suggesting that processing using
electrospinmg retained EGFP functionalitin addition protein release was observed

to be extended over 200 ho(g31)

Table 1.1 provides a brief summary difie key researclperformed to date oBHD

processed proteins.
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Table 1.1 Summary of key studies that utilise EHD procesag for the fabrication of protein-loaded materials.

EHD materials Protein Polymer Solvent Material size Referencs)
Blendfibres pCMVDb pl asmiodi-1 PLGA and PLA-PEG- DMF 751 150 pm (232)
galactosidase (DNA) PLA
Coaxialfibres FITC-BSA PCL (shell) and PEG TFE (shell) and deionised water 2707 380 nm (233)
(core) (core)
Emulsionfibres BMP-2 plasmid DNA and PLGA/hydroxylapatite Dichloromethane 1007 250 nm (234)
chitosan
Blend and coaxidibres BSA and bFGF PLGA Hexafluoroisopropanol 1007 500 nm (235)
Emulsionfibres BSA PLA Dichloromethane and water 2.2171 7.16 pm (236)
Coaxialfibres BSA and lysozyme PCL (shell) and PEG DMF and chloroform (shell). 5457 774 nm (237)
(core) Double distilled water (core)
Triaxial particles Insulin-glutamic acid (core) Arabinoxylans and Sodium acetate buffer and water 1507 300 um (238)

laccaseenzyme solution

Emulsionparticles BSA PLA DCE and PBS 0.87 3.95 um (239)
Coaxialparticles BSA and lysozyme PLGA Dichloromethane 0.87 10.0 um (240)
Coaxialfibres EGFP with a CMV promoter PEI-HA Chloroform and methanol 0.277 0.52 pm (241)

Abbreviations: bFGE basic fibroblast growth factoBMP: bonemorphogenetic proteilBSA: bovine grumabumin, CMV: cytomegalovirusPCE:
dichloroethaneDMF: dimethylformamide,DNA: deoxyribonucleic acidEGFP enhanced green fluorescent protein, P@blycaprolactonePEG
poly(ethylene) glycolPEIHA: polyethyleniminehyaluronic acidPLA: poly(lactic) acid andPLGA: poly lacticco-glycolic acid.
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1.4.4.2 Vaccines

Chitosan isa naturallyoccurring biodegradable and mucoadhesive biopolymer
Singlefluid electrosprayed c¢tosan has been explored to prepare an oral vaccine
formulation. The particles were loaded with ovalbug@VA) as a model antigen and
Quil-A as an adjuvan{242) The mucoadhesive microparticles prepanaate non
cytotoxic released their encapsulated payloaerd 0 hourshad high particle stability

and displayed potential faral vaccine delivery.

Chenet al developed acetalated dextran (A2EX) microparticles to tuntherelease
properties and attain cold chain stability. The particles were loaded withutide,

an adjuvant wittanimmunomodulatory structure similar to peptidoglycan, and OVA
as a model antiggf243). The particles were prepared by electrospraying and assessed
for their releas kinetics and bioactivity. The AdeEX electrosprayed particles
resulted in significantly higher stimulation of-B.and TNFU p r o dnwieothieno n
the soluble form. A burst releas@sexpectedbut could becontrolled by varying the

cyclic acetal coerage in the dextraf244).

In another study, Furtmaret al utilised electrosprayed P\téoated PLGA in the
encapsulation of subunit antigens in the form of cytomegalovirus peptades
comparedtheseto particles fabricated by doubé&mulsionmethods(245,246) The
group found that 80% of the encapsulated antigen was released over the first 10 days,
following a burstof about 206. TN U a n do togiudtion in CD8 T cells that
were exposed to the nanoparticles was comparable to the soluble antigen and

significantly higher thamvith the emulsiorprepared particle@45)

51



1.5 Hypothesis

The key hypothesis of this work is that EHD can be used as a fabrication process for

the development @ntigen loaded drug delivery systems that retain biological activity.

For antigen loaded particles, it should be possible to eleg systems with

immunogenicitythat varies aa function of particle size and shajpe.first understand

the principles of protein fabricatiomsing EHD and quickly ascertain tledfect of

processing parameteos biologic activity it was important tdirst explorea widely

researched proteisuch as an enzymge.g. akaline phosphatagewith a welkt

established and eas$y-perform test for biological activity. The specific aims

employedto explore this hypothesis were set as follows:

1)

2)

3)

Alkaline phosphatase was used as a model enzyme to optimise and compare
blend and coaxial electrospinning and electrospraying processes for the
fabrication of biologically active enzyme formulatioREO was selected due

to its high solubility in aqueousnvironmentsvhich would allow for quick
assessment of enzyti@activity.

The feasibility of making biocompatible modified release systems for the
delivery of vaccineantigers and biotherapeutics using emulsion and coaxial
EHD methods was explore@&udragit S100 was selected due to its solubility

at a physiologically relevantpH (7) and PLGA, a widely explored
biocompatible polymerthat is present in a fewcommercially available
preparationsvasbe suitable fom vitro assessments

A design of experiments approach was implemented to understand the
influence of process paraneet in the formation and optimisation of Ron
spherical shapes in EHD, and the immunomodulatory effects of particle

morphology explored.
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2 Materials and methods

2.1 Materials

A list of materials used in the experiments in this thesis is detailEahile2.1.

Table 2.1 List of chemicals and materias used throughout the thesis.

Material Catalogue or lot Supplier

number
0.4% Trypan Blue Solution 15250061 ThermoFisher Scientific (UK)
1 StepE UIELISAaSubBEtMB TH2615263 ThermoFisher Scientific (UK)
Solution
10% Formalin HT501128 Sigma Aldrich (UK)
2-amino-2-methyl-1-propanol (AMP) A0375230 Acros Organics (UK)
2,2,2Trifluoroethanol (TFE) A0402648 Acros Organics (UK)
Acetic acid A6283 Honeywell(Germany)
Alakaline phospatase yellow para P7998 Sigma Aldrich (UK)

nitrophenylphosphate (pNPP) liquid
susbstrate system

Albumin -fluorescein isothiocynate A9771 Sigma Aldrich (UK)

Alkaline phosphatase (ALP) from bovine P7640 Sigma Aldrich (UK)

intestinal mu ¢ o/mg

Bovine serum albumin A7030 Sigma Aldrich (UK)

Bovine serum albumin A3733 Sigma Aldrich (UK)

Cell mask orange C10045 ThermoFisher Scientific (UK)

DAPI -§iadnidincG2-phenylindole  2871890-3 ThermoFisher Scientific (UK)

dihydrochloride)

Dichloromethane (DCM) 32222 Sigma Aldrich (UK)

Dimethyl sulfoxide (DMSO) H199C Honeywell (Germany)

Ethanol, Absolute 32221 Sigma Aldrick (UK)

Eudragit® S 100® B141005006 Evonik Industries (UK)

Gi bcoE Dul b e cmadified 10566016 Gibco by Life Technologies

Medium (DMEM) GlutaMAX (UK)

Gi bcoE Dul bec choffered 14190250 Gibco by Life Technologies

saline (DPBS), no calcium, no magnesiur (UK)

Gibco® heat inactivated, foetal bovine 10082139 Gibco by Life Technologies

serum (UK)

Gibco® Penicillin-Streptomycin 151401148 Gibco by Life Technologies
(UK)

I nstantBlueE (Coom ISBIL Expedeon Ltd. (UK)

Lipopolysaccharides from E coli 011:B4 L4391 Sigma Aldrich (UK)

(LPS)
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Material Catalogue or lot Supplier
number
Mi cro BCAE Protein 23235 ThermoFisher Scientific (UK)

MouselL-12/ 23 ELI SA MA
set

MouseIL-6 ELI SA MAXE s

Mouse TNFf ELI SA MAXE ¢
set

NHS-Fluorescein (5/6
carboxyfluoresceinsuccinimmidyl ester),
mixed isomer (NHS FITC)

Novex sharp pre stained protein
standard marker

Novex® BisTris 4-12% precast gel

NUuPAGE® LDS (lithium dodecyl sulfate)
sample buffer

NUuPAGE® MOPS running buffer

Phosphate buffered saline (PBS)
PierceE Silver St a
Poly(ethylene glycol) PEG (Mv 20,000)

Poly(ethylene oxide) (PEO) (Mv of
600,000)

Poly(lactic-co-glycolic acid) (PLGA)
50:50 (17 kDa)

PrestoBlueE cell v

Rhodamine B isothiocyanate (RBITC)
Sodium azide

Sodium bicarbonate (NaHCQ)
Sodium carbonate (NaCOs)

Sodium dodecyl sulfate

Sodium hydroxide (NaOH)

Sulfuric acid

Tryban blue solution (0.4% v/v)
Trypsin-EDTA (0.05%), phenol red
Tween® 20

431601

431301
430901

46410

2082117

19062470

1962150

2035740

187018
24612
95172
182028

1840432

A13262

36877697
71290
S6014
13418
442442F
11980
7664939
15250061
59417C
P1379

BioLegend (UK)

BioLegend (UK)
BioLegend (UK)

ThermoFisher Scientific (UK)

Invitrogen by ThermoFishe
Scientific (UK)

Invitrogen by ThermoFishe
Scientific (UK)

Invitrogen by ThermoFishe
Scientific (UK)

Novex by Life Technologies
(UK)

ThermoFisher Scientific (UK)
ThermoFisher Scientific (UK)
SigmaAldrick (UK)
Sigma Aldrich (UK)

Corbion Purac (UK)

Invitrogen by ThermoFishe
Scientific (UK)

Sigma Aldrich (UK)

Sigma Aldrich (UK)

Sigma Aldrich (UK)

Sigma Aldrich (UK)

BDH LaboratorySupplies (UK)
Honeywell (Germany)

BDH LaboratorySupplies (UK)
ThermoFisher Scientific (UK)
Sigma Aldrich (UK)

Sigma Aldrich (UK)
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2.2 General Methods

2.2.1 Particle engineering

2.2.1.1 Freezedrying

Samples to be freezlried were transferred to glass vials which were filled to a
maximum volume of 33% of the vial capacity. Samples were then frozen in dry ice,
and loaded on to the shelf of a Virtis Advantage Freeze Drier to undergo primary
drying at gpressure of 200 mBar and temperatur€6f°C for 48 hours. Subsequently,

with pressure maintained, the temperature was increased to 20 °C for 2 hours to allow

for removal of interstitial water (secondary drying).

2.2.1.2 Electrohydrodynamic atomisation

The EHD processes is introduced in Section 1.4. Polymers were dissolved in
appropriate solvents, drawn up into a 5 mL (Terumo, UK) plastic syringe and fastened
ontoa syringe pump (KD200-CE, KD Scientific, USA). A 20G stainless steel needle
(internal diamater 81 mm; Nordson EFD, UK) was attached to the syringe tip. A
positive electrode was connected to the needle tip and a grounded one to a metal plate
(14.5 20 cm) covered in aluminium foil. High voltage was generated by a DC power
supply (HCP Series, FuG Kieonik, Germany). Distance was adjusted using a
stainless steel lab jack (Dixon Science, UK). The environmental conditions were left
uncontrolled but were measured using a Traceable® meter (Fisher Scientific, UK),
Relative humidity ranged from 26% up t@% and the ambient temperature ranged
from 16 °C to 32 °C. For coaxial electrospraying, a coaxial spinfé@AK_2DISP,

Linari Biomedical, Italy) was used. This required silicone feeding tubing to dispense
fluids from the syringes to the spinneret. Thedle had a core inner diameter of 1
mm and a shell inner diameter of 2 mm. For emulsion electrospraying, fluids were
homogenised (Ultra Turrax T25, IKA Werke, UK).

2.2.2 Morphology

2.2.2.1 Digital microscopyor light microscopy (LM)

During process optimisation, samplegere collected on glass slides for initial
assessment. An EVOS XL Cell Imaging System inverted digital microscope (Life
Technologies, UK) was used for this purpose. For cell imaging and particle

visualisation, filters of various wavelengths were used.
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2.2.2.2 Scaming electron microscopy (SEM)

For electrospun fibres, small samples of approximatelyllcm were cut from each

mat. For particles, a similar area of aluminium foil with deposited particles was used.
Samples were then coated with a 20 nm gold sputtes@@Q1Quorum Technologies,

UK) and then imaged using a Quanta 200F microscope (FEI, USA) connected to a
secondary electron detector (Everhédrornley detector). Following imaging, the
ImageJ software (National Institutes of Health, USA) was used to deterime
average fibre or particle diame{@47). At least 100 separate measurements for each
sample were obtained where diameter alone was measured. For aspect ratio
guantification, at least 50 particles were sampled and had both diameter and length
measured. The collected data were then plotted into a histogram using OriginLab
software (\éersion9.1, Origin OEM USA).

2.2.2.3 Transmission electron microscopy (TEM)

During the particle fabrication process, samples were collected directly onto formvar
coated 208C 300 mesh copper TEM grids (SPI Supplies, USA) for about 20 seconds.
The samples were then analysed using a-JENIOF instrument (JEOL, Japan).

2.2.3 Physical characterisation

2.2.3.1 Fourier transform infrared spectroscopy (FTIR)

FTIR was performed on approximateB mg of samples using a Spectrum 100
spectrometer (Perkin Elmer, USA), with twenty scans collected per sample at a
resolution of 2 cm over the wavelength rangé 40007 650 cmi. Three independent
samples were investigated per formulation. The FTIR d@re analysed usinghe

OriginLab software.

2.2.3.2 X-ray powder diffraction (XRD)

Samples were placed on aluminium plates and diffraction patterns were obtained using

a Miniflex 600 instrument (Ri gaku, Japan
and 15mA. Patterns were recorded over tllg@nge 3 40° at a speed of 5° per minute

(size step = 0. Data were analysed usingpe OriginLab software.Three

independent samples were investigated per formulation.
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2.2.3.3 Differential scanning calorimetry (DSC)

Approximately 5 mg of each sample was sealed in Tzero aluminium pans (T130425)
with pin-holed hematic lids (TA instruments, USA). A Q2000 DSC (TA Instruments)
was used to collect data ahaatingrate of 10-C per minutefrom 20 °C toca. 140

oC. All experiments were performed under a nitrogen purge of 50 mL per minute.
Following data collection, results were analysed u#iiegoriginLab software. Three

independent samples were investigated per formulation.

2.2.3.4 Thermogravimetric analysis (TGA)

Analysis was condcted using a Discovery TGA instrument (TA Instruments, USA).
Approximately 3 mg of each sample was heated from room temperature to 200 °C, at
a rate of 10 °@nin in open aluminium pans. The instrument was purged with nitrogen
gas at a flow of 2Bn1L/min throughout. Three independent samples were investigated

per formulation. Data were analysed using OriginLab software.
2.2.4 In-vitro protein release

In-vitro release studies were carried out in the Bl Figure2.1). This is a two
compartmental model made of anterior (0.2 mL) and posterior (4.2 mL) chambers,
separated by a dialysis membrane (molecular weighof€MWCQO] 127 14 kDa).
Inflow of buffer Phoshate Buffered Salind>BS with 0.08% w/v sodium azide) into

the model occurs through the posterior segment (4.2 amdoutflow is through an
outlet in the anterior segment (0.2 mR¥8). The buffer flow is controlled by a 16
channel Ismatec peristaltic pump (Michael Smith Engineers Utd) at 37 °C. The

flow rate used was aroundn2/min for the total duration of the release experiments.
Particles to be assayed for release were made into suspensions and injected (0.5 mL at
10 mg/mL in PBS) into the posterior cavity. Drug release was dieghtusing
MicroBCA& as detailed in Sectioh2.5.2
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Flow outlet (5) Posterior cavity (2)
Injection port (6)

Rubber
gasket
(7)
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cavity (2)
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Flow ‘
outlet (5)

Top view Side view

Figure 2.1 Labelled images and schematic diagrams ofthe PK-Eye mode| detailing
compartments and flow channels. Reproduced with permission from Awwaeét al Copyright
Elsevier 2015.

Although the work in this thesis does not focus calar drug delivery, the PiEye

was strategically selected because it was designed to help study the clearance of drugs
in suspension or implanf249). Models for testing the relea of subcutaneous pre
clinical formulations have had significant limitations and are not truly reflective of

release propertign-vivo (250).
2.2.5 Protein analysis and quantification

2.2.5.1 Sodium dodecyl sulfate polygtamide gel electrophoresis (SEBPAGE)

NuPAGE (6 pL) LDS sample buffer was added to a solution (20 pL) of the protein to
be tested. The mixture was vortexed for38seconds and loaded on to a Novex Bis

Tris 4-12% precast gel mounted in an electrophoresik. The prestained molecular
weight standard (5 pL) was added to the first well. Running buffer (NUPAGE MOPS
SDS bufferdiluted indistilled water 1:20 vA) was added into the tank. A voltage of

200 V and current of 70 mA were applied and the experiratowed to run for 50
minutes. The gel was removed, stained using Coomassie blue for 1 hour and then

washed with distilled water for 1 hour.
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2252 Mi cr oBCAE

To quantify the protein present 1 n a sam
Kit (ThemoFisherSent i fi c) was wused, foll owing th
protocol. Assays were performed in clearn®éll plates (Corning, USA). To make the
MicroBCA working reagent (WR), the provided reagents were mixed in the ratio
25:24:1 viviv. Protein samples 30 &L were added to indiuvi
and an equal volume of WR added. The plate was shaken using a plate shaker for 30
seconds. Controls included the polymer used in processing, no treatment (PBS), the
protein of interest, and the solventeddor processing. After shaking, the plate was
incubated at 37 °C for 2 hours, left to cool at room temperature for 5 minutes, and read

for absorbance at 562 nm with a SpectraMax M2e plate réktitdecuar Devices

USA). Analysis of results was undertakeising the OriginLab software. The most

accurate quantification range using BCA lies within the rangeiof® € g/ mL. Thu
to quantify the protein present a standard curve was made for each protein across this

range.

2.2.5.3 Protein extraction

To determine tB amount of encapsulated protein in a-ma@ier soluble polymer
system, 10 mg sample of particles were dissolved in 1 mL DMSO and gently agitated
for one hour(251,252) A solution (5 mL) of NaOH (0.05 M) and SDS (0%%v/v)

was then added to the sample solution, and the mixture allowed to gently agitate for
another hour. The resulting solution was then diluted and analysed using Micro
BCAE as det akl=®2051) n Section

2.2.5.4 Drug loading
The drug loading was calculated usiBguation2.1, with proein mass determined
using the BCA method as detailed in Secaoh 5.2

Equation 2.1
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2.2.5.5 Encapsulation efficiency
Encapsulation efficiency was calculated uskguation2.2, again based on protein

guantifications from the BCA assay.
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Equation 2.2
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2.2.6 Cell culture

The RAW 264.7 cell line is an adherent murine macrophage derived from male
BALB/c mice. All experiments were carried out below passage 10 in a bid to minimise
the risk of changes to healthy cell proliferation that occur past 25 pag2ageshe

cells (0.5 million cells seeded) were maintained in complete growth media in
vertilated Corning® T75 flasks, incubated at 37 °C in a humified atmosphefé of 5
(viv) COz2 and passaged every 12 3 days Complete growth media comprised
Dulbecco's Modified Eagle Medium (DMEM) (500 mL), foetal bovine serum (FBS)
(50 mL) andPenStrep soluth (5 mL). PenStrep solution is made uppehicillin
(10,000 units/ mL) and streptomycin (10,000 pg/ mL)

To pasage confluent celldlaskswere taken out of the incubatandvisualised by
LM for fungal growth, meia colour and opacityln the ethanol (70% v/v)
decontaminated safety cabinehetgrowth mediawas gently aspirated without
disturbing the adherent cellsndwam PBS (5 mL) was used to wash over the cell
layer beforebeing aspirated. Cells we detached by additio ofL Trypsin (0.05%
wi/v), which wasswirled over the cell layer for 2 minutes whilst monitoring udivg
Trypsin action was neutralised byties the volume of growth medandthe cells
transferred to a cérfuge tube The cells were counted and centrifuged &@0LGm
for 8 minutes at 4 °C. The supernataaisdecantedthe cellpelletresuspended with
fresh mediand0.5 millioncells seeded to new flaskWarmgrowthmedia was added

to bring up the volume to 30 mChe new flasks were then-necubated.

Cells wee counted by trypan blue exclusion. Trypan blue solution (10 pL) was mixed
with cell suspensions (10 pL) artle mixtureloaded into a haemocytometer for
counting under a light microscope. The total number of cells and blue cells were
counted from the sangto give an indication of the caibuntand the health of the

culture.

6C



2.2.7 Cell Viability

Cell wviability was determined using a Pre
a permeable resazurbased solution as a reagent. Healthy living cells havatitiey

to irreversibly reduce in their cytosaking mitochondrial dehydrogenastne blue

coloured resazurin to resorufimhich is a highly fluorescent pink compourithe

Prest oBl wwds infarmatianyormitochondrial enzymeactivity of a test

sample compared tmcontrol providing a measure akll viability. Fluorescence and
absorbance were quantified following incubation using a plate reader (Spectramax
M2e, Molecular Devices, USA). Absorbance measurements for detection of lve cel

and normalization references were taken at 570 nm and 608spactively

To determine the cytotoxicity of particles fabricated by electrosprayoed),
suspensions containing ca. 65me@iweecel | s
cultured in a flatbottomed 96well plate. To the wells containing cells, a particle
suspension (10 €L at 10 mg/ mL in PBS), n
atlOmg/mbi n PBS) and | ipopolysacchar PRSg (LPS
were added. Three batches of each formulation were tested, with 3 independent
experiments per batch and triplicate wells in each plate, resulting in a total of 27

replicates per set of particles tested.

