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Abstract

Stroke is a medical condition in which poor blood flow to the brain results in cell death.
The current treatment options are limited and only very few patients can benefit from these
treatments. Stroke causes brain swelling and often a decompressive craniectomy is performed
for some of the patients to release intracranial pressure to prevent further damage. As a result,
a duraplasty is implanted to replace the surgically-damaged dura mater to protect the brain. In
view of that, the purpose of this project was to develop double-walled microspheres (DWMS)
which can be used as a drug delivery system when incorporated into duraplasty to promote
endogenous stem cell therapy to treat stroke. The DWMS were composed of poly (I-lactic acid)
(PLLA) and poly (lactic-co-glycolic acid) (PLGA) using a solvent evaporation method. Bovine
serum albumin (BSA), as a model protein, was entrapped within these DWMS with different
core-shell thicknesses and compositions to investigate the distribution of protein, encapsulation
efficiency, and in vitro release. The fabrication process parameters of DWMS were also
optimized to attain higher yields, and the phase separation and surface morphology were

examined by differential scanning calorimetry and scanning electron microscopy.
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Résume

L’accident vasculaire cérébral est une condition médicale durant laquelle une faible
circulation sanguine vers le cerveau provoque la mort des cellules. Les options de traitement
disponibles sont limitées et peu de patients peuvent en profiter. L’accident vasculaire cérébral
provoque un gonflement du cerveau et souvent, certains patients subissent une craniectomie
décompressive afin de libérer la pression intracrdnienne pour empécher plus
d’endommagements. Par conséquent, afin de protéger le cerveau, une duraplastie est implantée
pour remplacer la dure-mére chirurgicalement endommagée. L’objectif de ce projet alors
¢tait de développer des microsphéres a double paroi qui peuvent étre utilisées comme systéme
d'administration de médicaments lorsqu'elles sont incorporées dans la duraplastie, afin de
promouvoir la thérapie par cellules souches endogenes pour traiter les accidents vasculaires
cérébraux. La microsphere a double paroi a été composé de poly (acide 1-lactique) (PLLA) et
de poly (acide lactique-co-glycolique) (PLGA) en utilisant une méthode d'évaporation de
solvant. L'albumine de sérum bovin (BSA), en tant que protéine modele, a été piégée dans ces
microspheéres a double paroi avec différentes épaisseurs et compositions de noyau-enveloppe,
pour étudier la distribution de la protéine, l'efficacité d'encapsulation et la libération in vitro.
Les parametres du processus de fabrication de la microsphére a double paroi ont également été
optimisés pour atteindre des rendements plus élevés. De plus, la séparation de phase et la
morphologie de surface ont été examinées par calorimétrie différentielle a balayage et

microscopie électronique a balayage.

Mots clés: Accident vasculaire cérébral; Duraplastie; Microsphére a double paroi;
Administration de médicaments; Libération par éclatement
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1. Introduction

Stroke is one of the leading causes of death and physical disability around the world[1-
3]. Traditional treatment options such as oral administration, intravenous and intra-arterial
injections of drugs are not sufficient since only a small portion of the therapeutic drugs can
reach the brain because of the blood-brain barrier (BBB)[4-7]. Currently, tissue plasminogen
activator (tPA) is the only U. S. Food and Drug Administration (FDA)-approved treatment
option for ischemic stroke and has been shown to significantly improve survival outcomes and
residual disability[8, 9]. Unfortunately, this treatment is known as a double-edged sword: it can
only be used in the acute phase of stroke with a carefully measured drug dose and the
therapeutic window is narrow (i.e., within 4.5h of stroke onset), leading to only 7% of stroke
patients being eligible for this treatment[10-12]. In addition to tPA, the only other option
available for ischemic stroke treatment is endovascular mechanical thrombectomy, promoting
a more effective recanalization than thrombolysis. However, this treatment is still time-
dependent as it can only be performed within the first 24h of stroke onset in selected patients
[13]. Furthermore, it still needs to refine technical challenges as well as increase its
accessibility to hospitals [14-16]. Up to now, there are no effective clinical treatments available
for hemorrhagic stroke as few leads to improved functional recovery[17-20].

Stem cell therapy has been developed as a potential alternative to treat stroke[ 1, 21]. It
is based on the regenerative capacity of certain parts of the adult brain. It is classified into two
main categories: endogenous and exogenous approaches[21]. Due to the ethical and regulatory
concerns and immune issues, limitations are imposed for exogenous stem cell therapy treatment
for stroke[22, 23]. Endogenous stem cell approach is considered a better therapeutic option
since it utilizes the stem cells already present within patients. However, the regeneration of
newborn neurons by endogenous stem cells is insufficient to compensate for lost neurons in an

injured brain due to insufficient trophic factors to stimulate their survival and
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differentiation[24, 25]. To this end, growth factors (GFs) have been shown to promote stem
cell differentiation, survival and trophic cell support in pre-clinical and clinical studies[26, 27].
In endogenous neurogenesis, GFs induced adult neural stem cells to proliferate and
differentiate from the subventricular zone (SVZ) and the dentate gyrus (DG) into mature
neurons and also to migrate to damaged brain tissue in both animal and human studies[28-31].
This implies that GFs could be an ideal therapeutic candidate to stimulate proliferation,
differentiation and migration and enhance the survival of endogenous stem cells by modulating
pathways of endogenous neurogenesis.