2.2.7.1 Enzymdinked immunosorbent assay (ELISA)

Cytokine production was determined using an enzjimieed immunosorbent assay

(ELI SA). ELI SA MAXE kits were purchased f
performed following the manufactureroés r
cell culture media were aspted from 96well plates with a mulichannel pipette
(Discovery Comfort, HTLLab Solutions Poland). The samples were transferred to

new plates with lids using a mutthannel pipette and stored-a6 °C until assayed

for the presence of theelected cytokines. Carbonate buffer (pH 9.5) was prepared by
placing NaHCQ@(8.4 g) and N2COsz (3.56 g) in a bottle and making up to the required

volume (1 L) with distilled water.

The standard BioLegend sandwich ELISA protocol was follo&s#) Capture
antibody was diluted using a coating buffer (filtered carbonate buffer at pH 9.5).
Diluted capture antibody (100 pL) was added to the wells ofw86 Nunc
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Ma x i S o r -pditoméd! naicroplates (ThermoFisher Scientific, UK), sealed and
incubated overnight ati28 °C. The plate was then washed with washing buffer (PBS
with 0.05% Tween 20) four times. To the
BSA in filtered PBS) was added, the plate sealed, and then left to incubate at room
temperature for 1 hour whilst shaking at 500 rpm. The plate was then washed 4 times
with washing buffer. Samples (50 ¢€L) an
diluent) were addedb the wells, and the plate was sealed and incubated at room

temperature for 2 hours with shaking.

The plate was next washed 4 times with washing buffer and diluted detection antibody
(diluted with assay diluent Dbchwed bdfoeect or c
the plate was sealed and incubated at room temperature for 1 hour with shaking. The

pl ate was washed 4 times with waBRPi ng bu
solution (diluted with assay diluent) added to each .wile plate was sealeand

incubated at room temperature for 30 minutes with shaking (500 rpm). Following
Avidin-HRP incubation, the plate was washed with washing buffer 5 times, with 30
seconds of soaking bet we ehlSlesabstiate soltorh . 1 S
( 1 00 wass ladded to each well and the plate incubated in the dark for about 15
minutes as colour developed. LastlyM2sulfuric acid (100 pL) was added to each

well to stop the reaction. Absorbance at 450 (reading) and 570 nm (reference) was
measured using thep8ctraMax M2e plate reader and the reference subtracied

the reading Cytokine concentrations were then calculated using a standatoglog

plot for each plate.
2.2.8 Statistical analysis

All data are presented as mearstandard deviationSD). Statisticalanalysis and
graphs were plotted using the OriginLab software. Statistical significance was
evaluated byoneay A NOVA us i n-lipc tésu Bignfichree wae settat
probability of p < 0.05 (*).
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3  Fabrication of alkaline phosphatase containing

particles and fibres using EHD processes

3.1 Introduction

The fabrication of drug delivery systems using electrohydrodynamic processes (EHD)
(electrospinning and electrospraying) has attracted increased attention in recent years.
This chapter descrisethe effect of EHD processing conditions on polymer

encapsulated protein drug delivery systems.
3.1.1 Electrospinning and electrospraying

Electrospinning to fabricate nanofibres has been more widely explored than
electrospraying for particle fabrication. However, it isught that both processes can

be tailored to provide formulations with structural and functional advantages over the
APl alone (255) In part asa result of the greater volume of work performed,
electrospinning processeseacurrently more practicand easieto optimisethan
electrospraying process€492,256) Largescde manufacturing capacitys also

currently easier with electrospinnitigan electrosprayin@@57).

Electrospun fibre materials can be fabricated into implantable formuld#é83%that
havea number oflesirable properties. For instance, Xteal have investigated the

use of PLGAbased electrospun implants for the delivery of paclitaxel to treanhgl

(259) The PLGA fibres fabricate%ofdhe Xi ed

encapsulated drug at a constant rate over around 60 days. In contrast, Gliadel® wafers
(a commercial implant for the treatment of glioma) released their drug cargo over a
period of five days, and other polymer disc formulations explored reldasexdttive
pharmaceutical ingredient over 37 days but experienced a burs¥ofe?€ase in the
first 2 days. This study by Xiebds team
more effectively than wafers. Fibres have also been widely resedoctibdir topical

use, for instance loaded with dexamethasone as a corticog@80)dmefoxin as an
antibiotic(261), itraconazole as an antifung@b2), vitamins A and E as antioxidants
(263), bupivacaine as a local anaesthé®64)or growth factord265). The benefits

of using fibres as implants include the ability to release a drug cargo slowly, resulting
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in low local release concentrations that also limit the risk of toxicity to healthy tissue
(266).

The porosity and structure of fibre mats can domtrolled to mimic the natural
extracellular matrix and thus they have been investigated for their use in tissue
regeneratior(186). For silencing gene expression, siRiftAnsfection agent loaded
poly( -caprolactone) nandires were prepared by Rujitanaebjal for local delivery

at a tumour site. The team found their material achieveddag8ustained release of

the incorporated RNAand 30.96 efficiency in gene knoeclown, which was
significanty improvedin comparisorio a bolus administration of the agéa67,268)

The enzyme lactate dettrogenase (LDH) has been loaded in poly(vinyl alcohol)
fibres by Morencet al. using coaxial electrospinning, and sustained delivery over 20
days observed. However, great care must be taken when formulating:e¥ahg
performed similar experimentsto Me no d6s t e am, replacing LELC
gelatin complex, but obtainedomplete releasein just over 2 hours from the

electrospun fibre269). More examples are cited in Table 1.1.

The processes for making peles and fibres are largely dependent on the polymer
solution viscosity. The same polymer and drug materials can be processed by
electrospinning and electrospraying. Compared to electrospun fibres, the preparation
of electrosprayed particles requiresttitae solution has lower viscosity. This is
typically achieved by reducing the polymer molecular weight and concentration
(203,270) Particles have been fabricated by electrospraying in the tamaicro

sized rang€271). Particles are thought to be easier to inject than fibres as they do not
require posprocessing modification to be injectable. lert particles can distribute

into the circulatory system and at an appropriate size (~ 100 nm) are also known to be
taken up by cell§272) This could be advantageous in targeted drug dgliver
Medicines available as powders are familiar formulations, so electrosprayed particles
resembling these may be easily adopted for use as oral, injectable and inhaled

formulations. EHD can also be used to coat surfaces such as microrigédjes

The delivery ofantigers from polymer particles has garnered considerable interest as
these vehicles have been found to prolong, accelerate and enhance immomsesesp
via uptake of material by antiggmesenting cells, which is more effective in

particulate form than soluble for(@74). Particlesof an appropriate size&an be wholly
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taken up to stimulate an array of responses, making them an attractive option for
investigation(275). Lastly, it has been challenging to encapsulate proteins within
biodegradable polymenrssing standard approaches such as spray diuvigg to
damagebeing imparted on the active during procegstiven thisand consideration

of the need to fabricate sustained release drug delivery systems for active proteins,
EHD processes offer a platform to explore protein encapsulation with material that

could aid cold chain stabilisation efforts.
3.1.2 Blend andcore-shell particles

There is considerable interest to encapsulate protein therapeutics Hshebire
structures fabricated by EHD procesg&5). It is possible with the core/shell
structure to localise the protein in the core to minimise burst release so the system can
act as a reservo{R76 278). Biomolecules encapsulated within the core may be better
protected from degradation and can have minimal interaction with organic solvents
during fabrication(241,279) This is in contrast to using a single solution for EHD,
where the protein and solvent inevitably come into contact. Exposure of the majority
of proteins to organic solvents generally causes the loss of protein tertiary structure,

resulting in denaturation and loss of funct{@g80).

EHD processes that simply disperse the bioactive components directly into the
polymer working fluid are referred to as blend or siFijied processe$281) There

is minimal control of protein distribution within the resultant parti@&6). Blend

EHD processeare less complex than coaxial processes, however. In a coaxial process
a specialised twmeedle spinneret is required. Additional variables including both the
solution® viscoelasticity and interfacial tension, and process flow ratest be
optimised(233,282)

Mickova et al encapsulated horseradish peroxidesetaining liposomes in
electrospun fibres. The nanofibiposome systems were either blended with
poly(vinyl alcohol) (PVA) or encapsulated as caefesll materials, with PVA and
liposomes forming the core, and pdlicaprolactone (PCL) as the shell. They found
that liposomes embedded within cesfeell fibres better preserved the enzymatic
activity of the horseradish peroxidase, while the blend system did not preserve the

intact liposomes anesultedn a loss of enayatic activity(283).
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3.1.3 Alkaline phosphatase (ALP)

Alkaline phosphatase (ALP) is a dimeric metalloenzyme with a molecular weight of
about 115 165 kDa. Different isoforms of ALP exist, containing varying amounts of
zinc and magnesiunfigure3.1) (284,285) Two identical subunits of about 56 kDa

act to atalyse the hydrolysis of phosphate monoester and diester bonds in alkaline
environmentg286). ALP is found in specific tissue including in the placenta, liver,
tumours, intestinal mucosa, kidney, neuronal membranes and bone, and even in
bacterial cells such as Escherichia o@87 289) ALP in the liver catalyses the
breakdown and excretion of phosphorylcholine, which otherwise could potentiate

cardiovascular diseasmto bile(290).

Figure 3.1 A ribbon drawing of the monomer of E. coli alkaline phosphatase. Reproduced with
permission from Kim and Wyckoff (291). Copyright Elsevier 1991.

ALP has been investigated clinically for its role in predicting mortality in patients
undergoing haemodialysi92) The enzyme levels can be used as a diagnostic
marker for liver, endocrine, bone injury, neoplasia, pregnancy, diet and age related
conditions(293). For example, ALP levels are used routinely in combination with
other tests as an indication of damage to the liver. ALP has also been proposed to
detoxify endotoxins of gramegative bacteria by nespecific dephosphorisation of
phosphategroups in their lipopolysaccharides, and hence investigations have been
performed into role of ALP in the treatment of se§2®4,295)

In this chapter, ALP will be used as a model protein since it is an extensively

researched and widely available enzyme with a fairly simple activity assay
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(216,296,297) This chapter describes efforts to understand the effects of EHD
processing on the preparation of solidd# and particles containing ALP.

A study by Jiet al has previously explored ALP in blend and coaxial electrospinning
in poly( -caprolactone) and poly(ethylene glycgd16) The fibres fabricated as
core/shell formulations retained about 76% of the enzymatic activity, while the blend
fibres displayed only 49%fdhe ALP activity. The corshell fibres also displayed

uniform morphology with less burst release than the blend fibres.
3.1.4 Poly (ethylene oxide) (PEO)

Poly(ethylene oxide) (PEO), or high molecular weight poly(ethylene glycol) (PEG)
(Figure3.2), is a syntheti€298)semtcrystalline, nortoxic polymer used in cosmetics
(299), food additives, biomaterials, and drug formulat{@®0) PEO is generally
thought to be biocompatiblé301,302) Due to the electronegative oxygen, PEO
contains many dipole moments, making it hgeed solubility in water and aqueous
environments. The physicochemical properties of the polymer such as its viscosity in
solution, solubility and the wide range of molecular weights available make it suitable

for electrospinning and electrosprayif33).

Figure 3.2 The chemical structure of PEO

Due to its high aqueous solubility, recovery of enzyme from a-B&s@d drug
delivery system pogtrocessing should bstraightforward. Using PEO as an
encapsulating polymer should thus allow for analysis of physical properties, and rapid

determination of protein activity.

PEO has been used extensively for EfdDricationof proteinrloaded biomaterials.
PEO (600 kDa) andasein were used by Xie and colleagues to electrospin the lipase

enzyme usingmonoaxial proces&804). They found that when casein was processed
67



alone fibres were not formed, but on addition of PEO even at 5:95 PEOQO: casein (w/w),
continuous fibres were formed. Lastly, there was high enzymenigadiup to 3%

w/w. PEO has also been used in the core fluid for the encapsulation of enhanced green
fluorescent protein within a PCL shell, to aid the electrospinning properties, modify

the possible release propertiasd tailor fibre diametg231).
3.1.5 Formulation

There is a need to fabricate depot systems for delivery of proteins. Biologics are
typically unstable in the gut, are often poorly absorbed orally and can easily be
degraded into constituent peptides or amino acids, mglubeir bioavailability.
Formulation techniques can improve their pharmacokinetic, pharmacodynamic and
pharmacological profil€305). It is thus useful to explore how polymer encapsulation
techniques such as EHD processes can provide formulation advantages but also

address concerns about the effect of processing dridlogic.

Four ALP formulations fabricated byHb were examined in this chapter. These

formulations are listed ifable3.1.

Table 3.1 Data key for the ALP-loaded fibres and particles described in this chapter.

Sample details Key used
Fibres prepared using coaxial spinning EFC
Fibres prepared from blend spinning EFB
Electrosprayed particles prepared using EPC

a coaxial approach

Electrosprayed particles prepared by EPB
blend processing

Alkaline phosphatase, as supplied ALP
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3.2 Aims

The principal aim of the work described in this chapter isxtamine the potential of
using EHD processing techniques to fabricate prdteded particles and fibres using

ALP as a model drug. The objectives are to:

1 Optimise the formation of AL#oaded fibres and particles using both blend
and coaxial EHD procesgirmethods.

1 Examine the impacts of blend and coaxial techniques on the physical properties
of the fibres and patrticles.

1 Explore how the different processing approaches impact on ALP activity.

3.3 Methods

3.3.1 Optimisation of electrospinning parameters

To encapsulatdLP using electrospinning, parameters had to be first optimised for
the spinning of PEO alone. For the fibres, the PEO concentration (600 kDa) was
optimised at 3% (w/v) after screening across the range froré 2 (w/v). Solvent
ratios and polymer conceation were explored, and their influence on fibre
morphology from single needle electrospinning determined. Polymer solutions were
prepared in a mixture of ethanol and water (7:3 v/v). PEO solution (20 mL) was
prepared and stirred for 48using a magnét stirrer at 30 °C to obtain a homogenous
mixture. ALP powder was dissolved in PBS to obtain an enzyme concentratiém of 5

wiV.

The protocol followed to optimise the electrospinning parameters was adapted from
J i n 0 s(188).tFar singleneedle spinning, PEO or PEO and enzyme solutions were
loaded in plastic syringes and spun from a 0.61 mm inner diameter needle using a
voltage range of ® 15 kV, a needldo-collector plate distance range ofil22.5 cm

and a flow rate of 0.561 mL/h at room temperature (25 + 2 °C) and a relative humidity

of 30 + 1%. Fibres were collected as a mat on aluminium foil, left foa roam
temperature to allow for additional solvent evaporation, and then stored in a desiccator
containing phosphorous pentoxide prior to further analysis and characterization.

PEO/enzyme solutions were generated by adAing solution (86 w/v in PBS 0.5
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mL) to a PEO solution (% w/v in ethanol and water (7:3 viv3.5 mL) and gently
stirreduntil homogeneougrior to spinning.

Coaxial fibres were spun with 3% WREO (shell fluid, internaldiameter of 2 mm)

and 5% w/VALP (core,internaldiameterof 1 mm). The polymer was dissolved in
ethanol and water (7:3 v/v) and the enzyme was dissolved in phosphate buffered saline
(PBS, pH 7.4). The core flow rate was varied florhi 0.5 mL/h andthe shell flow

rate from0.67 1.0 mL/h The voltage rangexploredwas 9i 18 kV and the distance,

127 20 cm. The resulting fibres were collected under environmental conditions, using

the same materials and stored in the samaetive blend fibres were.

The conditions for blend spinning are described@aible3.2 and for coreshell fibres
in Table3.3.

Table 3.2 Optimised processing conditions fothe formation of EFB.

Process parameter Value
Voltage 9 kv
Distance 22.5cm
Flow rate 0.8 mL/h

Table 3.3 Optimised processing conditions for the formation of EFC.

Process parameter Value
Voltage 15 kV
Distance 15cm

Flow rate (core) 0.1 mL/h
Flow rate (shell) 0.6 mL/h

3.3.2 Optimisation of electrospraying parameters

For blend electrospraying, PEO (20 kDa) in solution (10% w/v; in ethanol: water, (7/3
v/v) was loaded into a 5 mL disposable plastic syringe. The electrosprefythts
solution aloneto form particleswas then optimised. Once an appropriate range of
paraneters had been identified, ALP was introduced to the sy&&thuL of ALP

(10% wliv in PBS)was added to the PEO solution (3.75 mL) to form speaying
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solution. The latter was infused with a flow rate range of 3% mL/h, a needio-
collector plate distance of 1020 cmandan applied voltage from 925 kV at room
temperature (25 = 2 °C) and a relative humidity of 30 + 1%. For coaxial
electrospraying, the shell fluid contained PEO 20 kD&40/v) dissolved in a
mixture of ethanol andaionised water (7:3 v/v). ALP (5% wi/v) was dissolved in
phosphate buffered saline (PBS, pH 7.4) and used as the core solution. The polymer
solution was freshly prepared before electrospraying (conducted at ambient
conditions,25 + 2 °C and 30 = 1% RH

ALP/PEO coreshell particles were prepared using a coaxial neemtlee (internal
diameter 1 mm, and shetiternaldiameter 2 mm). The core solutioras loaded into

a 1 mL plastic syringe attached to the inner channel of the coaxial spinneret, whilst a
5 mL plastic syringe containing PEO solution was linked to the shell channel through
a silicone tube. The two fluids were simultaneously dispensed through the coaxial
spinneret. The core flow rate was varied fromi0X60 mL/h,andthe shell flow rate

from 0.@7 0.15 mL/h. The voltage rangxploredwas 17i 23 kV and the distance

15 7 20 cm. Optimisation of core shell particle production and physical
characterisation of this formulation (EPC) was completed by Jiazhe Zhang, a
supervised MSc student. The comatis for blend spraying are describedable3.4

and for coreshell particles inable3.5.

Table 3.4 Optimised processing conditions for the formation of EPB.

Process parameter Value
Voltage 15.5 kv
Distance 15cm
Flow rate 0.6 mL/h

Table 3.5 Optimised processing conditions for the formation of EPC.

Process parameter Value
Voltage 22.5 kV
Distance 17 cm

Flow rate (core) 0.02 mL/h
Flow rate (shell) 0.3 mL/h
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3.3.3 Morphological characterisation

Investigation offibre and particle formation and morphology was performed using
LM, SEM and TEM as described in Section 2.2.

3.3.4 Physicochemical characterisation

Physical characterisation was performed using FTIR, TGA, DSC &rD X¥s
described irSection2.2.3 The DSC thermograms for the fibres have been presented

as(n=1).
3.3.5 SDS PAGE and protein assays

The protein molecular mass was determined using -BRSE, and protein
quantification u s-wisegdesdiptions ofBESE lBethodS are p
described in Section 2.2.4.

3.3.5.1 Alkaline phosphatase (ALP) activity assay
ALP activity was measured using anirophenyl phosphate {NPP) substrat€216).
The colourlessNPP is hydrolysed to yellow-pitrophenol (pNP) in the presence of

ALP and alkaline conditiongnd pNP can beguantifiedat an absorbance of 405 nm.

The standard protocol was modified on tlesib of methods described byelial

(216). Fibres and particles (10 mg) were dissolved in deionised water (5 mL) to get
ALP samples. ALP aliquots (80 pL) were incubated wittar@ino2-methyl1-
propanol (1.5 M; 20 pL) and loaded in a-@@ll plate. The gNPP liquid substrate
solution (100 L) was added to the initial mixture. After 5 min, NaOH (1 M, 20 uL)
was added to stop AL®atalysis and the absorbance efipP was measured using a
SpectraMax M2 microplateeader (MolecularDevices, USA) at 405 nm.The

percentage relative ALP activity was then determined usqgtion3.1:

Equation 3.1
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3.4 Results and discussion

3.4.1 Morphological characterisation

3.4.1.1 SEM of fibres

The morphology of electrospun formulations is affected by a number ofgasiich

as solvent choice, material properties, the concentrations of constituent materials, and
processing parametga10). Using the parametersrable3.2 smooth, uniform bead

free fibres (EFB) comprised of ALP and PEO could be produced by blend
electospinning, with an average diameter of 236 + 79 kigure3.3a and b). The

histogram irFigure3.3c shows the blend fibre diameters to have a normal distribution.

Studies by Wongsasulak al showed that blend electrospun PEO fibres coimgin

ovalbumin generated fibres with diameters ranging from 11830 nm. The fibre

diameter increased as the polymer concentration incre@8). This occurred

because the viscosity of the solution was also incre#ssds interesting to note that

pure PEO (300kDa% w/ v) fi bres in Wongsasul akds
of 202 + 20 nm but the average diameter reduced to 188 + 22 nm on the addition of
protein to the blendThe study suggests that the additidnpootein toa polymer

solutioncan result in the formation of fibrous structures with smaller diaméthes

EFB fibres fabricated here, using PEO with twice the molecular weight but at a lower

concentration (60&Da, 3% w/v) than that employed by Wongseak have very

B ::";'ém

similar diameters

Figure 3.3 SEM images of EFB at (a) 3000x and (b) 12000x magnification; (c) the fibre diameter
distribution (n = 100). The mean fibre diameter + SDwas 236 + 79 nm.
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Figure 3.4 SEM images of EFC at (a) 2000x and (b) 20000x magnification; (c) the fibre diameter
distribution (n = 100). The meanfibre diameter + SDwas 316 + 127 nm.

The coreshellprocessedLP-PEO (EFC)fibres (Figure3.4a and b) prepared using

the optimal conditions presented Table 3.3 show bea€ree cylindrical structures.
These fibres have an average diameter of 316 + 127 nm, somewhat larger than the
monolithic fibres (236 + 7&m) , and also less of a normal distribution in diameter
(seeFigure 3.3c). When comparing the physical appearance of the blend and core

shell fibres EFB orientationwas more symmetrical than EFC

In a study by Tiwari an&/enkatramanthe formationof monolithic and corehell

fibres were compareB07). The team deduced that the difference steosity of the
solutionused in either process, affects tifbees produced-or EFB polymer viscosity
was reduced due to the direct addition of the protein solugisulting the formation

of fibres witha smaller diameter.

3.4.1.2 SEM of particles

The SEM images athe blend ALPPEO particlesEPB; Figure3.5 a and b) show
monodispers®EO particles with an average particle size of 730 + 160 nm. The size
histogram displays a normal distributioRigure 3.5¢c) with most particles ranging

from 5007 1000 nm in size.
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Figure 3.5 SEM images of EPB at (a) 2000x and (b) 10000x magnification; (c) size distribution
determined (n = 100).The mean particle diameter + SD was 730 + 160 nm.

The SEM images dhe core/shell ALAPEO particlesEPQ) in Figure3.6a and b show
particles with a generally smooth surfaces and an average size of 1290 + 240 nm. There
appears to be a secondary population of smaller particles attached to the Ibkrger bu
(see Figure 3.6b). The patrticle size histogram iRigure 3.6c shows a normal
distribution.Comparing the blended and coaxial formulations, the EPB blend system
appears to benore fused than EPC. The blend particles appeared smooth, but with
greater cohesion between them observed than witbaifeeshell processed particles.

This cohesion may be attributed to the presence of proteins at the particle interface

with EPB changing surface tension proper{i&d3,309)

05 1.0

Size (nm)

Figure 3.6 SEM images of EPC at (a) 10000x and (b) 2000x magnification; (c) size distribution (n
=100).The mean particle diameter £ SD was 1290 + 240 nm.

Both the particles and fibres that were fabricated by-sbedl processes had larger
diameters than their blend analogues. Reduction in material diameter could be due to
reduced PEO concentration when the protein and polymer solutions are directly
blended(310) Also, the presence of charged proteins at the surface of fbiks
particles reduces the stability of the travelling jet, promoting breakup or fikxidn
Reardonet al prepared corshell and blend PLGA microparticles using EHD
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processing technique¥$he blend particles had an average diamet&56f+ 80 nm
whilst the coreshell particlehad an average diameter&30 + 200nm (312). In the
study above, th®eardonret al fabricated particles that were smaller than both EPB
and EPC but this could have been due to \fseosity, molecular weight and

concentratiorof the polymer selected

Electrospinning and electrosgiag processsare described to mainly diffdyy the
morphology either fibres or particlesachievedthrough modification of solution
propertieg(313). The functional advantages are expected to be sinbtastructural
advantages would depermd factors such as porosity, surface area to volume ratio,
sizeand maibr powder bulk which could all be tailored blganges to thprocessing
parameter$314) For example electrosprayed pmderscould be better suited for the
delivery of inhalednaterials whilselectrospun fibres would be more appreciated for

tissue engineering applications.
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3.4.1.3 TEM of fibres

The images of the EFB fibres show structures varying in Siggi(e3.7a). The fibre
diameter measured by TEM is consistent with findings deduced from the SEM results,
at ca. 333 nm and 276 nm. Blend fibres are known to be monolithic in nature, which
holds true fothe EPB fibres hereKigure3.7a) (315). In contrast, the TEM images in
Figure3.7b show a coreshell structure for the EFC sample, with an internal diameter
of 184 nm and a shell diameter of 235 nfthe EFC shell diameter of 235 nm falls
within the size distributioexpected for thisamplefrom SEM @s detailed inFigure

3.4c). The fact that the TEM diameter is somewhat smaller than the mean SEM value

can be ascribed to the low number of observations in the TERriexgnt.

Figure 3.7 TEM images ofa) EFB, with the blue arrow indicating the formation of fibres with a
smaller diameter and orange arrows confirming the formation of monolithic fibres. b) EFC, with
orange arrows shoving the formation of core-shell structures.
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3.4.1.4 TEM of particles

TEM images of the electrosprayed particles are showigure3.8a (EPB) andrigure
3.8b (EPC). The images for EPB struas suggest the formation of homogenous
particles. The TEM imaged-igure 3.8b) of the coaxial particles is consistent with
coresshell structures havirgeen formed, presumably with ALP being localised within
the PEO shell.
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Figure 3.8 TEM images of a) EPB displaying homogeneouphasedparticles. b) EPC dispaying
a coreshell structure. The mages display particles oEPC with a faint white line illustrating the
interphase between the constituent phases.

Wenet al utilised coaxial electrospinning for the encapsulation of a BSA /sdmito
(core) in a sodium alginate and PEO (shell), and achieved distineslveltestructures
(316). Other examples of coighell particles using coaxial EHD processes have been
described including Buitraget al encapsulatingtem cells in collage317) and
Zamaniet al encapsulating BSA in PLG18). The TEM images of both EPC and
EFB are consistent with the literature showing that coaxial processes yield solid

structures with corshell morphologies.
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3.4.2 Physicochemical characterisation

3.4.2.1 FTIR

FTIR spectra are displayed igure3.9. The PEO absorption peaks at around 1341
cmaiare &signed to vibrations of the-B bonds.Bands at around 1064 enand ca.
1100 are €Oi C and GC group stretching vibrations. The peak at 1460 @mses
from G-H bending(301)

The main peaks identified in ALP include a broad peak at 3283tlcat corresponds

to the presence of a secondary amineH)N The primary amine band is located at
1641 cmu (amide l)and isclosely followed by amide Jlan NH bending peak at
around 1530 cm Both these peaks are presesthough weak in all the ALP loaded
fibres and particles, confirming the encapsulation of protein. The reduced intensity of
the ALP peaks in théormulations is presumably owing to the protein comprising a

relatively small proportion of the overall mass of the mat¢8ia®).

All the key bands of PEO are observed in the spectiteedbrmulations generated by

EHD processes. The absorption peak at 2881 famthe fibres, and 2868 cifor the
particles, is attributed to CHbending vibrations in both the polymer and pro{8oil).

In the spectra for the blend and cateell fibres, a weak absorption peak is identified

at 1733 cm. This peak is not present in the polymer or protein and is indicative of a
carbonyl stretch. This carbonyl stretch could arise due to a shift in the original amide
band position, or the peak may have appeared as a result of hydrolysis or oxidation of

theprotein due to the complexity of the structures being proc€34&q
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Figure 3.9 FTIR spectra of a) As suppliedPEO (600 kDa) ALP, EFB and EFC. b) FTIR spectra
of as suppliedPEO (20 kDa) ALP, EPB and EPC. The spectra show ALPbands are present in
both EPB and EPC The spectra show ALP peaks are present in botthe fibres and particles

3.4.2.2 DSC
Sharp endotherms corresponding to the melting temperatuye{PEO (ca. 66 °C)

are seen with all the formulationsigure3.10). The processing conditions and thermal
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history of a material affects the endothermic changes that are seen on a thermogram
and he melting temperatusevary from 64 °C to 70 °C, which isimilar to
observationdy several other researchers in the litera(@gd,320,321)The melting
temperature of the fibres is generally higher than the particles owing to the difference
in molecubr weights of the PEO us€d0 kDa for the particles and 600 kDa for the
fibres) (322).

On further analysis of theamplesthe nelting enthalpyof the sentcrystallinePEO
for both the fibres and the particléBable 3.6), reduces after processing by EHD
methods.For the fibres,although melting temperatures remained simikigyre
3.10a),the melting enthalpy of thtEOG-containing materialeeducedrom 28.6 J/g to
about 23 J/g for both the cesbell and blendibres suggestinga reduction in
crystallinity for the 600 kDa polymerostprocessing

With regards to the particlethere was also an observed reduciiorthe melting
enthalpy of PEQ20 kDa) from 3.7 J/g to 3.9J/g forEPB, and 1.3 J/g for EPC.
Unlike the fibres, there is a greater reduction in the melting enthalpy of thetwlie
processed material than there was for the bl&hd degree of crystallinity changes
depending on polyntgrocessing historylhe data suggest thatresshell processing

of particles increasesdlamorphous regions of the polymer.

The difference in melting enthalpies of the various forms of PEOass¥x attributed
to the molecular weighdf the plymers.
Table 3.6 Calculated melting enthalpy of the samples analysed using D@d presented inFigure

3.10. The table shows that the melting enthalpy of the EHD fabricated particleand fibres reduced
in comparison to the reference polymerData for presentedparticles (n = 3) and for fibres, =1).

Sample Melting enthalpy

(J/9)
Fibres

PEO (600 kDa) 28.6

ALP 20.9

EFB 24.0

EFC 23.3

Particles

PEO (20 kDa) 30.7+2.7
ALP 249+0.1
EPB 23.9+1.9
EPC 17.3+25
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Figure 3.10 DSC thermograms ofa) As supplied PEO (600 kDa) electrospun PEO,ALP, EFB
and EFC. DSC thermograms of b) As supplied PEO (20 kDa) ALP, EPB and EPC. The
thermograms show EHD processed materials, closely maintained theroprieties of their
constituent PEO polymers.

ALP alone displays an endotherm below 60 °C, which corresponds to the degradation
of the enzymég323). The batch of ALP employed to prepare the fibFegyre3.10.1)
has a diferent degradation temperature to the ALP in the parti¢tepife 3.10.2),
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which came from a different batch, suggesting a difference in the physical properties
of the ALP used.

3.4.2.3 XRD

The physical form of polymer and enzyme were also assessed using BigrDe(

3.11). The XRD pattern for ALP shows a halo diffractogram in Bétgure3.11a and

b, with no Bragg reflections. This ias expected since the-agpplied freezelried

protein is known to be amorpho45). As can be seen iRigure 3.11, the PEQ
containing samples are observed to have Bragg reflections at around 19°, 24° and 27°
with the second reflection having the highest intensity. These reflections are

chaacteristic of PEO, which is a sefnystalline polymef218).

The highemolecular weight PEO does not have a peak at 27° after fibre fabrication
but a detailed analysis of the pattern revaaisuch weakeBragg reflectiorat around

32°. For the fibres, he first peak at 19has a full wdth at half maximum(FWHM)
value of 13° which decreases to about @ds bothEFC and EFBSimilar reductions
occur tothe peakat 24 suggesting a possible reduction in crystallimitycrystalite
sizepostprocessingThe dspadng at19°, calculated at 4.8, is slightly increased at
4.6 A for both EFB and EFCAt 24°, similartrendsare observed where thesgacing
increases from 3.4 to 3.8A in the processematerialsBased on the literature, the

assigned lattice groupr PEQOis an orthorhombic unit ce{B24).

Theplausiblereduction in crystallinity is supported by the reduced mekinidpalpies
deduced fronthe DSC thermogramst thus appears that the fibres contain ALP
amorphously distributed in a seqwrnystaline PEO matrix.Tables containing
informéion on dspacingand FWHM valuesfor both the fibres and particleze

available in théAppendix Section A.).

TheXRD patternsof the electrosprayed particleredominated by the PEO pattern,
with generally reduced intensities but with prominentectfons at 19°, 23° and 27°.
With the patrticles, the -dpacing observed in the processed materials renadin
broadly the samanglesasearlier highlightedHowever there are markedifferences
in the FWHM especially for the EP& angles above 23Rat suggests a reduction in
crystal size uniformity or crystallinity as obsedwsith DSC.Analogously to the fibres
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therefore, it can be concluded that the particles contain ALP amorphously distributed

throughout a sentrystalline FEO carrier.
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Figure 3.11 X-ray diffraction patterns of a) As suppliedPEO 600 kDa,ALP, EFB, and EFC. b)
X-ray diffraction patterns of as suppliedPEO 20 kDg ALP, EPB, andEPC. The semicrystalline
structure of PEO displays characteristicdiffraction peaks at around19°, 23° and 27° which are
still present in the EHD processed preparatios.
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3.4.3 Protein quantification

3.4.3.1 Encapsulation efficiency and drug loading
The ALP loading of both the blend and coaxial fibores were determined by
Mi cr o BCAETae88.ay (

Table 3.7 Drug loading and encapsulation efficiency data of electrospun fibres loaded with ALP
(data presented as mean = S.D., n=3).

Theoretical Drug loading Encapsulation
loading efficiency
EFB 17.4% 8.0 £ 0.36 (w/w) 46.0 + 2.06
EFC 13.8% 13.0 £ 2.06 (w/w) 94.0+12.00

Table 3.7 reveals that the blended fibres contain less ALP than thesbetéfibre,
andthe encapsulation efficiency of ER8approximately half that of EFC. Although

this notable difference iencapulation efficienciesould be due to the mechanical
dispersion method used for the blend struciun@mogeneity of protein distribution

in a polymer solution can be hard to achieve without the use of high shear equipment
(e.g. a homogenise(B25) In addition, the direct exposure of protein to organic
solvent in the blend formulation could have resulted in the precipitation of some
enzyme out of thelend(326).

Chew and coll eagues i nvestiinagva gremth facttre e nc
(NGF) and BSA in electrospun monbiit fibres. They calculated theoretical loadings

of 0.0123 and 4.08 for NFG and BSA respective($11), but observed significantly

lower levels of encapsulated NF& 10+ 0.53 x D-4%) and attributed this difference

to instability of the proteiii polymer jet during electrospinning. BSA levels were not
determined. The evidence from Chewds st ui
that are charged could act very differentlytte polymer carrier in an electromagnetic

field, causing protein to be deposited on surfaces that might not have been intended

for collection.

The low loading efficiency for protein actives can be improved by processing separate
solutions of the proteiand polymer solutions in coaxial electrospinn{B87). Protein

encapsulation efficiencis generallyincreasedn coreshell structures as the core
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solution is within the shell and carried with it to the collector. Drying occurs before
protein can migrate to the surface of the material and display alternative spraying
characteristics, depositing on areas not intenfor collection. The results form
Chewds study cor r Dabl®3r7,aa$ encapsthlation efficrerety wag s 1 n

improved in the corshell structure$311).

As was observed for tHéore preparations, the encapsulation efficiency of EPB was
lower than that of EPCT@ble 3.8). However, the ALP loading was greater for EPB
than EPC owing to the low flow rate which had to be used for the core of EPC.
Reduced entrapment efficiency in blend systems would mesa materialvaste.

Table 3.8 Drug loading and encapsulation efficiency data of electrosprayed particles loaded with
ALP (data presented as mean £ S.D., n=3).

Theoretical Drug loading Encapsulation
loading efficiency
EPB 5.9% 5.0 + 0.26 (W/w) 85.0 + 4.06
EPC 3.0% 3.0 £ 0.4%6 (wiw) 99.0 + 12.06

When comparing the drug loading of fibres to particles, more ALP is loaded in the
fibres than in particles. Differences in drug loading could be due tooth@entration

of protein in the original stock solution and tregio of polymer to protein in the
feedstockwhich affects the protein coertration as described in Sectios3.1and

3.3.2 or theflow rate of the protein feed whickhen increasedncreass the amount

of protein availableper unit time(328). For example, the shell solution for fibre
formation was flowing 6 times faster than the core, containing the protein solution,
whilst the for particleshe shell flowedL5 times faster. It is easier to form fibres than
particles and optimisation of particlesquiredsignificant reduction of theore flow

rateg suggesting that drug loading in fibrd&able3.7) might typically be expected to

be highe than in particlesTable3.8).

When protein loading is reduced, as was necessary for in the formation of particles,
better higher encapsulation efficiencies are observed; 85% and 99% respectively for
the blend and corshell particles but 46% and 94% are calculated for the for the

anal ogous fibres. This further highlight
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deposition of processed materials due to the presence of proteins, increases with

protein concentratian
3.4.4 SDS PAGE

Preliminary experiments were carried out to determine the effect of the EHD process
on the ALP enzyme. The gels show clpeotein bands at around 56 kDa from ALP,
both for fresh ALP and after dissolutiontbE EPB and EP@articles(Figure3.12a).

As ALP is expected to have a molecular weight of 1185 kDa, the position of the
bands suggest the-aapplied ALP had been broken down into monon(i@29)either

during the freezelrying process or by the SSed in the geOverall the SDFAGE

gel suggests thalere isanegligible efect ofblendor coreshell particlepreparation

on the size of ALP monomers

For the fibres Figure 3.12b), the SDSPAGE data are rather different, and the raw
ALP shows bands at 100 120 kDa (dimers), as well as at around 55 kDa. The
differences between this and the ALP data from the particle experiment can be
attributed to diffeent batches of ALP being used for the two studies. After spinning,
these bands are all still present, but a new band appears with a size of around 30 kDa.
This might be the result of breakdown produstsich may also be linked to the
additional FTIRC=0 band at 1733 cmnoted after electrospinningrigure3.9). On

the FTIR spectra in Figure 3.9, the characteristic peak can be identified as a carbonyl
stretch, but exactly where it comes from is unclear. This could arise due to a shift in
the origind amide band position, or the peak may have appeared as a result of

hydrolysis or oxidation of the prate

The SDSPAGE reveals that by and large for both blend and coaxial processing ALP
maintains its size after processing, and there are no clear ddésr@oted between

the coaxial and blend data.
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Figure 3.12 SDSPAGE gels for ALP after encapsulation into a) particles and b) fibres. Lanes:
M) marker. Bands in a correspond to:1) ALP, 2) EPB and, 3) EPCBands in b represent:1) ALP,
2) EFB and, 3) EFC.

3.4.5 ALP activity

ALP activity assays were employed assessvhetherthere wasany loss of activity
caused by EHD processing. Activity wealculated relative to the starting ALfirom
protein quantification of the assayed samples. The restigume3.13a indicate that
the ALP in EPB r&ined almost all its activity whilst EPC retained approximately
60%.There was a statistically significant difference in protein activitgn EPC was
compared to ALP.The difference in ALP activity between the blend and -cbrell
particles is unlikely to have occurred due to the presence of effragaie3.13a), but
may be attributed to the voltage required for processing. Thendaigure3.13a and

b show thatboth the coreshell and blend electrospun fibresaia close to 100% of
the ALP activity. These results in conjunction with SIPAGE gels indicate both

blend and coaxial electrospinning did not diminish protein integrity.

Krishnaswamy and Kenkare investigated the effect of organic solvents such as dioxane
(25% v/v in water) and formamide (25% v/v in water) on ALP acti(®&30). ALP
appears to maintain activity when exposed to mixed aque@asic solvent systems.

While there mayhavebeen some protein denaturatiothe ability of the enzyme to
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transform thep-NPP substratevas still maintained330). This may also be the case

for ALP in the presence of ethanol, explaining the retention of activity for EPB, EFB,
EFC and ALP even though ethanol was empl
study suggest that coeshell processes are not always necessarypianein stability
shouldfirst be investigated prior to determining the most appropriate EHD technique

to be used.
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Figure 3.13 The results of ALP activity assays fora) electrosprayed particlesand b) electrospun
fibres. Data are reported as mean + S.D. (n = 3). The majority of ALP remained active after
fabrication except in the case of EPCFresh ALP was used as a positive contrand ALP boiled

in water at 100 °C for an hour was the negative control.The asterisk denotes statistical
significance( p O intthe @iffejence betweerthe sample and pure ALPactivity .
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In contrast, Tiwari and Venkatraman investigated the effect garoc solvents
(chloroform and dimethylformamide mixtures) on lysozyme encapsulated in blend
PLGA fibres fabricated by electrospinnin@31) It was found that increasing
concentrations of dimegtformamide caused a 30% reduction in lysozyme activity
presumably due to loss of enzyme tertiary strudid®d) The presence of the organic
solvents in addition to a strong electric field {22 kV) furtherreducedlysozyme
efficiency until only 366 of activitywasretained after electrospinning. In other work,
Kim et al. electrospun fibres of lysozyme in PCL and PEO using the monoaxial
approach witha chloroform and DMSO solvent blend, and while they found a

reduction in lysozyme activity this was only aboutBX%6 (281).