Decompressive craniectomy (DC) is a surgical procedure that is often performed on
stroke patients to release intracranial pressure and relieve brain swelling caused from stroke[32,
33], and a duraplasty is commonly implanted to replace the surgically-damaged dura mater
layer around the surface of the brain. Our lab has designed a drug-releasing duraplasty using
biosynthesized cellulose (BC)[34]. However, the drug release only lasted for 10 days when we
loaded the drug directly into the BC duraplasty. To achieve a more sustained release of growth
factors to stimulate endogenous stem cells, double-walled microspheres (DWMS) composed
of biodegradable polymers were used to encapsulate drugs or other active agents to prepare a
drug delivery system to be incorporated into BC duraplasty. Microspheres have been used
widely as drug carriers for tunable release[35-39]. In particular, DWMS with drug loaded in
the inner core and engulfed by a drug-free outer shell, is more advantageous than single-walled
microspheres (SWMS)[40]. Its initial burst release is lower than SWMS since the drug is
encapsulated within the inner core rather than being located on the surface of microsphere[41,
42]. It can stabilize and protect the drugs with two layers and provide a prolonged period for

up to several months[43].



The purpose of this thesis was to develop a drug delivery system that could perform a
sustained release of growth factors to enhance endogenous stem cell proliferation,
differentiation and migration for stroke treatment. Therefore, the objectives of the thesis are:

1. To prepare DWMS using poly (I-lactic acid) (PLLA) and poly (lactic-co-glycolic acid)

(PLGA) and to optimize the fabrication procedure.

2. To characterize the properties of the DWMS, including morphology, size analysis,
core-shell layer analysis, thermal analysis, drug encapsulation efficiency, drug loading
localization, and drug release profile will also be characterized. In this thesis, bovine

serum albumin (BSA) is used as a model drug.

2. Literature Review

2.1 Stroke

Stroke, also known as cerebrovascular accident, is the second leading cause of death
and the third leading cause of disability worldwide[3, 21, 44]. According to the World Health
Organization, 15 million people suffer from strokes worldwide each year[45]. In Canada,
stroke is the third killer of adults, and the primary cause of physical disabilities and mental
disabilities[46]. More than 62,000 strokes occur in Canada each year[47]. Stroke is
characterized by sudden death of some brain cells due to lack of oxygen and nutrients when
the blood flow is inhibited by blockage or rupture of an artery to the brain. There are three main
types of stroke: ischemic stroke, hemorrhagic stroke, and transient ischemic attack (TTA).
Ischemic stroke is the most common form of stroke, accounting for 87% of all strokes. It
happens when blood clots block the blood flow through the artery that supplies oxygen-rich
blood to brain[48, 49]. Hemorrhagic stroke occurs when an artery in the brain leaks blood or
ruptures, causing high pressure resulting in brain cell damage[50, 51]. It only accounts for 13%

of all strokes but contributes to about 40% of all stroke deaths. Transient ischemic attack, also



known as a mini-stroke, occurs when an artery is briefly blocked by a small clot that stops
blood flow for no more than 5 minutes usually[52, 53]; TIAs are often considered as a

significant warning sign of a more serious stroke that might occur.

2.1.1 Approaches to overcome stroke
Currently available stroke treatment options are very limited. Emergency treatment for

stroke varies depending on which type of stroke a patient has.

2.1.1.1 Treatments for ischemic stroke

For ischemic stroke and TIA, these strokes are caused by blood clots or other blockages
in the brain. They are mainly treated with similar techniques that are discussed below:

Therapy with thrombolytic drugs breaks up blood clots in brain’s arteries. An
intravenous (IV) injection of tPA, also known as Alteplase IV r-tPA, is a gold standard
treatment for acute ischemic stroke[12, 54]. It works by injecting tPA intravenously into the
cerebral vessels, thereby dissolving the blood clot and restoring blood flow after stroke
symptoms started[55, 56]. A lot of studies have shown the effectiveness of this treatment when
performed during a narrow therapeutic window[57-60]. However, because the therapeutic
window is within the first 3 to 4.5 hours of stroke onset[10, 61], only a small portion of stroke
patients can benefit from this treatment. Moreover, there are some reported issues of tPA in
clinical use. For example, since intravenous tPA has a short half-life of about 5 to 10 minutes,
and acts on the clot surface only and barely dissolves old or large blood clots, merely 10-25%
of stroke cases can accomplish effective and permanent recanalization of the occluded blood
vessel[58, 62]. In addition, it has been shown that exogenous tPA can pass through both the
intact and damaged blood-brain barrier (BBB) into ischemic brain tissue and exert neurotoxic
effects[63-65]; in some cases, intravenous tPA has been documented to have caused fatal

intracerebral hemorrhage (ICH)[66, 67].