Advances in food technology have resulted in the use of pulsed electric fields (PEF)
as a northermal method to minimise bacterial growth but preserve the nutritional
value of liquid ad semiliquid foods(332). Shamsiet al. investigated the effect of
PEF on ALP inactivation. The group discovered that PEF treatments io88%kV at

15 °C caused a decrease ofi242% in ALP catalytic activit333). Another study
found that pulses of 22.3 kV reduced ALP activity by#4334). These studies
indicate that there may be changes in ALP activity due to exposure to high voltage.
The EPC was prepared at the highest voltage of 22.5 kV and also used a relatively
slow flow rate, resulting in an increased exposume of theALP to the electric field.
Other materials were processed using voltages dfP5 kV. The loss of ALP activity
observed for EPC but not for EFC midnusbe primarily due tgrolongedexposure

to a high voltagen the former case

Coaxially processed systems, especially particles, typically require higher voltage than
blend EHD systems. Hence, although this chapter shows that higher encapsulation
efficiency can be achieved using cateell processes, care has to be taken during EHD

processing so as not to cause fielduced misfolding.
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3.5 Conclusions

ALP-PEO fibres and particles were fabricated by EHD processes. The blend
formulations EFB (236 nm) and EPB (730 nm) had smaller mean sizes than the
corresponding coaxial formulations ER316 nm) and EPC (1290 nm). Investigation

of physicochemical properties showed similar results for both the blend arshetire
materials. The particles had similar physicochemical attributes to the fibres despite the
difference in PEO molecular weigtand all the formulations comprise amorphously
distributed ALP in a senrystalline PEO carrier. The encapsulation efficiency (EE)
and drug loading (DL) were as follows: EFB {4&nd 86 w/w), EBP (856 and 36

wiw), EFC (9446 and 1386 w/w) and EPG9%%6 and 36 w/w). The EE idower for the

blend formulations than the cestell analogues because directly mixing the protein
and polymer can cause the jet to deposit in areas other than the colleet&tiD
processing parameters used to miees because of the optimised flow ratesed

in processing or reduced risk of side depositiomere capable of loading more ALP

than the EHD processing parameters used to make particles.

The results of ALP activity assays suggest that the EHD presessed to prepare

both particles and fibres maintained ALP activity except in cases where the solution
being processed was exposed to very high voltages (EPC). ALP appeared unchanged
by SDSPAGE investigations after EHD processes were used to prepareabttes

and fibres, but ALP activity was reduced by aboeA®hen coaxial EHD was used

to prepare particles

The work in this chapter lays a foundation for the investigation of vaccine, protein and
peptide particles, and for the consideration of ¢pdimal EHD technique to be
employed in a given setting. It appears that exposure of an enzyme or antigen to some
organic solvents during blend processing could leave the material just as active as
when it is processed using coaxial methods. Blend tecasiigpere shown to be as or
more effective at preserving protein activity than the coaxial EHD processing, offering

an opportunity to explore less complex means of protein processing.
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4  Model antigen-loaded particles prepared using

electrospraying

4.1 Introducti on

Vaccination is a majostrategyfor preventing lifethreatening infections, savireg
least8 million lives annually(335,336) Since most vaccines asglministeredby
injection, so@economic factors such as limitadcess ttealthcare and the neéut
trained medical personnel have resulted in wudiisation of vaccinescausing
inadequate immune coverag@ resourcdimited parts of the world(337)
Furthermore, dr most vaccines, a single bolus dose is not sufficient to préwnde
term protectiveimmunity. Additional booster doses are requir€dis is particularly
problematic in the developing world, given the need for a medical professional to
administer each dos&licro-particles with tuneable release profilesy provide a
strategyto confer longlived immunity after a single dog@75). There are a number
of key challenges with delivery of singldose vaccinescluding vaccinestability,
sakty, efficacy and the release propertiéshe antigen, which can be continuous or
pulsatile(335,338)

ArenasGamboaet al compared the immunity conferred to BALB/c mice after
immunisation withadjuvantfree antigen(live attenuated. melitensissolution and a
single dosef alginate microcapsutdoaded with antigen that released over 37 days
(339). They found that vaccine efficacy wasproved significantlywhenthedelivered
antigen wasmicro-encapsulatedn alginate The profile of &e effecs such as
increased spleen sizevas significantly reduced (p<0.001) in mice receiving
microencapsulatedntigen 1gG levels peaked at 18 weeks post immunisation for the
encapsulated particles as compared to 8 weeks for thenapsulated form. The
microparticle vacineresulted in a 2 5-fold increase irantibody titresafter the mice
were challenged post immunisatidrhis work highlights that microparticle vaccine
delivery systems can be used to overcome immunisation challenges. Similar
microparticle potency wasescribedy Eyles and colleagues when they investigated
the CD69 expression on both splenicdlls and CD4cells 9 days after intranasal

administration oB. anthracis(340).
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In addition to the immunological benefits of microparticles in vaccination, several
studieshave been described usiegcapsulation to improvéne thermal stability of

labile antigers. Wahid and colleaguesploredthe thermal stability of tuberculosis
antigen (Ag85b) and a Staphylococcus awgagein based adjuvant Sb (shg85b)
vaccine conjugaté341). They found that whetie vaccine formulations weexposed

to 21 °C or 37 °C for 4 daysantigenic proteimggregates form anthe system
irreversibly loses structural integrityhich was assumed to mean a change in function

In contrast, Wahid found thatthe encapsulated foutation retaired a similar
secondary structure tbenativeantigendollowing exposure to 37 °C for 7 dag@41).

The work described in this chapter focuses chiefly on the fabrication, characterisation

and release of an encapsulated model anfrgem particles.
4.2 Vaccine particles

Particlescan be engineered to target immune celtgl can be delivered by mucosal
and parenteral(intradermal, subcutaneous or intramusculagministration to
stimulate both cellular and humoral immune respo(342 344) Many studies have
described the use of particles in vaccine developn{&b0,272,339,34%347),
including the use ddingleshot vaccinederived fromPLGA particleqe.g.prevention

of HIV-1 (348 351)). The idea okxploringvaccines as solid particles has attracted
growing interest mainly taletermine ifi) vaccines in the solidtate could improve
antigen stabily, and ii) a more longasting immunogenic profile can be achieved
(78,352 354).

Discontinuousor pulsatileantigen exposureas been proposedameans to stimulate
a protectiveimmune response over tinwhile avoiding theindudion of anergy or
tolerance(355). For example, Guarecucet al investigated the formulation and
immunogenicity obovine serum albumiBSA)-containing pulsatileelease particles
and found these particlémdthe samentibody titreas 3doses of arsolutionform
administered at 0, 4 and 8 wedB86). Gu a r e c u csoppostshe seiggestion ¢ h
that the adaptive immune systeran be more effectively triggeretly a pulsatile
delivery systenthan a sustained release onéhangedetection when the pulsatile
system causes antigen levels to increase, is hypothesised to a trigger for the immune
system(357). It was usefuto identify if pulsatile and sustained release systems could
achieve the same effect.
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Sustained release particlesmn offer low-dose antigens that confer immunity.
Intradermal delivery ofhe modelantigenovalbumin (OVA) encapsulated ahitosan
using a 2&ay sustained dissolvable microneeghé showed that even after 18 weeks

at low-dose (200 pg) OVAspecific antibody responses were markedly luigmpared

to the antigen solution injected at Ifalose (358). In contrast there was a 2-fold
declinein antibody titreafter about 6 weeks of an IM fullose (500 pg) injection
having been administerd@58). Another group (Chuat al) co-delivered an OVA
loaded chitosammplantabledepot and low dose adjuvant over aZ®2week period

and consistently found high antibody t&i@59). Jaganathan investigated PLGA as a
sustained delivery (35 day) carrier for a tetanusitbXormulation and found this to

be advantageous over two akliased doses spaced 4 weeks apart and containing
twice the cumulativd®VA dose(360) Severalresearchers have found no diface
between delivering a continuous bolus over tonas threeseparatenjections that
simulate a pulsatile releag861,362) There is increasing data in the literature to
support the investigation and developmentsaktained release formulations for
vaccine deliverybut there remains a need to process these formulations using
techniques that can be widely varied to alter release properties using a range of

materials

Steipelet al investigated the use of EHD procesdo generate particles for drug
delivery and suggested that the range of shapes and sizes that can be formed from a
wide variety of solvents can be tailored to give tuneable structural prop@4iés

EHD fabrication can produce less polydisperse particles with relatively higher
encapsulation efficienciefdn nano precipitated particl€347,363) EHD therefore

has promise for the development of vaccine particlesew éxamples of EHD

generated particles for antigen delivery are highlightelthinie4.1.

Table 4.1 Examples of electrosprayed particles for the delivery of antigens

Polymer Antigen Particle diameter References
Chitosan Enterohemorrhagic E. coli 3657 425 nm (364)
(recombinant)
Acetalated Subunit recombinan 17 3 um (365)
dextran protective antigen agains
anthrax
Acetalated = cGAMP and resiquimod 1.57 3 um (366)
dextran and
PLGA




4.2.1 PLGA 50:50

PLGA (Figure4.1) is a polymer ester derived from lactic (LA) and glycolic acids
(GA), hydroxy carboxylic acids. The physicochemical, degradation and drug release
properties of PLGA are dependent on ttblative incorporation ratio of the twacids.

The lactide group is more hydrophobic than the glycolic acid compandntlays an
important role in the limitation of water imbibitiq867,368) PLGA is widely used in

drug delivery due to its biocompatibility, biodegradability and sustaiakshse
propertieq150,369) The polymer has also been useddecades to make resorbable
sutures,and in tissue engineeringo examine the development 8fD scaffolds,
implantable structures and suppdB%0). Besides features of the parti¢ieg. surface

area, density and loading) and encdgted material properties (hydrophilicity and
size), drug release from PLGA can be tuned by varying the molecular weight and ratio
of its monomer$ a composition with an increased amount of lactic ecidore likely

to display a slower degradation piefi All these factors affect the accessibility of
water to the ester linkag867) SeveraPLGA-based formulations are commercially
available which make the polymer a suitable candidate to be considered to sustained

delivery of antigen$371).

glycolic acid

(0]
(0] H
HO (0]
x O y

lactic acid
Figure 4.1 The chemical structure of poly(lacticco-glycolic acid) and its monomers lactic acid
(x) and glycolic acid (y).
Drug release from PLGA occurs due to water imbibition. Pli&hdegradesnainly
by ester hydrolysig372) The release of entrapped material from PLtesed
systems is typically characterised by an initial béodowed by a slow and extended
diffusion of the remaining drug. Ester bonds in the polymer chain are cleaved
randomly forming carboxylic acid and hydroxyl end gro(ps2,373) The PLGA
molecular weight decreases as hydrolysis ocatagsing the formation of water
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soluble oliganers whichcanresorb. The presence of the carboxylic acid moieties
reduces the pH to autocatalytically increase the rate of polymer hydrolysis, which also
increase the relative amount bfdrophilic moieties that caraccelerate polymer

resorption andeleaseof encapsulated materig874)369).

Singledose PLGA microspheres have beavestigated by the WHO for tetanus
vaccinationg375) However, development was terminated as there were challenges
with upscaling production technology and transfer to GMP facilities for aseptic
processing, owing to sprayrying or coacervation being used to develop the
formulations. Removal of organic solvents from the particle preparation process was
also a problem. Resolving these issweuld have resulted in a 10100-fold increase

in the pice compared to current vaccines, making the paitiaked vaccine
significantly more expensive than the other forms. PLGA has been explored widely
for its use in EHD processin§18,376,377)

4.2.2 Eudragit S100

Eudragit S100ES 100;Figure4.2) is an anionic copolymer of methacrylic acid and
methyl methacrylate in molarratio of 1:2 It is soluble in aqueous conditions above

pH 7 but notat lower pH value$378,379) There are a range of methacrytatesed
(Eudragit) polymers, but S100 was selected was selected because of the pH conditions

at which it becomes soluble.

Figure 4.2 Chemical structure of Eudragit S100.

The pH-sensitive dissolution propertied ES 100aretypically exploitedto achieve
delayed release of orally administered active ingredients that require- gasgction
from the stomach380). ES 100 is a common pharmaceuticatipient found in

medicines such as Colpermin IBS relief capsules, Asacol®, Budenofalk, Octasa® and
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Mezavent®(381) Having these characteristics, ES 100 was thus considered as a
polymer to fabricate particulates for an initial loading dosantigen in anodified
release ®ccine formulation The deprotonatedcarboxylic acidis ionised during
dissolution Above pH 7 Eudragitincreagsin swellability and permeability, resulting

in drug releas€382). The pH solubility advantage can be used to buffer particle
suspensions just below physiological pH e.g. pH 6.0 which on injection, will dissolve
to release encapsulated antigdtudragit was thus selected for its disgimin

properties at physiological pH.

Other forms of Eudragit with varying copolymer compositions exisuding those
typically for taste masking an@rgeted release to different parts of thtestine(L,

FS and Eand for sustained drug relegseichas RL, RS and NE383). A number

of the Eudragit materials have proven amenable to EHD proce$singxample,
electrosprayed Eudragit L1@@rticles wereised to encapsulatbecorticosteroid and
BCS class 2 drug predholone for oral administration, in order to minimise the side
effect profile and improve the drug solubility in the small intes{i®@4). This is
advantageous because when takem a®nrentericcoated formulation, the risk of
gastrointestinal bleeding and perforatibom repeatedprednisolonedoses are
increased385). In other work, & minimise releasef drug in the stomach and enhance
its localised delivery in the colon Shagtsal formulated a Eudragliased system that

retarded drug release at pF21384)
4.2.3 Bovine Serum Albumin (BSA)

Albumin is a 66.5 kDa globular protein that is synthesised in the liver and found
abundantly in blood plasma (&® g/L). With a circulatory hallife of about 19 days,
high water solubility and the presence of multiple binding pockets, albsraigood
candidateao be used as a model antigen. BSA has alsoibeestigated to basedfor
antigenconjugation and deliver{386,387) BSA conjugation ta fragment of the
capsular polysaccharide 8treptococcus pneumoniaas used by Akhmatowet al.

to vaccinate micandinculcatean antibody responsgainst the bacter(@88).

Alginate microspheres containing BSA as a model antigenre used by Lemoinet
al. to investigate the fadbility of controlled release systerfr vaccination(389).

They found theBSA could beencapsulated at drug loadings of up téa1@/w, and
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that the BSA loadedmicroparticles released BSA over 72 hourbnportantly, the
protein molecular weight and structure were retaiieénother study, microcrystals
using BSA as a modahtigenwere formulated tenhance stability, phagocytosis and
immunogenicity(390). BSAin this study was used as a model protein antigen because
it is readily availableyetalso has the potential to be used as dararonjugate for an

otherwise unstable subumihtigeng388).
4.3 Aims

The aim of the research described in this chapter was to investigate the feasibility of
making biocompatible modified release systems for the delivegnt§ens using

BSA as a model antige®pecific objectives are:

1 To optimiseparameters to fabricalLGA and ES100 BSA-loaded patrticles
by EHD processing

1 Todeterminghe BSA release properties of the particles.

9 To determine the production of immunomodulatory cytokinestro.
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4.4 Methods

4.4.1 Optimisation of electrospraying parameters

To optimise the formatioof ES 100 particlegifferent 10 mLsolutionsof Eudragit
S100in ethanolwaterwere preparedt concentrationsanging from 26% (w/v). The
ratio of ethanol to water was varied (9:1, 8:2 and 7:3 ¥or the BSAloaded PLGA
loaded particlesthe PLGA concentration was varied fromi68% (w/v) in several
solventqe.g. chloroform, dichloromethan®CM and2,2,2 trifluoroethanot TFE).
PLGA particles were first prepared before the BlSAded particles were prepared.

Optimisation wasccomplished bgvaluating particles first byM andthenSEM.
4.4.2 Double emulsion

To prepare the Eudragit formulation for electrosprayBA (20 mg) was dissolved

in PBS (200 pL, pH7.4). DCM (2.0 mL) was then added to the BSA solution and the
resulting mixture was homogeed (30 s, 11,000 rpm) to form an emulsion. To the
resulting emulsion, 4 mL of &2 (w/v) Eudragit S100 solution in ethanol and water
(8:2 vlv) was added and the mixture homogenised at 11,000 rpm foto3@ive a
w/o/w double emulsio391,392)

For the 86 (w/v) PLGA 50:50 in (TFE) solutigrsimilarhomogenisatiostepsasused

for the Eudragit emulsion wefellowed. Emulsions were generatéy, dissolvingd0

mg of BSA in 200 pLof PBS This solutionwas then added to DCM (2.0 mL). The
resulting mixture of the PBS solution and DCM were then added to PLGA solution (4

mL) to form the final emulsion.
4.4.3 Morphological characterisation

Particle morphology was imaged using LM, SEM and TEM asribest in Section
2.2.2.

4.4.4 Physicochemical characterisation

Characterisation was performed using FTIR, DSC and XRD as detailgdciion
2.2.3.
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4.4.5 Fluorescent labelling of BSA

Following a protocol fromSigma Aldrich a solution of ca. 10 mg/ml of BSA in
conjugation buffer (0.1 M sodium carbonabdécarbonate at pH 9) was prepaf8a3).
BSA was labelled using rhodamine b isothiotgte (RBITC) and lfiorescein
isothiocyanatdFITC). Subsequentlyl mg/mL of dye in DMSO was added slowly
under stirring. The protein to dye mass ratio wa8{: 0.16). After the addition of
dye, the reactionmixture was left to incubatevernight with stirring at 2 8 °Cin a
fridge. After incubation,a PD-10 desalting column was equilibrated by first washing
with 5 mL PBS three times. The resulting conjugated solution (5 mL)eldsd
through the washed RIO column with PBS buffeir a void volumeof 5 mL was
allowed to wash out first before collection started. The first three (1 mL) fractions were
pooled after UV absorbance at 280, 495 and 555 nm was recordddearficceze
driedand stored at20 - -40 °C in capped glass viak894). The first three fractian

were retained as they contained both protein and dye.

The ratio of dye to protein is known as the (Ffi®jarratio, where F is the fluorescent
label and P is the protein. This value gives an indication of how many moles of dye
are conjugated to each famf protein. The ratio for FITC labelling was calculated
according td&Equationd.1 (395)

Equation 4.1
0 0

D& ad@o =
o T®UL O

Where Ass is the absorbance at 495 nm (maximum absorption of the dyxhA
absorbance at 280 nm, and C is a correction factor for proteins that adjusts for the

amount of absorbance at 280 nm causethbydye calculated usingequation4.2.

Equation 4.2

Do ©08°P

oYwpwu
MW is the molecular weight of BSA,ckwesois the absorbana# al mg/mLsolution
of protein at 280 nm, 389 is the MW of FITC and 195 is theddf bound FITC at

495 nm. For RBITC, the same equation was used but substituted with absorbance

values at 555 nm, aritde MW of RBITC (536), as described by Yareg al (396). The
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results shovthat each molecule of BSA was labelled ugii®ymolesof FITC but only
1.09 of RBITC was usefr each mole of BSA

4.4.6 Thin-layer chromatography (TLC)

TLC was performed on dyeontaining samples to determine the presence of free dye
in the pooled contents after buffer exchangeC silica gel 60 sa(Merck, Gemany)

was the substrate. A starting point line was marked on the ydatg pencil, and
samplealiquotsspottedonthe TLC silica athe line The end of the TLC plate was
placed in a glass beaker and a mixturéexane, ethyl acetate and methafw¥/v
1:1:1) was allowed to elute up the platdter 5 minutes, th&LC elution patterrwas

observedy UV light (365 nm) and sample migration was traced using pencil.
4.4.7 Protein quantification

BCA and ELISA were performed as describe&etction 2.2.5.

4.4.8 In vitro release

The dissolution study was performed as describegdtion 2.2.4.

4.4.9 In vitro biological evaluations

To determine the viability of RAW 264.7 cells in the presence of the electyespra
samples, &restdBlue assaySection 2.2.pwas performed after incubation in a-96
well plate for 24 hours. Each well contained about 60,000 cells in 200 uL complete
DMEM media.Particle amples and BSA (10 pL) were added to cells at an initial
coneentration of 10 mg/mL in PBS. LPS was add#&d pL) at an initial concentration

of 10 ng/mL. The cells were treated with BSA to determirthighad ary effect on

their viability or cytokine releaseProductionof TNF-U IL-6 and Il-:12 were

subsequentynvestigated using ELI SA, I n accor

instructionsg(Section 2.2.5.6)
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45 Results and discussion

Four formulations were exploretiring particle optimisation studi¢¥able4.2). The

aim for preparingtheseformulations was to explore the use of EHD processes to
fabricate particles frordifferent polymer matrixes that coulgtnerag varying release
profiles. Particles intended for extended release were to be first generated, followed
by those for immediate release. Methods of further modifying the retease then

be considered by either mixing the extended and immediate release prepamations
using the solutions fom both to attempt corghell structuresThe extended and

immediate release solutions were emulsified prior to electrospraying.

Table 4.2 Data key for the samples investigated in this chapter.