Alternatively, endovascular thrombectomy has been confirmed to significantly improve
outcomes and decrease long-term disability after acute ischemic stroke[68, 69]. The insertion
of a catheter (thin tubes visible under X-rays) in the groin or the arm can remove a blood clot
from an artery in the brain by encasing it in a stent which is then pulled out with the clot, or by
sucking the clot through the catheter[70]. This treatment has a longer therapeutic time window
than tPA injection alone but is still limited as it can only be applied to selected patients with
acute ischemic after symptom onset within 6 to 24 hours[71, 72]. Stent-Retriever
thrombectomy is often performed with injected tPA to directly remove the clot from the
blocked vessel in the brain[11, 73]. It is beneficial for stroke patients who have large clots that
cannot be dissolved with tPA completely, but the safety and long-term functional outcome of
this procedure in patients who do not meet standard inclusion criteria for endovascular stroke
treatment are unknown[74, 75]. Furthermore, only a few specialized stroke centers have

adequate equipment and resources to provide this treatment[76].

2.1.1.2 Treatments for hemorrhagic stroke

When a hemorrhagic stroke occurs in the brain, the pressure within the skull increases.
Therefore, the emergency treatments for hemorrhagic stroke involves measuring and lowering
pressure. Medicines to lower intracranial pressure, decrease swelling and reduce pain may be
administered. Moreover, in some cases, neurosurgical procedures or interventional radiology,
such as coil embolization or surgical clipping, may be performed to repair the ruptured blood
vessel and relieve the pressure caused by the bleeding and brain swelling[77, 78]. Surgical
removal of the hematoma as an early-stage treatment for hemorrhagic stroke may improve
long-term prognosis[79]. Unfortunately, there are currently no validated and targeted therapies
that have been proven to stop the bleeding and enhance functional recovery after a hemorrhagic

stroke occurs[80]. Prevention of high blood pressure from close monitoring in high-risk groups



is the best treatment for hemorrhagic stroke[81]. Hence, the development of effective

treatments for hemorrhagic stroke is urgently needed.

2.1.1.3 Stem cell therapy

Stem cell therapy is an emerging therapeutic option for stroke treatment. Nearly four
decades of preclinical studies have demonstrated the efficacy and safety of stem cells in stroke
animal models[82]. Stem cells are immature cells with self-renewal capacity and differentiation
ability to become different cell types for the life span of each individual[83, 84]. Stem cells are
divided into different types based on where they originated: embryonic, fetal and adult stem
cells. Embryonic stem cells derived from the blastocyst, are totipotent and contribute to
progenies of the embryonic germ layers[85, 86]. Fetal stem cells are progenitor cells harvested
from fetal blood, bone marrow as well as from fetal organs still undergoing major
developmental changes[86, 87]. In spite of the fact that embryonic or fetal stem cells have
potential benefits in the treatment of stroke[88-90], the use of these stem cells is limited since
they raise sharp political and ethical controversies[21, 91]. Stem cells derived from the adult
central nervous system (CNS) or bone marrow are promising alternative sources in stem cell
therapies for stroke. This treatment aims to replace lost glial cells such as astroglia and
oligodendroglia from infarcted tissue to re-maintain a functional neuronal circuitry and rebuild
nerve conduction[92-94]. Furthermore, adult stem cell therapy targets the subacute and chronic
phases of stroke, thereby significantly prolonging the effective time of intervention; many
patients are likely to benefit from this treatment[94, 95]. Stem cell therapy for stroke is
classified into two types: exogeneous and endogenous stem cell therapy[96, 97] as shown in

Figure 1.
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Figure 1. Schematic showing exogenous (left) and endogenous (right) stem cell therapy for
stroke treatment using neural stem cells (NSCs)[98].

The exogenous approach involves transplantation of stem cells delivered locally (e.g.,
intracerebral) or systemically (e.g., intravenous or intraarterial) and in vitro culture of cells
prior to purification and administration[21, 99]. Recent research of exogenous stem cell therapy
for stroke has demonstrated promise. Chen et al. found when allogenic bone marrow stromal
cells (MSCs) were intracerebrally transplanted into the ischemic boundary zone of a middle
cerebral artery occlusion (MCAOQ) adult rat model, MSCs could survive, differentiate into
phenotypic neural cells and enhance functional recovery from stroke[100]. Zhang et al. isolated
and transplanted adult neural stem cells (NSCs) derived from the SVZ of young adult rats into
ischemic rats. Their results showed those transplanted NSCs could survive, migrate towards
the lesion, differentiate into neurons and significantly improve neurological function[101].
Taguchi et al. reported induced perilesional angiogenesis and subsequent neurogenesis
occurred in mice after 48 hours post-stroke, as a result of systemically administrated human
cord blood-derived-CD34+ cells[102]. Shyu et al. also confirmed that intracerebrally
implanted peripheral blood stem cells resulted in neurogenesis and angiogenesis along with

transplanted cells differentiating into neurons, vascular endothelial cells and glial cells in rats



after chronic cerebral ischemia, thus amplifying neuroplastic effects in the ischemic brain[103].
The study of the application of heterogenetic MSCs was investigated by Bao et al. They
injected human MSCs in rat ipsilateral brain parenchyma one day after intracerebral
hemorrhage. The results demonstrated the transplantation of MSCs significantly decreased
inflammatory infiltration and heightened angiogenesis, along with the depletion in brain edema
and significant recovery of behavior[104]. The major challenges of exogeneous stem cell
therapy include the acquisition of adequate stem cells since some stem cells such as the organ-
originated stem cells are hard to collect due to their unique location and limited quantity[105].
Poorly controlled experimental condition for the in vitro culture leads to their genetic
instability, chromosomal aberrations and loss of differentiation capacity[106]. In addition,
exogenous stem cell transplantation may give rise to tumorigenesis[107]. Moreover, stem cell
transplantation requires surgical intervention in some cases, which is highly invasive.

The endogenous approach aims to stimulate mobilization of stem cells present within
the individuals to amplify neurogenesis[21]. Mobilization of host stem cells is easier than
exogenous transplantation because it avoids the complication of transplantation of stem cells
including surgical trauma, graft rejection and tumor formation. In humans and animals,
endogenous NSCs are present in two regions, the subventricular zone (SVZ) of the lateral
ventricles and the subgranular zone (SGZ) of the dentate gyrus (DG)[86]. It has been shown
that in preclinical stroke models, transplantation of NSCs not only enhanced the proliferation
of endogenous NSCs in the SVZ and DG, but also promoted the migration of endogenous
neuroblasts to the brain lesion region which differentiated to mature neurons, thereby
augmenting endogenous neurogenesis to replace lost neuronal cells[8, 18, 108]. This was
achieved by growth factors (GFs) stimulation of NSCs proliferation, differentiation, migration
and trophic cell support[109, 110]. Several different growth factors are currently being studied

including: brain-derived neurotrophic factor (BDNF)[111, 112], vascular endothelial growth



factor (VEGF)[113, 114], nerve growth factor (NGF)[115, 116], epidermal growth factor
(EGF)[117, 118], and fibroblast growth factor (FGF)[117, 119-121].

The use of growth factors as a direct therapeutic agent for stroke treatment has been
under investigation in rodent models. For example, intranasal acidic fibroblast growth factor
(aFGF) treatment has been indicated to promote angiogenesis in the boundary regions of brain
ischemia, enhance the proliferation of neural progenitor cells from SVZ, and induce newly
born neuroblast to migrate from the SVZ to the ischemic lesions at day 14 after MCAO[121].
Sugimori et al. demonstrated continuous intravenous infusion of basic fibroblast growth factor
(bFGF), that was performed for three hours after the onset of ischemia, could persistently
decrease infarct volume by 27% for at least three months in focal cerebral ischemia adult rat
models compared with control groups[122]. Ninomiya ef al.[123] and Teramoto et al.[118]
reported intraventricular administration of EGF enhanced the proliferation of doublecortin
positive neuroblasts in the SVZ as well as the neuroblast migration out of the SVZ to the
ischemic lesion and the differentiation into mature neurons. VEGF, effectively stimulating
formation of new blood vessels and vascular permeability, positively affected acute and chronic
stroke[124]. A three-day intracerebroventricular infusion of VEGF after temporary MCAO in
rat models reduced infarct volume, enhanced survival of newborn neurons in SVZ and DG and
angiogenesis in the infarct penumbra[125]. It has been stated that intranasal administration of
NGF decreased infarct volumes and improved neurological outcome after seven days MCAO
in rat models. In addition, NGF treatment improved angiogenesis in the peri-infarct region,
promoting neurological functional recovery after ischemic stroke[126]. In rat MCAO models
of ischemia, pre-treatment with intraventricular or intravenous BDNF dramatically decreased
the infarct volume and neuronal cell death. It also promoted neurogenesis in DG and induced
migration of SVZ progenitor cells to the nearby striatum of the ischemic hemisphere[127, 128].

Furthermore, the synergisms between growth factors has been shown to enhance nerve



regeneration[129]. For example, the application of both EGF and bFGF has been demonstrated
to promote the long-term survival and proliferation of neural stem/progenitor cells[34, 130].
The VEGF and bFGF have synergistic effects on the induction of angiogenesis[131, 132].

Although the use of growth factors is a promising avenue for treating stroke, more
studies are necessary to perform optimal dosing, timing and methods of administration, as well
as possible combination of growth factors and their effects and further pre-clinical testing.
Growth factors generally are large polypeptides, some of which do not significantly cross the
BBBJ[ 133, 134]. Many studies have used invasive administration to inject or implant growth
factors directly into brain tissue (e.g., intraparenchymal, intracerebroventricular, intrathecal,
intracisternal administration) to bypass BBB[135-137]. Conversely, current data suggests that
there are growth factors such as hepatocyte growth factor (HGF) which could cross the intact
BBB via facilitated transport systems[138, 139]. Furthermore, focal stroke causes BBB
disruption, permitting passage of both large proteins and cells. In view of that, several studies
have applied systemic administration of growth factors (e.g., intravenous, intraperitoneal,
subcutaneous administration)[140]. Additionally, even though the exogenous growth factors
trigger NSCs proliferation, promote NSCs to migrate towards the stroke site and differentiate
into neurons, these NSCs were often observed far from the stroke cavity or the peri-infarct
area[141]. This could be overcome by using biomaterials such as hydrogels loaded with growth
factors to impact the migration of endogenous NSCs from the SVZ into the stroke cavity[8,
142, 143].
2.1.2 Decompressive Craniectomy (DC)