Sample details Key used
Electrosprayed PLGA particles loaded ER
with BSA
Electrosprayed Eudragit particles loaded IR
with BSA
Electrosprayed PLGA in Eudragit Coaxial

particles prepared by coaxial approach

Electrosprayed PLGA and Eudragit Mixed
particles contaning dye-labelled BSA

Bovine Serum Albumin BSA

4.5.1 Optimisation of PLGA patrticles

EHD processes werexamined tdabricae BSA-loaded PLGA particles thatould
release BSA ovea twoweekperiod Proces®ptimisationto make theslectrosprayed
particles Figure 4.3) requires the modification of several paramet@ise process
optimisation strategy was aimed at preparing particles that appear dry, without the
formation of fibres. firee PLGAsolublesolvents were examinedhloroform, DCM

and TFE. From the liteature presented in Chapter 1.412d experienceof materid
fabrication in Chapter,3he expected outcomes of changindividual parameters

wereunderstood and utilised.
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PLGA solutiorsof 61 8% (w/v) were prepared and sprayed vatlange of procesgy
conditions(Table4.3). Concentrations below ¥4 were known to increasihgform
particles(397). At concentrations of PLGAve 86 (w/v), fibres were increasingly
formed The results of EHD runs conducted at PLGA 6% w/v in chloroform are shown
Figure4.3 andTable4.3.

Table 4.3 Optimisation conditions investigated for the electrospraying of @ (w/v) PLGA in

chloroform. Parameters adjusted include voltage, distance and flow rate. Light microscopy was
used to confirm observations.

Voltage Distance Flow rate Light microscopygeneral observations
(kV) (cm) (ml/h)

A 12 10 0.2 Bubblelike depositions not dry.

B 15 10 0.2 Fibres, small anthrge droplets.

C 15 10 0.5 Non-uniform sized droplets with fibres.

D 15 11 0.5 Few fibres and large particles size.

E 15 13 0.5 Reduced fibre formation but large particle
F 17 13 0.5 Particles alone formed but not fully dry.
G 17 13.5 0.5 Particles very much resemble F.

H 20 13.5 0.5 Increase in smallesized particle formation
| 20 15 0.5 Very inconsistent size distribution.

J 22 15 0.5 Similar to | but no more droplets.

K 22 15 0.8 Large undried droplets and fibres.

L 22 15 0.5 Non-uniform particles.

M 22 19 0.5 More uniform particles with a few droplet:
N 22 19 0.35 Resembles M but with larger particles.

o 22 19 0.2 Fibre formation restarted

When considering the impact of procesgmagameters;hangs were made according
to theunderlying literatureFor instancefor the particls generagd using parameters
in A, an option to reduce particle sin&s to increase the voltagB) which could
either reduce the particle size by propagating fission of particlesad to alternative
changsto particle morphologguch as formation of rodslue toa reducd travelling
time from the spinneret to the collectdm. another voltage increase instanednen

moving fromG to Hthediameter was reduced.

In some instances, the distancewsstn the spinneret and collector was adjusted or
increased. This was typicalione to provide a longelrying time andeduce particle
size however it was worth remembering that an increashstancecan weaken the

strength of the electromagnetield. Forexample, théransition from D to Envolved
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increasing the distance frobl 1 13 cmandreduced the likelihood of fibre formation
andincreasing thelistancdrom L1 M, resulted in the formation of smaller and more

even particles.

Anotherprocessing parameter considered was flow fateduction in fow rate coudl

allow the particles more drying time and increase the impact of voltage on a droplet
and an increase in flow rateuld lead to particle fonation as seen in B C rather

than doplets as observed in.A'he flowrate determinesthe amount of solution
available for processingut the efect of a change in this parameter is considered along

with the strength of the electromagnetic field in which the solution is under.

Samples C, F, H, L, M and (0able4.3) seemed to be promisirand worthy ofurther
evaluation so electrosprayed particlagere preparedgan under these conditions to
ensurereproducibility, andthenvisualised using SEM. The SEM imagé&sgure4.4)
revealed that particle drying wadlimitation to individual particle formation when
chloroform was used.he particles appear to still be wet after using a range of collector
distances. Altbugh the boiling point for chloroform is considered to be low enough
for drying by EHD, chloroform was an unsuitable solvent because the solution was
unable to hold induced charges as the ejected spray travelled towards the collector.

This caused the pattes to fuse together before complete drying had been achieved.

Use of DCM tended to givaon-sphericalPLGA particles, especially in the presence
of BSA. The use of DCM to make particles was further esqa in Chapter 5TFE
gave the mogtromisingspherical particles.
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Figure 4.3 Light microscopy images showing the differences in the effect of varying electrospraying parameters &% @v/v) PLGA in chloroform. Scale bar represents
200 um.The parameters used for the formation of each sample given in the description withiMvoltage, Di distance and F flow rate.
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Figure 4.4 SEM images of selected sample parameters for PLGA in chloroform. The images show
particles which had not completely driedon contact with the foil. The parameters used for the
formation of each sample given in the descriptiowith V i voltage, Di distance and F- flow rate.

PLGA particlespreparedrom TFE solutiorwereoptimised in a similar manner as the

chloroform solvent particles tg@enerate individuasubmicron sphericalshaped

particles.The particles made using TREere much quickeand less strenuous
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optimise as the trends to increase particle formation were observedTiabie 4.3
and applied BSA was then added first by single emulsion method, then double

emulsion to improve the stability.

Emulsbn-based vaccines have been widely explored for the delivery of anfif#is

400) Emul si on formati on was m(B9d,40f)iBSA f r om
encapsulateoh PLGA patrticles preparddom double emulsion using DCM have been
investigated for loading, effect on protein stability, release capability and
encapsution efficiency. One of the groups involved in this study, Igaetu, found

that there was no apparent effect of the solvent and probe sonication on the structural

or conformational integrity of BSA402)

The BSAcortaining PLGA double emulsion was thdarther EHD optimised by
modifying parameters then understood to prodipteerical, dry particles-ollowing
the optimisation process described in Secoh2, particles encapsulating BSA in
emulsion electrosprayed PLGA were formed using thenpetexrs listed imable4.4.

Table 4.4 Optimised processing conditions for the formation of ERusing a wi/o/w2 emulsion of
BSA and PBS(w1) / DCM (0) /PLGA 6% (w/v) in TFE (w2).

Processing parameter Value
Voltage 18 kV
Distance 15cm
Flow rate 0.5 mL/h

4.5.2 Morphological characterisation of PLGA particles

SEM shows that the electrospraying procd@<€8SA in PLGA using TFEER)yielded
spherical particlesHigure4.5a). The mean particle size was 237 + 112 kigyre
4.5b). TEM images showvhat appear to be randondistributed structures within the
particle (Figure4.6). The dispersed structures within the dashed lindsgare4.6a
and b may be attributed pihase separation of the emuls{&@8A and PBS in DCM).
The particlesmaged byTEM appear to be above 100 nm but below 500imsize,

which corresponds to the simnge determined using SEM
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Figure 4.5a) SEM image ofER at a magnification of 10000X, and b) a histogram detailing particle
size distribution. The mean particle diameter £ SD wa237 £ 112 nm

Figure 4.6 TEM of ER particles (a and b). The dotted circles represent particle perimeters and
the darker structures within.
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4.5.3 Physical characterisation of PLGA patrticles

45.3.1 FTIR

The FTIR spectraFigure 4.7) indicatedthat therewere no detectable differense
between the PLGA as supplied and post processing, indicatingx{pasure to the
TFE solvent andEHD processing did not caushemical chages. PLGA displays a
weak absorbance band at 2986:amdicative of CH, CHand CH stretching, and a
C=0 stretching band at 1754 amCH: and CH bond are being deformeand
wagging vibrations are visible below 1500-c(#03) These characteristic absorbance
peaks of PLGA remain unchanged in the ER. Distte BSA peaks at 1653 and 1526
cm1 are clearly visible in the spectrum tife ER proteidfoadedPLGA patrticles.
There are no shiftsf the characteristipeakpositiors of both PLGA and BSAnN the
electrosprayed samglavith little to nointermolecular bonding in the ER formulation

PLGA 2986 | 1754, | 1526
b A\
|
BSA |
ER B
Wy /M\“
vy
|

L L] L] l‘ L] L] ‘l L] L
4500 4000 3500 3000 2500 2000 1500 1000 500

Wavenumber (cm™)

Figure 4.7 FTIR spectra of PLGA, BSA and ER. The ER spectrum shows the presence of BSA
and PLGA peaks.
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4.5.3.2 DSC

The thermograms ifrigure 4.8 show thermal transitionfom 45 - 48 °C thatare
related to a glass transitiongf ©f PLGA (404). Overlappig with the T baseline shift
there is also a noticeable endotherm, which corresponds teléixation that occurs
upon storage dPLGA (403 406). The lack of a melting temperature indicates both

PLGA and the BSAoaded particles are completely amorphous

"/
43.6
BSA /k/\
\
ER f
N\ //_/_/_/_}/
\\\ //
Exo up - \/48
40 60 80 100

Temperature ( C)

Figure 4.8 DSC thermograms ofPLGA, BSA andER. There is an endotherm presenat 48°C for
ER which correspondswith a PLGA Tg.

4.5.3.3 XRD
There is a complete absence of Bragiijections in thaliffraction patterndor all of
the samplegFigure 4.9). The broadhalo peaksseen are suggestive of amorphous

materials.
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Figure 49 X-ray diffraction patterns of PLGA, BSA and ER. All samples exhibit the
characteristics of an amorphoussystem

4.5.4 In-vitro assessments of ER particles

BSA loading was measured to i4.0 + 0.5 w/w by Mi ¢ r o B GiAcE the
theoretical BSA loading wa44.36 (w/w), the encapsulation efficiency for the
optimisedER formulation wa®7.6 + 3.86. In-vitro release was investigated usthg
continuous flomtwo-compartmentnodel described in Chapter 2.2.6 and aliquots were

collected every 24 h.

Yao et al encapsulated BSA in PLGHicrosphere®y emulsiorelectrospraying and
found that as drug loading increased BSA encapsulatfmencyreducedEE values
ranging from 80i 92% encapsulation efficienoyere seen407). In comparison
Zhang et al encapsulated BSA in PLGA using a double emulsion metratl
emulsifiers. followed by solvent evaporationZ hangds ndedhatmthef o u
encapsulation efficienayashighest using Tween as an emulsifarabout 286 (408)

to the EE values fahe particles made in this chaptardb y Y a o 6revealgthrato u p
electrosprayindetter encapsulates BSA than using a double emulsion methernl

in thepresence oan emulsifier.
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Raghuvanshi et al. algovestigated the encapsulation of tetatmsoid by multiple
emulsion in PLGA 50:50 particles of different molecular weights, 14 kDa and 45 kDa.
The group found that the encapsulation efficiency of tetanus toxoid nanoparticles was
better (72%) for the hlger molecular weight polymer than the 14 kDa alternative
(69%)(409). R a g h ustudynseda sindilar molecular weigiRLGA butresulted

in particles of darger size (520 nmy)hich were not afficientat encapsulating &

protein payload.

Keles et al. investigad some other factorthat could influence the release of
entrapped materials from PLGA microparticlesUsing PLGA (50:50
lactide:glycolidg, PLGA (7225 lactide:glycolide) and PLA (100:0 lactide:glycolide)

for related investigationghey found thawith increasing lacticomponents of the

polymer, degradation rate constants decreagdd). When the hydrophobicity of a

sample increases, it can be challenging for wateleculesto diffuseand promote
degradation of the copolymeslthough only PLGA 50:50 was investigated in this
chapter, Kel es®6 study s ugcgudshe extendddeby t he

increasing ladgtle concentration.

4.5.4.1 Use of the PKEye as a drug release model

A two-compartmenputflow model was usetb evaluate BSA release from the ER
formulation. There are no accepiaditro subcutaneous dissolution or release models
described in the pharmacopeia. For insta@matezet al developed an injectable
implant for the subcutaneous delry of longactingnevirapine(411) To determine

the release kinetics of their formulation, the group first carriethewitro experiments

in a USP apparatus Il dissolution systdhat required the suspension tife
formulation (2 mg) in deionised water (500 mL) to be stirred (30 rpm) at ambient
temperature (26 30 °C) for the duration adhe experiment, and periodic sampling
Subsequently, animal studies were carried out in $grBgwley rats. The
researchers found that the results from the animal studies did not correspond-to the
vitro results.This is not surprising, given that the USP Il method uses conditions very
different to those in the subcutaneous space in termdwefigwolume, agitation, etc.

A few other researchers such as H442) have used dialysis membrane tubing
experiments forin-vitro dissolution testing of implantshowever, this is also
problematic because there are no agreed protocols anththelsperimentaket up

differs between reearch groupandcanbe difficult to replicate.
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USP apparatus IV, a flothrough cell system utgling a reservoir, pump and collector,
has been growing in acceptance for the dissolution testisgbafutaneousustained
release formulations. The USP apparatudiké thetwo-compartment outflow model
used hergallows for the control of flow and tgrerature in volumes as small as 8 mL
(413). Huet al used their soft gelatine capsule formulation containing a poorly water
soluble drug, to comparée dissolution profiles generated by USP apparatus Il and
IV (414). They varied the excipient composition of each formulation &mand
dissolution to be much faster in apparatus Il than IV and, IV was better able to and
more sensitive at distinguishing between various formulatidosvever, one major
limitation to the USP IV kit, and its major difference from thedel used in this study

is the absence of a membrane that can mimic physiological barriers for diffusion into
the circulation and lymphatic systems. A similan-compartment model to tHeK-
Eyehas és0 been used to derive vitro - in vivo correlationswith dexamethasone
loaded PLGA in volumes as low as 10 (415) ThePK-Eyewas thus employed here,
since it can be used to determine release from materials including macromolecules at

small doses, and have been tested previously using PLGA formulgids)s

4.5.4.2 ER release investigations

A biphasic BSA release profile was observed froeBR particles Figure4.10). Such

a release profile, with a burst followed by a much slower extended release phase, was
expected because, BSA molecules at the surface are easily accessible to water in the
release mediur416,417) Over 40% of theBSA wasreleased in less than 10Q4

day9 and then the remaining 8was released a constant ratever 600 hourq25

day9 (Figure4.11). There appeared to be a consistat¢protein released over time

from day 4until the end of the studyvith only minorvariation between batches of

PLGA particles investigated.
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Figure 4.10a) Cumulative release profile of ER. b) BSA mass releasear day. Both plotsdepict
a burst and then a constantate of release over subsequent weeks. Datiae presented as mean +
SD (n=3).

The mechanism ofctive ingredient or antigerelease is importarfor a sustained
release systenReleasdrom PLGA particlecan occuthrougha combination ofour

factors diffusion, degradation, swellingnderosion(111).

The data from day 4 to the end of the experineptottedin Figure4.11. A fit of the
zeroorder release model to these data gaed$R value of 0.99 and a rate of 0.07
0.00% release per houmhe zereorder release in the second phase of the plot would
mean that a constant dose of BSA can be delivered over time after the loading dose
has been achieved.

Zhanget al used a double emulsion method to encapsulate BSA in PLGA. They used
stabilises and emulsifiers such as sodium chloride and Tween to improve microsphere
(45 pm) yield and BSA entrapment efficiency (76.6 196)®ut stillobserveda burst
of about 501 60% in the first24 h of release(408) When comparedotthe ER
formulation ER particlesvere better entrapped and relehS8% of BSA after four

days Thiswas further retarded using ceskell electrospraying.
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Figure 4.11 A plot showing linear (zero-order) release of BSA from ERfrom 168to 672h.

The biphasic releasprofile (Figure 4.10a) an be attributed to two main factors.
Firstly, substantiadliffusion of BSA from the surface of the particlegcurs which is
represented by a burst. In the second phekas been suggesl thatPLGA releases
encapsulated material by bedkosion(416,418)following water penetratianThe
initial burst is dependent amater transport properties of the systé4i9,420) PLGA

has also been used tooapsulate BSA by coaxial electrospraying with the molecular
weight of polymerwaried:the higher the molecular weight, the greater the reduction

in burstreleaseand themoreslowly the BSA releases over tinfg18).

Rhodamine Bloaded PLGA particles hav also been prepared using coaxial
electrospraying by Zhanet al to examine new approaches to treat wetratped
macular degeneration. The digaded particles displayed a zevaler release profile
reaching about 6@ of release @00 h(421) These particles differed from ER in that
there were coaxially prepared. Emulsion preparationseca random distribution of
protein pockets within the particles whereas a material within the core has a longer

diffusion distance to travel before it can be released.

Yao and colleagues also encapsulated BSA in PLGA prepared by emulsion
electrospraying407). Although the group used PLGA (50 kDa, 75:25) with a érgh
molecular weight and lactic to glycolic acid ratio, the particles had initial bursts of
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about3055% i n under 50 h. The release phenom

similar to that inFigure4.10, suggesting that burst release is characteristic of PLGA.

Esteyet al investigated the effect aiblventextrudedPLGA onencapsulate@®SA
release and found acidification of the microenviremtnduring release could lead to
denaturatiorof BSA (422) Due to theautocatalytic nature of PLGAlegadaton,
denaturation ofencapsulategbroteinscould thus occur as the polymer hydrolyses
(369). However this is potentially less of a concern in the context explbere:the
lossof tertiary structure can be more dangerous for proteins than for vaarsnte
primary aimis to induce an immune responddere is no certainty that BSA was
affected by the PLGA but 100% of the encapsulated BSA was released.

4.5.5 Optimisation of IR particles

The target of thisvork was to develop BSAoaded systems that coutdmic an initial
loading doseduring a treatmenbr immunisation These were intended to comprise
individual nane or microparticles fabricated usingudragit S100 byEHD and
efficiently deliveringloadedmodel antigem under72 hours 8 day3. As with the ER
formulationrequiring the particles to be individualised and dry after each change to
solution characteristicsatctors such as polymer concentratioi @6 w/v) and water

to ethanol ratio (9:1, 8:2 and 7:3 ¥Awere varied and optimised before considering
processing parameters such as voltage, flow rate and distance. Ethanol was chosen as
a sutable solvent for the wateoluble polymerEudragit S100without screening
because it was found to be a suitable medyreeveral other research@é423 425).

A polymer concentration of% (w/v) wasfound to be optimal after investigation of
concentrations form 2 5% (w/v), with an ethanol to water ratio of (7¥dv). The
concentration and solvent mixture yielded dry particles with no competitive fibre

formation having occurred as observed using LM or SEM.

To generate particles, multiple processing parameters were condidédaag on the
understanding of factors thanfluenced previously genegst structuresTable 4.5
presents the steps involved and results achieved when factors such as voltage, flow

rate and distance were altered.
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Table 4.5 Examples of gtimisation conditions investigated for the electrospraying of % (w/v)
Eudragit S100 in ethanol and waterBSA wasthen added to particles with promising conditions.
Images inFigure 4.12.

Voltage Distance Flow rate Comments
(kV) (cm) (mi/h)

A 14 16 0.9 Even, dried particles.

B 10 10 1.3 Formation of fibres.

C 9 14 1.5 Formation of fibres.

D 12 10 0.8 Particles do not appear dry.

E 15 16 1 Uneven particle size.

F 16 18 0.8 Uneven particle size.

G 18 14 1 Even, dried particles. Add BSA.
H 10 15 1.3 Formation of fibres.

I 14 16 0.8 Even, dried particles. Add BSA.
J 16 15 0.8 Unevenparticle size.

K 20 18 0.6 Uneven, dried particles. Add BSA.

After the optimisation proceq§able 4.5 micronsized spherical particulategere
formed. BSA was added to the polymer solution that yielded promising particles; A.
G, | and K. The parameters for the formation of BIlSAded ESLOO double emulsion
were further optimized applyingy varying the voltage, flow rate and distance to aid
particle formation. The optimised condition émcapsula BSA in ES 100 were
obtained Figure4.12), andcould beformed reproducibly using the parameters listed
in Table4.6.



V:14 D:16 F:0.9 V:10 D:10 F:1.3 V:9D:14 F:1.5
A B C

V:12 D:10 F:0.8 V:15 D:16 F:1 V:16 D:18 F:0.8
D E F
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V:18 D:14 F:1 V:10 D:15 F:1.3 V:14 D:16 F:0.8

G H I

V:16 D:15 F:.0.8 V:20 D:18 F:0.6

J K

Figure 4.12 Light microscopy images showing the effect of varying electrospraying parameters on 2% (w/v) Eudragit S100dtmanol and water (7:3v/v) for the conditions listed in
Table 4.5 Scale bar represents 100 unirhe parameters used for the formation of each saple given in the description with Vi voltage, Di distance and F- flow rate.
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Table 4.6 Optimised processing conditions for the formation of BSA loaded Eudragif2 % w/v)
particles.

Process parameter Value
Voltage 18 kv
Distance 14 cm
Flowrate 0.8 mL/hr

4.5.6 Morphological characterisation of ES100 particles

SEM was used to study tparticle size and morphologkigure4.13a). The fabricated
particles were generally spherical and clustered with a seemingly bimodal particle size
distribution Eigure 4.13b). The mean particle size (647 209 nm) was not
representative of the actual size population. From the histogram, most particles have a
particle size below 600 nnFigure 4.13b). A ShapireWilk test for normality as
performed on the data set and was found to not be normally distributed at p < 0.05.
The median value was found to be 429 nm, which is lower than the minimum size
calculated by the SD of the meaalso suggesting that the mean istntruly

representative of the sample population

The individual particlesppear to bevenly mixedwith no obvious phase separation
in TEM imagegqFigure4.14). The TEM images also clearly show the range in particle

size.

The IR emulsion was prone to phase separation after preparatiohgana tparticle
populations can be attributed to the instability of the polymer emu(gi®®). The
larger particlegaround 1pmarethoughtto be formed from polymer rich region$

the solutionwhilst areascontaining more proteire likely to havehigher charge
densities and form smaller secondary {d%7,428) The bimodaparticledistribution

could be advamigeous in reducing suspension viscosity for easier injectalitign
prepared as a final dosage forRamirezet al proposed that particle size affects the
viscosity of a suspensipstating that smaller particle sizes increase the viscosity of a
disperson and a more polydisperse sample, reduces the visqd&9). However,
bimodality of particle size is not a primary concern here: the formulation is designed

as an immediate release system, #tr@lES 100 should dissolve very rapidly at the
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physiological pH. Thus, particle size should not have a huge effect on the release

profile.

Attempts were made to investigate emulsstability by determining the creaming
ratio and improving the emulsion &ty with the use of surfactantivestigations

were performed to obtain an emulsion that could remain stable for the duration of
spraying (6i 10 hours). Efforts were directed at using varying volumes of Span and
Tween to get a reproducible hydrophilipophilic balance of around 5 for the first
w/o phaseQil in water emulsiongypically require low HLB value (36) for improved
stability (430). However, investigations into the use of surfactants were halted after

the emulsion proved challenging to stabilise and diverted efforts from the original aim

of the study.

\N___._I i}‘\ .
1.0 15 20
Particle size (um)

Figure 4.13 a) SEM image ofIR at a magnification of 10000X, and b) a histogram detailing
particle size distribution. The mean particle diameter + SD wa$47+ 209nm.
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2000 nm 500 nm

Figure 4.14 TEM images of ES100 particles containing BSA.The images show homogenous
phasedparticles without distinct phases but with varies sizes.

4.5.7 Physical characterisation of IR particles

45.7.1 FTIR

FTIR was used trobethe composition of the IR formulation and determine the
influence of processing parametersBBA and Eudragit E300 Figure4.15). In the
spectum of BSA(Figure4.15), the absorbancat 3290 cnm corresponds to M or

N-H stretching vibrations of the amino acids. The band at wavenumbers starting from
2800 to 3000 cm indicate the presence ofl€ stretching. Also for BSA, there is a
strong peak at 1647 ctfrom the amide | stretch accompanied by a weaker amide Il
(431) ThelR formulation inFigure4.15, shows mainlpeaks due t&S 100at 2948
cmi, 1723 cm1 and 1144cma with minimal evidence for the presence of BSA
suggesting that the loading efficiency is loavgreater BSA presence was observed
with ER. This might have been due tioe loading concentrationgf BSA. In the ES
100 spectrumthere are distinct peaks at 1723 cfrom the C=0 ester stretch and at
around 1439 cmdue to & CH bend(432)
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Figure 4.15 FTIR spectra of Eudragit 100 BSA andIR. The IR spectrum of the IR formulation
mirrors Eudragit S100 peaks with theaddition of weak BSArelated peaksat around 1647cm-1.

4.5.7.2 DSC

Differential scanning calorimetry data are presentdedgnre4.16. Theyshow a broad
shallow endotherm for Eudragit E®0 and a slightly more obvious endotherm for the
IR particles This broad endotherm from about 30 °C to 100 °C can be ascribed to
dehydraibbn of ES 100, which is anamorphous material with a degradation

temperature at about 180 {€33,434)
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Figure 4.16 DSC thermograms ofEudragit 100, BSA and IR The thermogram shows similar
broad endotherms observed for thepolymer and IR.

4.5.7.3 XRD

XRD was used to characterise the physical form of the IR formulation.d@tee
indicatethat the BSAloadedES 100 particles were amorphowsmilarly to the ER
particles(Figure4.17).
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Figure 4.17 X-ray diffraction patterns of ES 100and IR. IR exhibits characteristics indicative of
an amorphous state similarly to ES 10Q

4.5.8 In-vitro BSA release fromIR particles

BSA loading and encapsulation efficiencies wdhen determinedfor the IR
electrosprayed particles. The encapsulated BSAextracted and quantified using a
BCA assay. The BSA loading was found to be 7.2 #@W/w resulting in an
encapsulation efficiencyf 35.9 + 19.86. The low encapsulation efficiency is
consistent with the weak BSA peaks in the IR formulation in the KFigure4.15).

The difference in the encapsulation efficiencanbe attributedhe stability of the
emulsions Figure4.18). The lowIR encapsulation efficiencgnd the corresponding
high standard deviatidior BSA encapsulatiomrmay beattributed to théeterogeneity

or lack of stability of themulsion as suggsted by the bimodal size distributi@@01).

BSA could havealso adsorbed onto the bottle surface prior to the electrospraying

proces®r been deposited onto a Roallector sirface during processing



a b

Figure 4.18Image illustrating the IR phase separation that occurs when the sample is left to stand
a) after being freshly prepared and b) after about 1 h.

In-vitro release was investigated usthgcontinuous flow model described in Chapter
2.2.6 andused for the R formulation,aliquots were collected every 24 Rigure
4.19). More than 5@6 of the entrapped BSA was released in the first iddlpwed by
slower release ove@nothertwo days beforeo further BSA release was observe®

100 is a pH sensitiveopolymerthat is solubl@bove pH 7at whichthere is typically
observed swelling and a subsequent dissolution of the pol@#88) Under suitable
conditions,pH affectsthe swelling index which has a direct consequence on the ease
of fluid entry into the particle to promote dissoluti¢#36,437) Factors such as
polymer concentration can decreahe permeability of the Eudragit particle as a
diffusive barrier to slow down BSA relea@2). From the period of incubation to 50
hours, swelling of thearticleoccussto release encapsulated BSA consistently over 2
days at pH 7.4.

The klease studies were repeattnl evaluate reproducibility as the original
experiments, similar to the profile Figure4.19, suggests BSA release of about %20

of the loading Additional negative controls weralso evaluateth y Mi cr @B CAE
eliminate the possibility of additional absorbance being generated by matergals (

ES 100 and solvents used in particle fabricatiddowever, in all theseepeat
experimens similar resultsshowing release to be approximate %@ere observed.

|t I's worth noting that the | inear wor k
manufacturer 6s g-u40 dggmlL and najuesat befow thigmwag
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challenging to accurately estimatgomFigure4.19b the mass 0BSA released after
50 hours, reduced significantly to nearly 0 pg/mi(Figure 4.1%), leading to a
supposed BSA release of over ¥QAIso, the drug loading of the IR particles was

highly variable resulting in some uncertainty about BSA loading.

ES 100 has been used to mal@ay driednicroparticles for the delivery of BSA m
study by Shastret al (438) The group found that more than 80% of total release
occurredn the first24 hours compared to 48 houmd=igure4.19 (438). Spraydrying

may result in the formation of much larger very qa@s structures compared to
electrosprayingthis could then impact diffusion, dissolution and release properties
from the particlesAlso, the dissolution model used for drug release could have
contributed to the difference in BSA release properties.
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Figure 4.19 a) Cumulative release profile of IR. b) BSA concentration in the release milieu as a

function of time. Rapid release of BSA was observed over the first two days at pH 7.4. Data are
presented as mean + SD (n=3).

The main aim of the Eudragit E®0 formulaton was to encapsulate B thatit
would bereleasd in vivoin less tha8 hours In vaccinationthesudderpresence of
antigers brought about by burst releasgy produce protectivenmuneresponses
(355) The EHD-processegarticles made of IFGA and Eudragit S100ould be co-
formulated to tailor the release profiletbéencapsulated materi#l side-by-side plot
of ER and IRs displayed in Figure A.1.2



4.5.9 Optimisation of core-shell particles

Coreshell particles were made by incorporatihg PLGA emulsiofER) asthecore
fluid into the Eudragit emulsiofiR) as theshellusing a coaxial needl&HD process
optimisation (Table 4.7) was undertaken tgreparecoreshell particlesand the
productsevaludged byLM and SEM.Figure 4.20 shows SEM images gfarticles
prepared using the process parametefi@able4.7. The process parameters for core
shell electrospraying were optimised as detaile@lahle4.8. These conditions were
selected as they reproducibly yielded individual particles ¢batd be efficiently
recovered upon preparatinom the aluminium foil.

Table 4.7 Optimisation conditions investigated for the electrospraying of corehell particles with
ER in the core and IR in the shell.

Voltage (KV) Distance (cm) Flow rate (ml/h) - Flow rate (ml/h) -

core shell
A 164 22 0.2 0.3
B 22 20 0.1 0.3
C 23 22 0.1 0.3
D 20 15 0.4 0.6
E 25 15 0.4 0.6
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V:22 D:20 FC:0.1 FS:0.3 V:23 D:22 FC:0.1 FS:0.3

V:16.4 D:22 FC:0.2 FS:0.3

V:25D:15FC:04 FS:06

V:20 D:15FC:0.4 FS:0.6
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Figure 4.20 SEM images of selected sample parameteexplored for core i shell particle formation. The images show patrticle clusterstaa magnification of 1000x
(scale bars represent 5 um)The parameters used for the formation of each sample given in the descriptigrth V i voltage, Di distance, FS- flow rate of core and
FS - flow rate of shell.
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Table 4.8 Optimised processing conditions for the formation of BSA loaded coréER)-shell
(IR) electrosprayed particles

Process parameter Value
Voltage 23 kV
Distance 22 cm

Flow rate - Core 0.1 mL/h
Flow rate - Shell 0.3 mL/h

4.5.10 Morphological characterisation

An SEM image and histogram of size distributiminthe core shell particles that
were prepared using the optimised EHD processing conditiongresented in
Figure4.21. The particles appear spherical and as clusters,ayatrticle size of

698 + 414 nmThe particle size is highly varied, with some diameters larger than 1
pm. The histogram reveals most pelés are less than 1 pm in size. Compared to
the PLGA patrticlesKigure4.5), the coreshell particles are almost three times the
size anchave a more clustered and less uniform morphology. When thesicelle

particles are compared to the Eudragit parti¢legure 4.13), thereis more of a

normal particle size distribution
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Figure 4.21 a) SEM image of oaxial electrosprayed particles ER (shell) and IR (core) at a
maghnification of 10000X, b) and a histogram detailing particle size distributionThe mean
particle diameter + SD was698 + 414 nm
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Figure 4.22 TEM images of coaxial particles a) indicate distinct distribution of constituents
within the particle with the yellow dotted line showing the demarcation between core and shell
b) unclear layered structure with different phases

With patrticles in both imagdseing less than 500 nm, imaggure4.22a displays

a distinctive coreshell structure whilst the particklownin Figure4.22b displays

a less obvious looking careThe expectedcoreshell structure was a clear
distinction between the IR and ER layers, with the ER layer completely surrounded

by the IR layerThis suggests that the particles may not have uniform properties
4.5.11 Labelling of BSA

BSA was labelled using FITC and RBIT€ help determine the release profile and
origin of BSA when the ER and IR components are mixed togefi&iC
(fluorescein isothiocyanate) and RBITC (Rhodamine B isothiocyanese each
used to sgarately labeBSA to aid visualisation of BSA distribution within ¢h
EHD-fabricatedparticlesandreleasg407) SDSPAGEwas used to confirm BSA
labelling (Figure4.23). The unlabellecand labelledBSA bands are allocated at
about 60 k@ which is the size of BSAndicaing successful conjugatioffhe free

dye alone would nchave resulted in the formation of a band and the presence of a

fluorescent band suggests that dye present is conjugated to BSA.
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Figure 4.23 Preparation of (a) FITC- and (b) RBITC-labelled BSA. Each panel showing a
Novex sharp prestained protein standards, a Coomassie blue stained gel andi412% Bis-
Tris gel pre-staining under UV light.

After purification (Section4.4.5 the tagged protein fractions were collected,
pooled and freezedried. The absence of free dye wasroboratedy TLC (Figure
4.24). Free dye (lanes b and d) eluted much further up thetpitethedye tagged
BSA sampleswhich were still visible under UV diht (365 nn). The results show
therewerenegligible quantities of free dye presenthefreezedrieddye labelled

BSA.
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Figure 4.24 TLC of a) FITC -labelled BSA b) FITC, c) RBITC-labelled BSA and d) RBITC.
No free dyeband was withessed for samples a and ¢ under UV light. Final dye location faters
marked using pencil.

4.5.12 Optimisation of mixed particles

To better understand the potent@bplication of IR ard ER particles when
simultaneously dosed, it was important to investigate how protein was released
from either particle. The burst from the ER along with the IR releaseexpected

to mimic a bolus initial vacciner loading dose and latter release profile to mimic
a maintenance dos€o determinghe BSA releasecharacteristic®f a mixture of

ES 100 and PLGA particles, RBITBSA was loaded into PLGA and FITBSA

was loaded into Eudragit. €hEHD process parameters required some re
optimisation for particle fabrication because the labelled BSA caused the
conductivity of the solution tohangecompared to when unlabelled BSA was used
The voltage and distance remained the same but a sligleadeadn flow rate was
required to form particlesTable 4.9shows the changes made to floate to
optimise particle formation for dylabelled BSA. The particles formed are
displayed inFigure4.25.
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Table 4.9 The changes made to flowate to optimise particle formation for dye-labelled BSA

PLGA-BSA PLGA and Eudragit-BSA Eudragit and
RBITC -BSA FITC-BSA

Flow rate 0.5 mL/h 0.4 mL/h 0.8 mL/h 0.6 mL/h

Figure 4.25 SEM image confirming the formation of particles after the change in parameters
and addition of dye. a) ER particles containing RBITGBSA and b) IR particles containing
FITC -BSA. Both images are magnified by 10 000x and scale bars represent 10 um.



4.5.13 Physial characterisation of mixed and core/shell particles

4.5.13.1FTIR

The IR spectra of coaxial particles adésplayed inFigure4.26. When comparing
the coaxially electrosprayed structurdsgure4.26 coaxia) to thespectra of IR
(Figure 4.26 IR) and ER (Figure 4.26 ER) particles there is an overlap of
absorbance of the two polymers around 175Q.cithe characteristipeakBSA
which is clearlyvisible in the PLGA formulation spectmat 1651 cm reduces in
intensityin the coaxial systepwhichis expected tde dieto thelikely lower BSA

loading when compared to the Eudragit or eshell formulations
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Figure 4.26 FTIR spectra of ER, IR, mixed particles and coaxial particles The mixed and
core-shell particles display peaks in the same regioriadicating that both processes yield#®
materials with similar properties.

When comparing thespectra for themixed and the coreshell samples the
absorpibn peaks are very similar but with soswbtle differencesThere is alight
shift to the right ofFigure4.26 (mixed) at around 1750 cmthatbetter aligis with
the Eudragit formulation absorbane¢ around 170@mai. There is no strong

indication of a structural difference between the @trell particles and the mixed
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particles. The spectra above confirm the presence of B&#led IR and ER

characteristic features in the cegleell formulation

4.5.13.2DSC

DSC dataltigure4.27) were obtained for PLGA, Eudragit, mixed and eshell
particles. Therés asharpendothernvisible at 52 °C for the PLGA particleand a
broad endotherm from around 7@C for the Eudragitformulation (IR). An
endotherm was noted at 51 °C for the mixed and coaxially spun partiekbscht
could be attributed to PLGAdisplaying the amorphous physic@ropertiesof

parent constituents.

ER
IR \ 52
g\//
Mixed \
] ‘ 51
Coaxial \
Exo Up - 51
2'0 3'0 4'0 5'0 6.0 7'0 8.0 9'0 1('30

Temperature ( C)

Figure 4.27 DSC thermograms ofER, IR, mixed and coaxial particles Both the coaxial and
mixed particle samplessimilarly display features of IR and ER thermograms.



4.5.13.3XRD

The XRD patterns ifrigure4.28 displayonly broad halo$or all the sampleswith

no sharp Bragg reflections. These findings are indicative of amorphous materials.
The results shown here are in line with findings from ti&CCexperimentsThere

are peaks present at around 32 and 45 degrees in the mieed] EHR samples but
were not when previously investigatéd= 3) in Figure4.9 andFigure4.17. This
suggests that the appearance of peaks could be due to experimental rogthods

XRD sample holdereadingor contamination from previous materials used on the
holder

ER
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Figure 4.28 X-ray diffraction patterns of ER, IR, mixed and coaxial particles

4.5.14 In-vitro release of mixed particles

For mixed particles, IR and ESamples (5 mgyereweighedin equal amountand

mixedto allow for comparison with the coaxial particles
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Figure 4.29 a) Cumulative release profile over time of mixed particles as determined by BCA
and sum ofspectrophotometric measurementsb) BSA concentration as a function of time as
measured using BCAand spectrophotometricmeasurementsat 495 nmfor IR released FITC-
labelled BSAand 550 nmfor ER released RBITC-labelled BSA Data are presented as mean
+ SD (n=3).

The release datar the 11 mixed particlesn Figure4.29a shows an initial burst
releaseof BSA arising from both the PLGA and Eudragit particldeloading of
BSA in the PLGA componenica. 14%)was doublethe BSA expected to be
released from # Eudragit particlegca. 7 % drug loading)The BSA-loaded
Eudragit particlesnirror quite closely theR release profilsshownin Figure4.19.
The PLGA release behaviour was also similar to that display€idime4.10 (ER).
There was a burst release wéthmaximum concentration of BSA released over the
first two days and thenthe releaserate declinad until after 200 hours where the
release concentration remained constant. HBBA encapsulated in Eudragit was
completdy released before 190 Thiswas expectednd is the same as noted with
the IR release curve iRigure 4.19. Again as expectedRBITC-BSA loaded in
PLGA replicated the release profile five ER particles Figure4.10).

The amount ofabelledBSA released after 200vias higher when measured using

Mi c r o Bt@aA Wherobservedusing UV aloneThis quantification difference

may have been due to some unlabelled BSA present.benagher pasibility is

that thedyemay have been quenchédere was a problem in quantifying RBITC
BSAbyMi c r o Bbedalse thabsorbanceavelengttof rhodamine tis similar

to that for the BCA complexRhodamine B has an excitation wavelength of 540

nm and an emission wavelength of 590,mh i ch over |l aps the

optimised absorbance wavelength of 562(A80).
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4.5.15 In-vitro release ofcoaxial particles

Prior to the investigation of release behaviour, the B@#abelled)loading was
calculated to be 9.12 + 1.%¥ (w/w) and the encapsulation efficacy (n=3) 58.3 *
10.®6. The drug loading and encapsulation efficiency was improved when
compared to the IR formulation but not as good as the ER parkoten.the release

data inFigure4.30 (a), burst of protein release is noted in the first LOAfter the

first 48h, the rate of release begins to decrease but not consistently enough to limit
about 506 of BSAfrom beingreleagd in the first 100 hours. The desired release

profile was to minimise the burst that occurred with the ER formulation

The mixed particles give a summative burst of the IR andoaRed BSA. In
contrast, the burst from coaxial formulation sls@wreducedyurstcompared to the
expected analogous amount of the individual formulati8nggestingthe ER core

of the coaxial particles were not as quickly hydrated causing a relative retardation
in the expected burst. The effect of the shell hydration on eefears the core can

be optimised using EHD processes to further reduce rate of BSA release by varying

polymer and loading propertiesg. PLGA ratio or molecular weight or BSA

concentration
g -
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Figure 4.30a) Cumulative release profile over time othe coaxialy prepared particles. b) The
releasedBSA concentrationas a function of time Data are presented as mean + S@=3).

WhenBSA was incorporated into PLGA as an emulsithrere wasan observed
half-life of 3.96 dayq95 h) Coaxial electrospraying thus helped increase the half
life by about2 days. BSA burst release from the PLGA particles is hypothesized to
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be reduced during swelling of IR by restricted access of dissolution buffer to the

ER core component.

As with the ER releasprofile (Figure4.10) there is constant BSA release after an
initial burst phase. To better understand thigure 4.31 shows the fitof a zere
order release aftehe burst. The biphasic release profile is desirable for sustained
delivery of proteinsAfter the burst release period, the coaxial particles selea
about 0.0% of the encapsulated BSA per hauith linear regression constant of
0.99 Therelease profileould potentially help patients reduce dose variability as

wells @& increase compliance.
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Figure 4.31 Graph showing the linear release profile of BSA from thecoaxial particles after
170 hours.

Wanget al investigated the release of B&#®m emulsionelectrosprayed PLGA
particles. They observed a reduced amount of BSA released during the burst
compared to coaxially electrosprayed particles of the same materials but the second
sustained phaséFigure 4.31) had a steeper slopf@r the coaxially prepared
particles (391) Although the work described in this chapténvolved the
electrospraying of two BSAoaded emulsions, the release behaviour of PLGA is

found to besimilarin boththe ER and coaxial formulations as BSA is released from
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PLGA as a burstThe coaxial formulation helps to reduce the burst at the initial
release phase which could be beneficial in ensuring drug availability for a more

sustained releag@40).