While the therapeutic treatments for stroke are limited, there are still options for treating
the symptoms and preventing further severe damage. Brain swelling, as known as cerebral
edema, is an urgent clinical condition that accompanies some cases of stroke[ 144, 145]. It is

caused by damaged brain cells due to stroke trapping the drainage of cerebrospinal fluid (CSF)
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from the brain[ 144]. The fluid increases the intracranial pressure, which slows brain blood flow
and reduces oxygen level in the brain. A decompressive craniectomy (DC) is usually performed
after a brain swelling. Through DC, a significant portion of the skull is surgically removed,
which allows the swollen brain to herniate outward rather than compress normal structures.
This prevents the brain from brain stem herniation and secondary damage due to elevated
intracranial pressure, and has also been shown to be life-saving[33, 146-148]. Although DC is
an invasive last resort procedure and does not improve functional or neurological recovery

outcomes, it substantially lowers the risk of mortality in patients[149-151].

2.2 Protective layers of the brain

During a DC, a surgeon will remove a part of the skull and cut the dura mater to allow
the pressure to release. The brain is surrounded by three outer protective layers called meninges
under the skull. The meninges layered in order from the outermost inward are dura mater,
arachnoid mater, and pia mater[152]. Their positioning around the brain can be seen in Figure
2. The meninges help to keep the CNS in place to prevent the brain from moving within the
skull[153]. The outermost layer, the dura mater, is a tough, thick and dense membrane. It keeps
the CNS fastened to the skull and supports the dura venous sinuses to carry blood from the
brain to the heart[ 154]. As a connection of the dura and the pia mater, the arachnoid is an extra
barrier to isolate CNS from the body to keep fluids and toxins out of the brain[155]. The
arachnoid is also the place filled with CSF which acts as a cushion to allow the brain to suspend
and preserve the brain’s shape[156]. The pia mater, which is another thin membrane, helps to

obstruct fluids and aid the CSF production[154].

11



skin

aponeurosis

periosteum

bone

dura mater

arachnoid

Meninges
9 mater

subarachnoid
space

brain tissue

cerebrospinal
fluid (CSF)

Figure 2. The layers of tissue surrounding the human brain contain three meningeal
membranes: the dura mater, arachnoid mater, and pia mater[157].

2.3 Duraplasty

A duraplasty is a surgical reconstruction of the dura mater after DC, in which the cut
dura mater was replaced by another biocompatible soft material. There are a variety of
materials which have been used experimentally and clinically for dura mater grafting, from
metal sheets and autologous body tissues to allogeneic tissues, xenogeneic tissues and
biosynthetic materials [158-161]. Autografts, such as galea[162] and fascia lata[158, 163], are
grafts that have been harvested from the same individual. They are easy to handle, nontoxic,
inexpensive, and do not provoke inflammatory or immunological reactions[164]. However,
autograft is not possible when used to close large dural defects[165, 166]. The application of
autologous grafts from other areas of the body needs an additional surgical operation, which
increases operation time and patient morbidity. Allografts are grafts between genetically
different individuals of the same species. Allogeneic dura maters, such as cadaverous dura

mater allografts[167] and amniotic membrane[168], have been used but there is a lack of
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allogenic donors and allografts are not completely free from the risk of transmission of latent
virus and prion infections[169, 170]. Xenografts are grafts originated from a different species.
Xenografts such as bovine pericardium[171], porcine dermis[172, 173] and processed collagen
matrices[174, 175] have been employed for dural reconstitution. However, the major
shortcomings of these grafts are the increased risk of immune reactions and infection, scarring,
graft dissolution and adhesion formation[161, 176, 177]. Some synthetic materials such as
silatic and expanded poly(tetrafluoroethylene) (ePTFE) were used as duraplasty but they can
lead to undesirable tissue reaction, excessive scar formation, meningitic symptoms or
hemorrhage risk[178, 179]. Natural biomaterials such as alginate[180, 181] or cellulose[182,
183] have shown promising results as dural graft substitutes. These materials are capable of
restoring the dural defect and create optimal conditions for the development of connective
tissue at the site of injury.

An ideal duraplasty material should meet all the following criteria. First, it should be
biocompatible with non-toxicity and immunological inertness[158, 184, 185]. Second, it
should have sterility to prevent the spread of virus and parasite[ 186, 187]. Third, it should have
reasonably high mechanical properties to withstand the operation of surgery as well as protect
the brain while still maintaining its flexibility and elasticity[169, 188]. Fourth, it should be

inexpensive and readily available to stock when needed[158].

2.4 Hydrogels

Hydrogel is a three-dimensional, hydrophilic cross-linked polymeric network, which is
capable of absorbing large amounts of water or biological fluids while maintaining their strong
mechanical and biocompatible properties[189]. Hydrogels are divided into biopolymer-based
and synthetic-based according to their origins. A variety of natural polymers and their salts
such as gelatin[190], collagen[191], sodium alginate[192], cellulose[193], and their

derivatives[194] as well as synthetic polymers such as poly(ethylene glycol) (PEG) [195],
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poly(vinyl alcohol) (PVA) [196] and poly(hydroxyethyl methacrylate) (PHEMA) [197] have
been used to fabricate hydrogels. Numerous hydrogels have been widely explored in tissue
engineering applications[198-201] and have been shown to be potential candidate materials in
duraplasty applications[185, 202, 203].
2.4.1 Post-stroke treatment using hydrogels

Since hydrogels can be injected as liquids then solidified in situ or implanted
gelatinous solids through surgeries as well as maintain similar mechanical properties to the
brain, many researches have demonstrated the potentials of hydrogels for the treatment of

stroke. Table 1 describes several hydrogels that are in use for stroke treatment.

14



Table 1. Summary of hydrogels used for treatment of stroke

Hydrogel Format Therapeutic Administration Therapeutic effects | References
substance
Microporous Hyaluronic acid | Intracerebral Decrease of [142]
annealing particle- | hydrogel administration to the | astrogliosis and
hyaluronic acid- (porous) stroke cavity of inflammation,
based hydrogels permanent MCAO promoted
mouse model at 5 neurogenesis and
days post-stroke angiogenesis,
significant migration
of neural progenitor
cells to lesions
Cross-linked Neural NPCs with hydrogel | Reduction of [204]
hyaluronan, progenitor cells | matrix transplanted inflammatory
heparin sulfate and | (NPCs) into the stroke cavity | infiltration and cell
collagen hydrogel 7 days after focal stress, promoted
ischemia in mice survival of NPCs
Hyaluronic acid BDNF Injection into the Sustained release of [205]

hydrogel

infarct core after 7
days in striatal stroke

adult mice

BDNF for over 3
weeks, improved
motor function
recovery, increased
the migration of
immature neurons

into the peri-infarct
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cortex and long-term

survival
Silk fibroin Silk fibroin Intracerebral Great space [206]
hydrogel hydrogel injection into lesion | conformity to fill the
cavity of adult male | stroke cavity, support
rats after 2 weeks of | endogenous cell
transient MCAO proliferation, no overt
inflammatory
response and adverse
morbidity
Hyaluronan/methyl | Erythropoietin | Epi-cortically Reduced the size of [207]
cellulose (HAMC) | (EPO) injection at day 4 and | stroke cavity and
hydrogel day 11 post-stroke in | inflammatory
mice response, improved
the survival of
neurons in the peri-
infarct region and
neuroblasts migration
in the SVZ, and
reduced apoptosis in
the SVZ and the
injured cortex
Thiolated gelatin Gelatin Injection into the Reduced neuron loss, [208]
hydrogel hydrogel lesion site of adult diminished

mice at 3 days post-

neurological deficit
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intracerebral

hemorrhage

post-operation,
suppressed
inflammation and
enhanced functional

recovery

Hyaluronic acid-

based hydrogel

Nogo-66
receptor

antibody

Insertion of the
hydrogel grafted with
antibody into the
ischemia region of
adult rat model 2

weeks after MCAO

Improved behavioral
recovery, neural
migration and
regeneration in the

brain lesion

[209]
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2.4.2 Cellulose

Among the natural polymers, cellulose is one of the most abundant natural
polysaccharides on earth. It contains multiple hydroxyl groups, thus having great potential for
hydrogel preparation. It is present in cell walls of plants (e.g., cotton, linen) and some bacteria
as well (e.g., Acetobacter xylinum) [210]. It is a long chain of glucose units attached together

by [-1,4-glycosidic linkages represented in Figure 3. The chains are arranged to form

microfibrils through hydrogen bonding, which enables cellulose to have fascinating

mechanical properties and chemical stability[210].

OH

OH
H,C < HO OE|/CH3

HO n

OH @)
OH

Figure 3. Chemical structure of cellulose[211, 212].

Plants and bacteria are both capable of synthesizing cellulose. Plants produce cellulose
to make up their cell walls, while some types of bacteria produce cellulose around the cells to
protect themselves from ultraviolet radiation, harsh chemical environments and access to
oxygen[213, 214]. Bacterial cellulose, also known as biosynthesized cellulose (BC), has the
advantage of higher purity compared with plant-based cellulose which needs to be separated
from lignin and hemicellulose[215]. Also, BC has excellent water retention property and
hydrophilicity[216]. It has been exhibited to hold up to 100 times more than the cellulose
sample weight in water, whereas plant cellulose has only been shown to retain 60% of its
weight[217-219]. In addition, BC can be produced on various substrates, and due to its high
moldability during the formation, it can grow into almost any shape[219, 220]. Furthermore,

compared with plant cellulose, BC has higher crystallinity and forms significantly smaller
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microfibrils[221, 222]. These ultrafine microfibrils make BC more porous, which allows the
BC to find many applications in biomedical fields. For example, BC and BC-based hydrogels
are commonly used for applications in drug delivery[223-225], regenerative medicine[225-
2271, wound dressings[228, 229]. In addition, BC has been grafted as dura substitutes to replace
and repair dura mater after intradural cranial surgery in animal models[230-232]. The results
exhibit that BC has suitable biocompatibility with neither immune reactions and inflammatory
response nor neurotoxicity. Our group has already successfully designed BC from
Gluconoacetobacter hansenii (G. hansenii) as a drug releasing duraplasty[34]. Future steps of
this thesis will further work on incorporating microspheres into BC to improve the drug