Due to the complexity of theoaxialelectrospraying process and control of electro
capillary flows, greater effort was needed to optimise the formation of rasized
particles.The challenge to form micresized particless compounded by the fact
thatboth solutionsn the coaxial needlbave different propertie€l44,440) For
particles to be formed, the EHD forces have to act on at least one liquid but the
interplay between electituid-mechanical properties and how the interplay affects
stability of the liquid aerosol remain poorly underst¢@d0) The miscibility of

the solutions will depend onseveral factors such ake interfacial tensign
temperatureand solvent properties, which couldad to a less predictable
distribution of BSA within the particles BSA dstribution within particlesis

instrumentaln controlling the rate of initial burgi09,209)

TheBSA formulations processed by EHD that are describelis chapter can be
used to load proteins, peptides amtigensvith varied pharmacokinetic properties.

For example, dual drug delivery systems made with PLGA and PVP have been
investigated by Caet al Coaxial electrospraying was used to prepare polymeric
coreshell particles containinghodamine B andhaproxen. Vaying the drug
loading and position of individual actives (core or shell), provides options for
tailoring the release profil@l41). Opportunities remain toebexplored for the use

of the coreshell or mixed drug delivery system for the use of éuive therapies

Particlebased vaccines can also be doalded with both antigen and adjuvant,
conferring an advantage over soluble antigen by controlling ther@tokinetics

and possibly reducing degradatid42) The same antigepresenting cell can
receive both constituent&ccording to Park, calelivering both components to the
same cells increase the chance of APC activation ensuring a favourable cell

mediated immune respon@el3).
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4.5.16 In-vitro biological evaluations

4.5.16.1Cell viability

Although a single cell line does not represent the immune system, the use of RAW
cells has been described in several studies to examine biological effects associated
with immunogenicity (71,444) RAW 264.7 cells were treated with
lipopolysaccharide L(PS, positive control),IR, ER, and themixed and coaxial
particles LPS is a bacterial endotoxand a major component of gramegative

outer membrang@45). LPS is commonly used as a positive control for evaluating

immunopotentiating effects of a particle or drug candi(#4é).

The viability data show there was no sig
treated cells and cells in the control gro&m(re4.32). The IR and ER samples

showed reduced viability compared to the untreated cells. The difference in cell
viability was however, not statistically significant. Tas, incubaton with the

variousparticles did not cause cytotoxicity to RAW 264.7 cells.
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Figure 4.32 RAW 264.7 cell viability after 24 h incubation with the various formulations.
Three batches of each sample were tested in as triplicates in 3 independent experiments,
bringing the total test per sample to 27.
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Material properties such as charge and liplopty underlie the cytotoxicity of
polymeric nanoparticle@0). Both PLGA and Eudragit have been known to not be
cytotoxic. PLGA was at a final concentration of just under 500 pg/8ihgh and
Romarao investigated tliwsedependentoxicity of PLGA (1 pg/mL7 1 mg/mL)

in RAW 264.7 cells and found that PLGA degradapooducts are generally non
toxic (447). Efavirenz is an antretroviral drug that was loaded intBudragit
nanoparticles When the solventevaporated particles werewvestigated for
cytotoxicity in T-lymphatic (C8166) cell lingsthey did not show signs of
cytotoxicity (448).

4.5.16.2Cytokine release
Secretion of IL6, IL-12and TNFU fr om RAW cells exposed t
were quantified by ELISASection2.2.7.)).

Interleukin - 12 (IL-12)

Figure4.33 shows the production of HL2. No changes are seen with cells exposed

to the electrosprayed particles, and the only significant increase is for the positive
control, LPS. This means that theepence of ER00 or PLGA particles desnot
stimulate Il-:12 productionin RAW cells Macrophages produce 12 on
stimulation by TNFU t o i ncrease the stimulation
concentrations of IFNYavailable to prime macrophag€449) IL-12 acts to
specifically activate the conversion of a naive ThO to obtain a Th1l or sometimes a
Th17 respons@t50,451) A Thl response desiredvhen defending against a viral

or bacterial attackhat cause pathogen replication in the tissliéss could mean

the RAW cells did not perceive the incubated-subron particles as threat enough

to cause a cascade @actions Both the IR and ER particles could be used for
protein or peptide delivery and may require an adjuvant if considered for vaccine

delivery.

The data is represented by a box and whisker plot whahd®s a summary of the

data set per sample. The bars that extend from the plot, represent the maximum and
minimum values. The upper lay of the box represents th@&Eentile, the middle

line through the box represents the median and the line at ttoenbof the box
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represents the 25ercentile. Outliers are indicated independently above or below
the sample plot.
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Figure 4.33 1L -12 release by RAW 264.7 cells after exposure to the various formulatiofar

24 h Experiments were performed with 3 batches with triplicates in 3 independent

experiments, bringing the total number of measurements to 27 per sample. LPS was used as a

posi tive control and the untreated cells serve as

Interleukin - 6 (IL-6)

Similarly to IL-12, secretion of It6 was only increased when LPS was added,
while the formulations had no effedtiqure4.34). IL-6 is associated with Th17
polarisation. I-6 actsin union with transforming growth factor beta (T{&Fto
accelerate the differentiatiaf newly activated T helper celts produce ofTh17
related cytokineg452) A Thl7 response is desired in an attack by fungi or
extracellular bacteria64). IL-6 has also been associated with alumirium
containing adjuvant§453) This means the EHD fabricatqghrticles did not
stimulate the productioof IL-6.
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Figure 4.341L -6 released from RAW 264.7 cells after the cells were stimulatedth the various
formulations for 24h.*pO 0. 05

Tumour Necrosis Factoalpha (TNF-U )

TNF-Usecretiorincreased after exposure of RAW cells to all the formulatiouts
this increasevas significant onlyfor the PLGA-containing formulationor the
positive control Figure4.34). ER resulted in the production of more cytokine than
the positive control. The mixed ancobaxial particles showed similar TNF

production to the positive control.

PLGA is a biodegradable paher that forms lactic and glycolic acid by nonspecific
hydrolytic scission of ester bonds in the polymer backb®hesemonomers cause

a slight decrease in the pH of the cell or incubating media and the production of
reactive oxygen species (RO@5b4,455) Inflammationtypically occurs following
implantation of a biomaterial or medical dev{d&6).
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Figure 4.35 TNF—L“JreIease‘d from RAW 264.7 cells after the cellwere exposed to thdifferent
formulations for24 h.*pO 0. 05

From the result¢Section4.5.16, we can deduce that RAW cells were stimulated
and could be activated fssiblyinduce a relative Th17 or Thl response. TMF

has been knowrto act as specific inhibitors of L2 p40 (457), and this might
explain the reduced HL2 response. The lack IL-6 production could be attributed

to the absence of adjuvalikte properties of the particles investigatadich could

mean vaccination would be solely based on the efficacy of the antigen and adjuvant

co-formulation may be required

Murine melanoma antigenic peptides (TRP2) were loaded into PLGA
nanoparticles to determine the effect on the immune system by 2hahdhere

was no induction of TNFJand IL-12 responses after 2dincubation withCD8+

T cells They also found that injection of tharuicles when cdéoaded peptide,

MPLA, induces antigespecific Tcell responses more strongly than when a

solution is administered with an adjuvad68) Zhangodés stthalthe sugges
particles on their own were nemmunogenicpecause they didot result in the

secretdn pro-inflammatory cytokinesHowever,on addition of a suitablantigen,

cytokine response spassed a solution injectio@thers have found that PLGA
14¢



particles prepared by emulsion and tested for the release otJEiEr incubation

in J774 murine macrophagesre less likely with smaller particles to stimulate
cytokine production459). Robertset al also found that PLGA particles made
using PRINT(particles replication in newetting templatesjechnology a soft
lithographic method,did not stimulate the production of TNFor IL-6 in mice
macrophage$460) These studies suggest that PLGA particles were not expected
to produce 112 and I1-6 but TNFU production may occur du® tthe size of

particles.

PLGA-containing particleare recognised for their potential to cause inflammation
(454). PLGA containing formulations such as Bydureon (exenatide) for the
managemet of diabetes mellitus and Signifor (pasireotide pamoate) for the
treat ment of acromegaly and Cushingds
site reactions such as erythema which is an inflammation symptom as a common
side effec{461) While inflammation @anoccur, PLGAcontaining particles as well

the Eudragit particles can be usedaacinedelivery system.
4.6 Conclusiors

EHD was successfully used to fabricate particles encapsulB8#fgandprovided

a facile and reproducible method fpolymeric particle fabrication.IR had a
bimodal particle size distributionyasamorphousand released BSA in less than
96 hours.ER paticles were uniform in size, amorphous, and released the
encapsulated protein over a ementh period followinga burst releasé\fter 160
hours there was aonstant ratef release, following zereorder profile A mixture

of the twoformulationsgavea release profileorresponding to a composite of the
mixed formulations.Coaxialparticleswerealso preparedheseparticlestoo were
amorphous and physicochemical propeniese similar toa physical mixture of
the comprising originaparticles however, the initial burslisplayedby the ER

alongside the IR releageas minimised resulting an observed Hidé increase

Cell viability assaysand cytokine production were investigated to estahlibht
effectthe particles had on immuneells. The particlesere not cytotoxic to RAW

cells IL-12 and IL-6 were not significantly upregulated by anyttoéformulations,

but TNFU was sti mul at ecdntaihig sanpléElettrospray®dl G A
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particles showsome encouraging results thatulb be translatedfor the

encapsulation and sustained delivery of antigen.
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5 Rods vs sphere-shaped particles: exploiting EHD

processing to vary particle morphology

5.1 Introduction

Particle properties such as size, shape and degradation profile are known to
determine cellular interactions and faistribution(462). However, exploration in

this field of research has faced challenges due to the difficulty in reproducibly
fabricating norspherical shapes whilst simultaneously controlling the size, shape
and morphology462,463)

The term Ashapeo refers to the geometry
Mitragotri investigated the efte of particle shapes such as spheres, rods and oblate
ellipsoids on cellular interactions. They found that-sb@ped particles exhibited

the highest level of attachment to macrophages but also the lowest internalization
rate(464,465) They hypothesized that because a number of bacteria are rod shaped,
macrophages may possess features to recognisshepetd objects. Macrophages
mainly clear particles by phagocytosis, and particle shape may be a key factor for
endocytosis and the stimulation of inflammation in some ¢élls466) Yoo and
colleagues also found that the rate of internalisation of PLGAclemtoy human
umbilical vein endothelial cells was fotold higher for spheres that for elliptical
discs during the first hou#67). Other researchers found thethen an ellipsoidal
particle (aspect ratio 4, major axis- 4 um) approached a macrophage with its
major axis it was engulfed within 6 minufd®it when approached with its minor

axis internalisation of the particle took several hqdg2). Similar relative uptake

rates have also been observed with much snradieesizedparticles. For example,
HelLa cells displayed atbefold greater rate of uptake of colloidal gold rods (74 x

14 nm) than spheres of either 74 nm or 14 nm diam@t8). These results indicate

that particle shape may influence partictdl interactionsalthough there appear to

be differences between cell types.

Particle geometry may influence other biological processes besides cell uptake,
includingcirculation time Genget al found filamentshaped micelles displayed a

prolonged haHife comparedad sphere$469). Biodistributionis also affected: iron
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oxide nanoworms showed higher tumour targeting efficiency compared to spherical
particles in mice(470), and elliptical disc shaped particles showed higher
accumulation than spherical particles in mouse lungs while being less readily up
taken by the live(471).

EHD processing, as described in Section 1.4, is a versatile, resdficcent,
technique thamay have the potential to prepare different sllaparticles Other
means of fabricating nespherical or ellipsoidal particles include soft lithography,
microfluidics, selfassembly, templating and 3D printing. Many of these processes
do not produce micrerized particles however, and are expensivguirang
specialised equipment or h€462,376,472474).

5.2 Solvent selection and rod formation

Polymersolvent interactions are important in t&&ID process as they directly

impact solution properties, which in turn can influence particle morphology and
aspect ratio(475 477). Jarusuwannapoom et.al found that properties such as
surface tensiomand Coulombic forces are the key factors responsible for faymin

particles byEHD (478 480). Sphere formation is dependent on choosing an
appropriate solventsystem for the polymer being processed, based on
considerations such as  dielectric constant/permittivity, viscosity, electric

resistivity, boiling point, conductivity and surface tens{é1)

Particle shape is affected bye saméactors that influence particle sizacluding

both solutioncharacteristics and processing parameg#82,483) Droplets tend to
form particles witha spherical shape due to the cohesive forces at the surface.
Droplet formation can be distorted by process o#tion, for instance by varying

the applied voltage and modifying solution properties such as permittivity.
According to Fernandez de la Mora and Loscertales, for a liquid with high

conductivity, the EHD particle size is given Bguation 5.1484).

Equation 5.1
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where d is the diameter, is a constant relating to viscosity, Q is the flow rate, K

is the liquid conductivity; refers to the liquiegas surface tension, € Q are
dielectric constants (which could also be defined as the air and relative permittivity
respectively)483 485)

Equation5.1 highlightsthe importance of the dielectric constant or permittivity in
determining diametg@80).

Rods are generated by electrohydrodynamic deformation of the solution during
EHD processing due to field induced droplet ionisat{d@®6). Torza et al
hypothesised that when an emulsion droplet is subjected to an electric field, the

drop is likely to deform into a prolate or oblate sphere.

000(0(

F G H | J
0 100 200 300 350
us us us us us

Figure 5.1 Sequences of 225 um methanol droplets undergoing asymmetric distortions over
time at E (strength of the electric field) = 2.46 x 106 V/m. Reprinted with permission from
Grimm and Beauchamp, 2005, Journal of Physical Chemistry B. Copyright 2005 American
Chemical Society.

Grimm and Beauchamp found a link between the aspect ratio of the fabricated
particle and the time a droplet spends in an intense electricFigidré5.1). They
found there is generally a proportional relationship, and that strong electrical fields
can induce the polarisation of a neutral droplet. The droplet then becomes unstable
when it reaches the Taylor limit, which is also knowritescritical electric limit
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(487). As the charge borne by a droplet increases, the critical electric limit is
reduced. Under a high electric field, neutral droplets develop positive and negative
charge densities at opptesends and geometrically elongate in a direction that
aligns with the electrical field. If a droplet is below the Taylor limit, it will undergo
shape oscillation between spherical and ellipsoidal geometries until an equilibrium
shape is reached. The dkdbry effect is caused by charge separation followed by

a restoration of the original charge distribution. The charge restoration occurs due
to internal charge attraction. For rod particles to be formed, the electrical field has
to be greater than the ylar limit (488).

To achieve the formation of nespherical geometries, it isseful to design
experiments that critically consider the influence of individual factors on rod

formation.
5.3 Quality by Design (QbD)

QbD is a concept that has been proposed for use in pharmaceutical development by

the ICH (International ConferenceonHarnor@t i on) . QbD i s consi d
application of systematic approaches to development, beginning with predefined
objectives and emphasising product and process understanding and process control,
based on sound sci ence (48949) Theupankcipleeoy r i s k
QbD is that quality should be built into product design by thoroughly understanding

the manufacturing processgt1) In recentyears, there has been an increase in

the use of QbD for the developmentudpharmaceutical@92)

QbD allows large amounts of data to be obtdifiem conducting a minimal
number of experiments. A QbD approach allows for continuous improvement due
to flexibility within the design space and places a focus on process robustness. It
understands and controls variatigrhile the traditional approaadf manipulating

one factor at a time is not as receptive to cha(f#3) Wurth et al applied a QbD

tool to investigate the formulation robustness of a model therapeutic monoclonal
antibody (Mab), an IgG1. They found the QbD tool was useful to determine the

robustness of a formulation as long as targets aredeéhed(494)

Design of experiments (DoE) is a QbD tool that aids understanding of the complex

interplay between processing conditions and the control of targeted outcomes.
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Recognising that a significant number of process variables can influence outcome,
DoE offers a sgtematic approach to assess the impact of multiple process variables
simultaneously, without having to adjust one variable at a time. To vary particle

morphology, it will be important to consider EHD processing parameters such as

voltage, flow rate, distare from tip to collector, and protein concentration.

Particle screening analysis could be performed using LM and SEM to test responses
such as the formation of particles, homogeneity in size, formation of rods and the
size of particles. In process opti@@i®n, independent variables are usually adjusted
one at a time whilst keeping other associated factors constemtsicreening to
implementation This approach can be limited by failing to consider parameters
systematically and simultaneously. The currenefactorat-atime approach is
tedious, labour intensive and generally inefficient. DoE offers the opportunity to

overcome some of these issues.

Aleksiev and colleagues utilised DoE for the optimisation and development of
microparticulate galantamine uwy deliverysystemsby suspension spraying in a
fluid bed systemBy performing 35 experimentthey investigated the effect of
factors such as spray rate, temperature, airflow, pressure and sugar pellet
concentration on the formation of agglomerated stines, critical for a reserveir

type microparticulate. It was found that there were two significant factors that were
important for microparticulate optimisatiqd95) Another example is the use of
DoE to optimise the loading of pregabalin into ndbased hydrogel carriers to
prepae a transdermal delivery system with minimal side effects. Arafa and Ayoub
used DoE to optimise the particle size, entrapment efficiency and drug release by
varying the ratio of cholesterol to surfact@®6). The use of DoE enabled these
researchers to optimise multiple factbysvarying different parameters at the same
time. Implementing a DoE approach may be useful to exaEtiti2 processes for

achieving particle shape control.

15¢



5.4 Aims

It is hypothesised that DoE can be used as a tool to delzklbprocesses that can
tailor paticle shape and size, and thereby to vary the immune response to the EHD
products. A model antigen, bovine serum albumin (BSA), was incorporated into the
PLGA patrticles during electrospraying. The key aim was to correlate the shape of
PLGA particles withtheir immunomodulatory effects on macrophdige cells.

The objectives are to:

9 Utilise DoE to understand the influence of EHD process parameters in the
formation and optimisation of rod shape particles containing BSA.

1 Conduct physicochemical charactetisas to assess the effect of process
and structure on patrticle properties.
Explore routes to separate particles gabtication.
Investigate the effects of optimised and separated particles of different

shapes on murine RAW 264.7 cells.

5.5 Methods

5.5.1 Solution preparation

Electrospraying emulsions were prepared by first dissolving BSA (20 or 40 mg) in
PBS (200 pL) and then adding this to 6 mL of a solution of PLG% @V in
DCM), followed by homogenisation (11,000 rpm for 1 mimhe final protein

corcentrations were 3.08 or 6.45mg/ mL.
5.5.2 Design of experiments (DoE)

To make particles with the desired properties, an optimisation flow line is typically
adopted. The logical step proceBgy(re5.2) helps highlight external features that
might have earlier not been considered and minimise the likelihood of errors. A
DoE approach is used in pharmaceutical process development because it is
systematic, resoureefficient and bias limitind497,498)



Response Input response
Screen influential methodology using Ele:rc;sgnagnnt:lper results for optimum
factors. experimental l:j esi JMP-aided
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Implement results Validate DOE
in production. methodology.

Figure 5.2 The sevenstep optimisation flowline followed to generate lectrosprayed rod
particles using DoE. Adaptedfrom (499,500)

FromFigure5.2, the initial step was to screen for the important parameters needed
to fabricate particles. Two DoEs were carried out: the first to determine factors
influencing particle formation, and thecemd to optimise rod formation. Screening
experiments for particle formation were first carried out to give the DoE

parameters.

A customised foufactor, DoE using the JMP software (SAS institute, USA) was
generated with a set of 26 experiments to optinpaeicle formation. The
responses to be investigated were aspect ratio, homogeneity, presence of rods, and
particle formation. The experiments were conducted and responses recorded.
Attempts were then made to validate the method using confirmation expésim
before optimal particle fabrication. The main means of determining particle
morphology was SEM. A three factor two level full factorial DoE was then
designed to study the effect of voltage, flow rate and distance on rod formation. A
set of 19 experinm@s were generated and performed.

The number of individual particles measured using ImageJ during the DoE was 50
per experiment, and for the final formulation 150. For every particle width was

measured before length and aspect ratio was calculated ds\adtit.
5.5.3 Morphological characterisation

The morphology of particles was studied by SEM as detail&skction 2.2.2. For

each sample, at least five SEM images were obtained.
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5.5.4 Uptake observation

Visualisation for uptake studies was performed as detailegection 2.2.2.1A

GFP image was then taken to determine the position of the particles. Subsequently,
an image of the cells with a Texas red filter was taken to visualise the cell
membrane. Finally, the images were overlayed, so the interaction betineen t

particles and the cells could be imaged.
5.5.5 Physicochemical characterisation

The physicochemical properties the final formulation were studied by TGA, DSC,
XRD, and FTIR as detailed Bection2.2.3

5.5.6 Particle disaggregation

5.5.6.1 Changing the substrate

To minimise aggregation of particles, attempts were made to change the collection
substrate after optimisation. Collectors comprising aluminium foil, water, liquid
nitrogen or polymer films cast from polyvinyl alcohol (PVA) were explored. After
30 1 60 minutes ofcollection in a liquid substrate, the mixture was frozen
immediately and subsequently freeze dried or dried in an oven at 37 °C. Following
307 60 minutes of collection on PVA, the film was dissolved in water and the
product centrifuged at 1000 rpm and°@3for 15 minutes four times. The resulting

samples were then dried as above.