delivery profile.
2.5 Drug delivery system

2.5.1 Overview of drug delivery system

Drug delivery systems (DDS) is defined as a formulation of a device that enables
transport a drug or active agent to release in a predesigned way at a particular site. The
conventional drug delivery systems, typically tablets or intravenous injection, feature
immediate and uncontrolled drug release kinetics[233]. Both administer the entire dose of drug
in one portion, which could contribute to too high drug concentration which is close to toxic
threshold causing adverse reactions or too low drug concentration which is below effective
therapeutic level to provide therapeutic benefits[233, 234]. This is of significant concern when
a bioactive drug is applied with narrow therapeutic windows. Moreover, conventional delivery
is unpredictable and inefficient. It requires repetitive drug administration, which is not only
inconvenient to perform on patients but also could cause ineffective treatments since the drug
levels in patients are fluctuated rapidly and do not keep long-term proper levels[235].

Controlled drug delivery systems have been developed to solve those problems. The
controlled drug delivery system could release the drug in a well-controlled manner to maintain
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the drug levels within the expected range for a long term[236]. In addition, it requires fewer
administrations and increases the compliance of the patient[237]. Although there are significant
advantages, the potential disadvantages of controlled drug delivery systems should not be
neglected: the non-biocompatibility of the vehicle materials, undesirable degradation by-
products, necessary surgery for implantation or removal of the system, and the higher cost of
release systems than traditional pharmaceutical formulations[238-240].
2.5.2 Polymeric drug release systems

In the past decades, different biomaterials, such as metals, ceramics, alloys and
polymers have been explored for controlling drug release[241, 242]. Among which, a large
number of drug delivery systems have shown great developments to achieve extended drug
release by taking advantage of polymers[243]. Polymers are large molecules formed by linking
a series of simple repeating units. Various polymers have been applied to make matrix,
reservoir and other implant forms because of the innate characteristics of polymers[243, 244].

Polymeric biomaterials have several advantages. The advantages include excellent
physical, chemical, toxicological, mechanical and biological properties for extensive
biomedical applications: transplants, medicine, cell therapy, orthopedics, biological adhesion,
dental materials, surface functionalization, controlled delivery of therapeutics, tissue
regeneration[ 198, 245-249]. Moreover, they have reasonable costs and easy accessibility
compared to other biomaterials such as metal and ceramics[241]. In particular, polymeric
biomaterials to be chosen successfully as drug delivery systems are biodegradable and
biocompatible, chemically inert and free of leachable impurities[250, 251]. This means they
are fragmented into biocompatible molecules which are metabolized and excreted from the
host body through normal metabolic pathways as well as not trigger any adverse effect on the

host[249, 252].
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By using polymers as carriers, the drugs are incorporated within a polymer and can be
released effectively by different mechanisms. The mechanisms of polymeric drug release
systems can be controlled physically or chemically as shown in Figure 4. The physically
controlled release mechanisms can be classified into diffusion-controlled and solvent-
controlled systems[253]. Diffusion-controlled systems can be divided into reservoir type and
matrix type. In a reservoir system, a drug is dispersed or dissolved in a core surrounded by a
water insoluble polymeric membrane[254, 255]. The diffusion of drug is driven by the rate-
controlling porous polymeric membrane, enabling the drug to migrate from the polymer to the
environment. The drug release rate is affected by several factors including initial drug
concentration, drug solubility, drug particle size, polymer composition, polymer degradation,
the thickness of the coating.[256, 257]. A matrix-type system is when drug particles are
homogenously dispersed within the insoluble polymer matrix[258, 259]. In a matrix-type
system, it usually shows a high initial burst release since there is no membrane acting as a
diffusion barrier, prior to a declining release rate accompanied by an increasing diffusion
distance for drugs located at the interior of the carrier[258]. The solvent-controlled release
includes osmosis-controlled and swelling-controlled release systems. Osmosis-controlled
system consist of a drug core surrounded by a semipermeable polymeric membrane coated with
one orifice[260, 261]. The semipermeable membrane is permeable to water but not to the drug.
The water diffusion through the semipermeable membrane is driven by osmotic pressure, from
the membrane exterior (low concentration of drug) to the drug-loaded core (high concentration
of drug), until the solute concentrations are equal on both sides of the membrane[260, 262].
The drug solutes are then continuously diffused out of the membrane through the small delivery
orifice over a prolonged period of time[260]. This type of release system consistently dispenses
drug solutes at a zero-order rate given that a gradient is maintained consistently throughout the