5.5.6.2 Sonication

After electrospraying, a scalpel was used to gently scrape the particles off the
aluminium foil. The sample was then placed in either water or hexane to be
sonicatedSoniprep 150, Richmond Scientific, UK). The duration of sonication,

amplitude and temperature were varied.

Protein extraction prior to quantification was carried out as described in Chapter
2.2.5.3.
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5.5.7 In vitro release

The in vitro release studies were performed using theByK bicompartmental
agueous outflow mod€R48). Aliquots of release samples were collected every 24

hours as described Section2.2.4.
5.5.8 In-vitro biological studies

5.5.8.1 Cell viability

Viability assays were carried as detailed in Secf#dh6, but with some minor
variations. Todetermine the viability of RAW 264.7 cells in the presence of the
electrosprayed samples, a Pr&dte assay was performed after incubation in-a 96
well plate for 24 hours. Samples and BSA solutions or suspensions (10 pL) at a
concentration of 10 mg/mL eve added to the cells. The final concentration in
media was0.5 mg/mL LPS as a positive control was added at imaitial
concentration of 100 ng/mL. The cells were treated with BSA to determine if the
model protein used had an effect on cellular respoisga are shown as mean *
S.D. Statistical analysis was conducted using-wag analysis of variance and
Tukeyobds pairwise test, withpd00Ob.fTmeeences
batches of each sample were evaluated as triplicates in threpemdent

experiments, bringing the total tests per sample to 27.

5.5.8.2 Cytokine release

Evaluation of cytokine release was performed using ELISA. Experimental
processes were as described in Se@i@r6.1. Cytokine production was quantified
using ELISA for 3 bt&ches of particles, with 3 independent experiments having 3

replicates each, bringing the total number of experiments to 27 per sample.

5.5.8.3 Particle uptake

Complete media (2 mL) containing about 70,000 RAW cells was platedwel4

plates. Complete mediansade up of 500 mL Dul beccods
(DMEM), 50 mL foetal bovine serum (FBS) and 5 mL of penicifiineptomycin

solution. Particle suspensions (10 pL) at a concentration of 10 mg/mL were added

to individual wells to give a final concentrai of about Sug/mL. The plated cells

were incubated for 24 hours at 37 °C and 5%.Qvedia was aspirated from the

wells, and the cells were washed carefully and slowly with 2 mL of warm PBS.
16C
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Staining with ediamidine2-phenylindone (DAPI)500 pL of 186 (v/v) formalin

in PBS was added to the cells and the plate left to incubate at room temperature for
10 minutes. Cells were then washed again carefully three times with 500 uL cold
PBS in prepeation for stainingA 1 in 5000 dilution of DAPI in Trisouffered saline

with 0.1% (v/v) Tween 20 (TBST) was prepared and 500 pL of the dilution was
added to each cetlontaining well before the plate was left to incubate at room
temperature for 10 mines. Cells were washed with Trisuffered saline (TBS)

three times. Each wash step involved soaking with 500 pL of TBS for 5 minutes
under gentle agitation or swirlingfter the last TBS wash, cells were viewed under

a digital microscope.

Staining cell meimr ane wi t h Ce |Qelddos plaSma@nerabnagee :
stains were mounted on coverslipsesh working stain was made by adding 10 pL

of stain concentrate to 10 mL of TB&IformaC e | | M dilationf1000x) Cells

were washed carefully and slowly withn®L of warm PBSC e | | MdikitiorE

(500 puL) made earlier was added to each-cetfitaining well and the plate left to
incubate at room temperature for 10 minutes. The stainr@raseved,and cells
washed with TBS three times. Each wash step involved spakih PBS (500 L)

for 5 minutes under gentle agitation or swirliAfter staining 500 pL of 1846 (v/v)
formalin in PBS was added to the cells and the plate left to incubate at room
temperature for 10 minutes. Cells were then washed again carefudlytithes with

500 pL cold PBS in preparation for viewing.
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5.6 Results and discussion

5.6.1 Design of experiments

5.6.1.1 Particle formation (DoE 1)

This DoE focuses on the parameters most important in the formation of dry
particles. Factors were considered at two levels for particle fabrication. The factors
explored were (minimum value, maximum value): electrospray voltage (10, 22 kV),
flow rate (0.2,1.5 mL/h), distance from needle to collector (10, 22 ang mass

of BSA present in solution (20, 40 mdjlow rate, distance and voltage are the
simplest and most common parameters to modify during screening. Since proteins
are charged, it was hypothesisthat BSA concentration in addition to the process
parameters could have an effect on optimisation conditions. The responses and the
associated targets are as listedable 5.1 Particle formation was the aim of this

DoE but when rods were noticed, the likelihood of formation was also noted.

Table 5.1 Factors investigated in PLGA particle formation.

Response Goal
Presence of rods Maximise
Particle diameter Minimise
Particle formation Maximise
Particle sizedeviation from mean Minimise

A set of prescreening experiments was conducted prior to implementing DoE, to
give an indication of the ranges to set for each parameter. The SEM inkagerm

5.3 shows examples of the various particle shapascan be formed in a nen
optimised electrospraying process. The labelled particles include spheres and rods
of varying aspect ratio®articles A and B have similar aspect ratio and curvature.
ParticlesC and D are examples of rods that have similar size, but with varying

curvature.
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Figure 5.3 An exemplar SEM image from the initial screen to electrospray a BSA in PLGA
emulsion. Scalebar: 50 um. Particles with different morphologies are highlighted.

The presence of rods and particle formation was assessed in preliminary
experiments by visuallguantifying the fraction of isolated particles in the total
content using SEM images. Particle formation refers to the parameters required to
yield isolated dry particles recorded as a value betwéeln 0 meaning no particles

were formed and 1 meaninget SEM image was only made up of independent
particles. Rod formation assessment (rods present) was also preformed likewise e.g.
a value of 0.5 for rod formation would mean that of the particles formét y&€re
rod-shaped. For examplsample 1 Figure5.4) shows particles are formed%f

the time and of those, 60% of are rods
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Sample SEM image Factors Response

No. 1 Flow rate: 0.2 Rods
mL/h present: 0.6
Distance:22cm Mean
Diameter:
3.0 um
Voltage: 10 kV ~ SD:1.4um
BSA: 20 mg Particle
formation:
0.9
No. 14 Flow rate: 0.2 Rods
mL/h present: 0.1
Distance:22cm Mean
Diameter:
2.3 um
Voltage: 22 kV ~ SD:1.2um
BSA: 20 mg Particle
formation: 1
No. 18 Flow rate: 1.5 Rods
mL/h present: 0.6
Distance:22cm Mean
Diameter:
3.3 um

Voltage: 22 kV ~ SD:1.5pm

BSA: 20 mg Particle
formation: 1

Figure 5.4 SEM images (magnification x2000), processing parameters and recorded responses
of selected experiments (1, 14 and 18) from the DoE f®LGA particle formation. Diameter
here refers to measurement across only the minor axis & 50). A table presenting the data
used to generate the information in this figure is highlighted in the appendiTable A.3.1).

A set of 26 experiments were generated and performed. Particle uniformity was

determined in terms of the standadéviation of the aspect ratio and size.
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Representative examples of the particles produced using different EHD conditions

are shown irFigure5.4. Partick characterisation is also provided.

The DoEreviews recorded response changes as a factor of various parabwtters
independently and simultaneously. The relationship between the responses and
parameters are establishézke Figure 5.5). For example, if the propensity for
particle formation increases ¢he distance doe@~igure 5.5a), there is a linear
relationship and the model can then predict the likelihood of a particle forming at
any given distancéviore complex relationships can also be handfegure5.5b).

The response and parameter relationship is determined for each parameter
individually and for alcombinations oparametersso that the effect of an interplay

of factors can bdetermired.

A A

Response
Response

> >
Parameter Parameter

a b

Figure 5.5 Examples of relationships which could existbetween a single parameter and a
desired response. apjn example of a linear relationship and b) an example od hyperbolic
relationship.

A mathematical relationship between the parameters and responses is established
that allows certain outcomes to be predicted. The predicted values can then be
linearly compaed to the experimental values to generate an RSq. The RSq informs

on the accuracy of the model fit.

The propensity for rod particle formation was determinad anadjustedRSq

value of 0.91 Figure 5.6) was obtained, meaning that the predicted values are
expected to be fairly representative of the actual vatunes this increases the
reliability of the model to suggest parameters and responses that could be

experimentally derivedlhe DoE predictor model adjusts the RSq value according
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to the number of predictors available and suggests the correlation impgre\2sg
model greater than would be determined by just chance alone.The significant

responses measured with p < 0.05 are summarnis€dhle 5.2.

0.75

0.5

0.25

Rods Present Actual

0.4 -02lower 0.2 04 06 08 Upper 1.2 1.4
Rods Present Predicted RMSE=0.1256 RSg=0.86
PValue=0.0171

Figure 5.6. The fit for rods present vsDoE predicted rod formation. An adjusted RSq value of
0.9115 was used. A table presenting the data used to generate the information in this figure is
highlighted in the appendix(Table A.3.1).

In Figure5.6, the blue line represents the predicted centre point value, which is the
predicted value if theentrepoint of all the selected parametersreveised.The

centre point is important to determine if the relationship between processing factors
is linear.For example, voltage was investigated at a range b2RkV, so the mid

point for voltage was 16 k\Application of high voltage induces chasgand when

the electrostatic forces overcome the surface tenglom jet accelerates and
atomises into much smaller droplets. The charged droplets travels a set distance
towards the grounded collector, making voltage important but not an independent
variable. The closer the distance between the needle tip and collector, the stronger

the electromagnetic field induced by the voltagalje 5.2)
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Table 5.2 The major factors responsible for rod formation. The * represents an interplay of
factors.

Effect P-value
Voltage*Flow rate*Distance 0.01728
Voltage*Flow rate 0.02369
Voltage*Flow rate*Concentration 0.02754
Voltage*Distance*Concentration 0.02862
0.04080

Distance

The da& from Figure 5.6 suggest that the DoE model should be effective at
predicting which parameters influence in rod formation. DbE& furtherhighlights

the most influential parametef$able 5.2) with p valueselow 0.05, involved in
forming rod particles The factors from this dataset could be modified to fall within

a more suitable range to optimise rod formatioAfter consideration of all
parameter and response relationships, set of experiments perforthsuggests

that with the highest statistical significance, an interplay of the relationship between
voltage, flow rate and distance are the parameters necessary to maximise the

formation of particles.

5.6.1.2 Rod formation optimisation (DoE 2)

The first DoE wagonducted to determine the influence of the selected parameters
(Table 5.2 on particle formation. The parameters that resulted in the formation of
particles that were rod shaped were recorded with an aim to assess them further in
DoE 2. The second DoE thdocused on the factors influencing rod formation.
When particles are formed, the shape and aspect ratio (AR) desired can be
optimised. The factors evaluated in DoE 1 that resulted in rod formation were
adjusted to increase the likelihood of achieyiagiicles that were solely rod$he

same factors considerédr DoE 1 were used and the flow rate, and minimum
voltage were varied but BSA mass was kept constant at 40 mg, as it was found not
to be asignificant a factor when considered independerilye factors that were
explored at both minimum and maximum values were: electrospray voltage (12, 22

kV), flow rate (1, 3 mL/hjanddistance from needle to collector (10, 22 cm).



Table 5.3 Factors investigated in PLGA rod particle formation.

Response Goal
Particle aspect ratio Maximise
Volume of particle Maximise

Maximise

Particle uniformity

A full factorial design was used iketermining factors to increase rod formation
with a D efficiency of 86.%. D efficiency is a measure of the goodness of the
design used and optimal values tend toward 100%, although it is not possible to
achieve 100%4501) A set of 19 experiments were performed. SEM images were
obtained and analyséar each experiment as in DoE 1 and the relationship between
the actual and predicted values are plotteBigure5.8. Results for the comeple
SEM andysis can be founth Table A.2
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Sample SEM Images Factors Response
No. 9 Flow rate: 3 Aspect
mL/h Ratio +
SD: 18.7 %
6.4
Distance: 22 Volume:
cm 158.3 um
Voltage: 12 Predicted
kV AR: 18.22
BSA: 40 mg
No. 11 Flow rate: 1 Aspect
mL/h Ratio +
SD: 6.2 +
6.7
Distance: 22 Volume:
cm 81.7 um
Voltage: 22 Predicted
kV AR: 5.5
BSA: 20 mg
No. 17 Flow rate: 1 Aspect
mL/h Ratio +
SD: 82
6.7
Distance: 22 Volume:
cm 66.5 um
Voltage: 12 Predicted
kv AR: 8.7
BSA: 40 mg

Figure 5.7 SEM images (magnification x2000), processing parameters and recorded responses
of selected experiments (9, 11 and 17) from the DoE 2. Aspect ratio here refers to major axis
measurement divided by the minor axis. A table presenting the data used to generahe

information in this figure is given in the appendix(Table A.3.).



Aspect ratio Actual
]
(5]
-

5 7.5 10 125 15 175 20
Aspect ratio Predicted RMSE=1.4651 RS5q=0.94
PValue=0.0238

Figure 5.8 A graph showing the fit for actual aspect ratio vs predicted aspect ratio. Adjusted
RSq: 0.9879. A table presenting the data used to generate the information in this figure is given
in the appendix(Table A.3.2).

Using measurements like those presenteBigure 5.7, data were entered the

DoE model to aid future experimental desayid data used iRigure5.8. The DoE
model then generatelde important parameters faspect raticncrease Table5.4).

The most significant factors to be adjusted for modifying particle shape were flow
rate, distance and voltage * distance, considas a single variable. The DoE
model also suggesthat larger aspect ratios were obtained as flow rate increased
and voltage was reducetigble5.4).

Table 5.4 The major factors responsible for increased aspect ratio. The * denotes an interplay
between factors, representing a synergistic effect in increasing particle aspect ratio.

Factor P-value
Flow rate 0.0191
Distance 0.01983

0.04651

Voltage*Distance

5.6.1.3 Model validation

Values for voltage, flowate and distance were obtained from a predictive model
of DoE 2 The parametersxpected to result idefined aspect ratios were used in

an attempt to validate the DoE model. Three sets of factors that fell within ranges
(in the DoE modelR 5 - 20) were selected at random to yield similar aspect ratios
(Table 5.5). Distance andBSA mass were kept constant for all validation

experimentsat 15 cm and 40 mg respectively.
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Table 5.5 The parameters for model validationand set aspect ratios.

Sample name Predicted voltage Predicted flow Expected aspect

(kV) rate (mL/h) ratios

AP 1 16.8 1.0 7.3

AP 2 19.0 1.3 7.9

AP 3 22.0 1.7 8.2

AP 4 12.0 2.7 11.8

AP 5 13.0 2.8 11.8

AP 6 14.0 3.0 11.9

The products from EHD experiments were analysed using measurements from
SEM (Figure5.9).The experiments to fabricate samples ARR 6 were performed

twice and the two replicates labelled as AR1 and AR2. The results of &sgualk(

5.9) versus predicted aspect ratio are showhRigure5.10. It is evident that the
predicted values for AR1 and AR2e close ttheactual value$ almost matching

for sample AP4 on AR2. However, SD values are high and not consistent between
AR1 andAR2, likely due to w/o emulsion instability and environmental conditions.
Before these results can be implemented to prepare rod shape particles, optimisation
to narrow the deviation from sample mean would need to be carried out. The figure
below (Figure5.9) shows individual samples with their predicted and actual + SD

aspect ratios.
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Sample AR1 and aspect ratio AR2 and aspect ratio
AP 1 '

7.3 44+48 6.0+x75
Predicted

7.9 54+5.0 9.7+7.0
Predicted
AP 3

8.2 6.0+6.4 9.1+9.3
Predicted
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AP 4

11.8 9.0+8.0 12.0+7.0
Predicted
AP 5

11.8 8.2+55 3.8+5.0
Predicted

AP 6

11.9 6.6 £5.0 10.8+11.1
Predicted
Figure 5.9 SEM images (magnification x10000), predicted and calculated aspect ratios of AP1
1 AP6 from two batches AR 1 and 2. Particles were generated using parameters calculated by
the DoE 2 model (n=50) using Image J. Aspect ratio here refers to major axis measarent
divided by the minor axis. The images show a high standard deviation and porosity suggesting
a lack of homogeneity.
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Figure 5.10 The predicted and measured aspect ratios of 6 selected samples
ARL1 refers to the first attempt and AR2 is the repeat. Individual samples are
plotted at mean £ SD.

There are a few limitations that could have contributetthéovariations in aspect

ratio and morphology observeBigure5.10):

- Aspect ratio was calculated from the measured length and widthessit |
50 particles per sample. Measurements were obtained from 2D SEM images
and may fail to account for particle cature. Theod cylindrical volume
could be calculated but this approximation would be inappropriate as it
assumes every shape dglindrical. A particle insight size and shape
analyser, an instrument by micromeritics, could be used to obtain more
accurate aspect ratio measurements.

- The range of shapes and sizes make each sample inhomogeneous leading to
a very high standard deviation

- The batchto-batch variation of samples in AR1 and AR2 could have arisen
from factors that were not originally controlled during the DoE such as
environmental factors, as the only difference between samples would have
been the days on which they werelected.

- Aspect ratios in this study are presented as a mean + SD, which fails to fully
appreciate the homogeneity or lack thereof of samples both in terms of

shape and size.
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- Lastly, differences between the predicted and actual aspect ratios might be
dueto the reliability of the fit above an aspect ratio of 12, as there are limited

plot points in that region.

Despite the limitations of the DoE, the objective to identify the key process
parameters needed to fabricate rod particles was achieved. Thesowenae,
distance and the interplay between distance and voltage. Further experiments
utilising information from DoE 2 results were investigated to make rod and a
mixture of rod and spherical shaped particlegre5.11 a and b), with the rods
having predicted aspect ratios of 7 and 13 respectively. The fabricated particles
were then compared to spherical particles that were prepared and described in
Chapter 4igure4.5). Spheretiave an aspect ratio of 1. The optimised parameters

optimised for aspect ratios 7 and 13 are listeTahle5.6.

Table 5.6 The parameters selected for the fabrication of norspherical particles A and B.

Voltage (kV) Flow rate Distance (cm) Predicted

Sample (mi/h) aspect ratio
A 17 1 15 7
5 13 2 22 13
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Figure 5.11 a) Morphological characterisation of BSA loaded PLGA particles prepared using
condition A (voltage: 17 kV, flow rate: 1 mL/h and distance: 15&m) as highlighted inTable
5.6. A mixture of spheres and tailed rods with an average aspect ratio of 8 + 5 was observed.
b) Morphological characterisation of BSA loaded PLGA rods prepared using condition B
(voltage: 13 kV,flow rate: 2 mL/h and distance: 22 cm) Rods with an average aspect ratio of
21 + 13 and a few discs are observed.

The particles obtained from processes A and@&b(e5.6) were suitable for follow

up studies because they were reproducible. The actual aspect ratios were 8 + 5 and
21 = 13, but the ratios were predicted at 7 and 13 respectively. Although the
particles had a higher aspect ratio than predjdtee samples obtained allowed for
distinctive differences in shape to be tested. For further investigation it was useful
to compare not only the rod particles to spherical particles but also samples that
contained a mixture of both shapelkis would inbrm the importance of shape

being dependenbn the quantity of material present
5.6.2 Particle disaggregation

Particle aggregation on collection was a hindrance to the progress of the research
study. The resulting aggregates would not allow an effective dietgion of the
effect of particle shapes on cells. It was thus important to explore methods to limit

aggregation.

When charged droplets are electrosprayed and collected arof@ited plates the
resulting particles generally deposit as aggregates. Peityits defined as the

ability of a substance to store electrical engfgf§2), and a particle made using a
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solvent with low permittivity will break and stay apart less readily under strong
electric fields. Modesthopez and Biswas determined that the electrical
conductivity of a solution or susp&on influence how much the formed particles
will aggregate (503) Another mssible reason for aggregation could be the
formation of capillary bridges between particles, brought about by the solvent in
the solution or the presence of water in a humid atmoss@4e506). As seen in
Figureb5.11 a and bthe particles appear aggregated.

For the effect of shapes to be accurately investigated, agglomerated particles have
to be disaggregated to allow for the individualised particles and its effect to be
examined. Presented figure5.12 are a few of the methods adopted to attempt to

yield separated particles.

Similar experiments were performed for sample B and trends observed were the
same. The impact of several separation techniques was also easier to visualise with

Sample A because of the particle size.

A B

Sonicated in water for 1 Sonicated in water fc2 Sonicated in water fc8
minuteusing a water bath  minutesusing a water bath  minutes using a water bath

D

Sonicated in wateait 16 Sonicated irwaterat 16 Sonicated irwaterat 16
A/um for 1 minute A/um for 2 minutes A/um for 3 minutes




Sonicated ithexaneat 10 Sonicated irhexaneat 10 Sonicated irhexaneat 10
A/um for 1 minute A/um for 2 minutes A/um for 5 minutes

J K L

Sonicated irhexaneat 6 Sonicated irhexaneat 6 Sonicated irhexaneat 6
A/um for 1 minute A/um for 2 minutes A/pm for 5 minutes
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