membrane[263, 264]. Swelling controlled release systems are initially dry and then uptake
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water or other body fluids when placed in the body and swell[258]. Swelling increases the
content of aqueous solvent within the formulation as well as the size of polymer mesh, allowing
the drug to diffuse through the swollen crosslinked network into the exterior[265, 266]. The
swelling-controlled system might achieve a zero-order drug release, depending on the polymer
composition and initial drug distribution in the system[267, 268]. The chemically-controlled
release mechanisms include degradation-controlled and polymer-drug conjugate-controlled
systems[243, 269]. In degradation-controlled systems, drugs are encapsulated in biodegradable
polymers by dispersion and released by polymer degradation and drug diffusion[270]. These
polymers such as polysaccharides, polyesters and polyamides can be degraded through
enzymatic and/or hydrolytic degradation. Polymers like PLGA, polylactic acid (PLA) undergo
bulk degradation, which simultaneously degrades the entire matrix[258]. In contrast, polymers
such as polyanhydrides and polyorthoesters typically degrade from the surface into the core
(surface degradation) because the polymer degrades faster than water diffuses into the
matrix[270, 271]. Drug release kinetics are controlled by the degradation rate of polymers,
which depends on the end groups, molecular weight, monomer composition, and
crystallinity[272]. In polymer-drug conjugate systems, drugs are attached covalently to the
functional groups of polymers directly or via a spacer[273]. Enzymatic and/or hydrolysis
degradation cleaved the drug and polymer covalent linkages to release and activate the drug.
The drug release kinetics are controlled by the cleavage rate[243, 274]. Overall, the drug
release rates are based on a series of parameters including polymer properties, drug properties,
matrix geometry, initial drug loading, the interaction of drug and matrix.[243, 275-278].
Further studies have been examining how to optimize these parameters to attain the desirable

drug release from polymeric drug systems.
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Figure 4. (A) Polymeric drug release systems. (B) Reservoir diffusion controlled drug delivery
device[264]. (C) Matrix diffusion controlled drug delivery device[264]. (D) Osmotically controlled
release system[264]. (E) Swelling controlled release system[279]. (F) Polymer-drug conjugate
controlled release system[279]. (G) a) Bulk degradation and b) surface degradation[264].
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2.6 Microspheres

There are various approaches in delivering therapeutic substance to the target site in a
sustained and controlled manner. Liposomes, hydrogels, polymer-based discs, rods, pellets or
microparticles have been employed to encapsulate drugs which are then released at controlled
rates for long periods of time [233, 254, 280-282]. Microspheres are one of the most commonly
used carriers for drugs and are advantageous for several reasons, especially when comprised of
polymers. Microspheres are small spherical particles with a diameter from 1 to 1000 um,
composed of polymers. Microspheres can encapsulate many types of drugs, including small
molecules, proteins and nucleic acids, and are easily administered by serial routes like oral,
nasal, transdermal, pulmonary and parenteral injection[282]. They are also generally
biocompatible and biodegradable, which can provide high bioavailability and are capable of

releasing for sustained periods of time.

2.6.1 Polymers used in biodegradable microspheres

Microspheres can be manufactured from different natural polymers such as gelatin,
chitosan, starch or from synthetic polymers such as poly (lactic-co-glycolic acid) (PLGA), poly
(I-lactic acid) (PLLA), poly (alkyl cyanoacrylates) (PACA)[283, 284]. Figure 5 depicted
various biodegradable polymers used in the fabrication of microspheres. Compared to natural
polymers, synthetic polymers can be advantageous as they exhibit a higher degree of purity
and can be fabricated into different shapes[285, 286]. Additionally, they often offer better
control of physicochemical properties. Synthetic polymers are capable of being copolymerized
with another to change their mechanical, physical and chemical properties and forming

materials with low or high molecular weights using appropriate reaction conditions[243, 287].
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Classification of biodegradable polymers
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Figure 5. Classification of biodegradable polymers used for preparation of
microspheres[288].

Among all polymers, PLGA and PLLA have been mostly used as drug delivery systems
and scaffolds for tissue engineering owing to their superior mechanical and processing
characteristics[289-291]. Various microspheres based on PLLA and PLGA have exhibited they
could carry drugs ranging from small molecules to large proteins as well as DNA and RNA in
a sustained release fashion[36, 292-296]. The drug release rate could be easily changed by
altering some parameters including molecular weight of polymer, chemical composition of
polymer, polymer crystallinity, microsphere size and porosity, drug loading and drug-polymer

interaction[257, 297].

PLGA is the copolymer of D, L-lactic acid and glycolic acid, while PLLA is a product
polymerized by L-lactic acid because of the chiral nature of lactic acid. Figure 6 and Figure 7
depict the chemical structures of PLGA and PLLA. PLGA and PLLA can be processed into

almost any size and shape, while being soluble in many common solvents such as acetone,
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ethyl acetate, dichloromethane and trichloromethane[290, 298]. Despite being non-water
soluble, they are biodegraded by hydrolysis of their ester linkages in water. PLLA and PLGA
have FDA-approved biodegradability and biocompatibility. They are degraded by esterase
between the copolymers, leaving lactic acids and glycolic acids entering the tricarboxylic acid
cycle to be excreted in the form of water and COz through feces, urine and respiration[299]. As
PLLA has hydrophobic side chain (methyl groups), PLLA degrades slower than PLGA, hence

the drug would be released faster in PLGA than that from PLLA[290].

i

Figure 6. Chemical structure of PLGA (x is the number of units of lactic acid and y is the
number of units of glycolic acid)[300].

o

Figure 7. Chemical structure of PLLA[301].

2.6.2 Double-walled microspheres (DWMS)

Conventional microsphere drug delivery systems consisting of one single polymer to
encapsulate drugs have numerous drawbacks, including high initial burst release due to drug
being trapped on the surface and drug diffused via pre-existing channels and pores in the
microspheres, lower encapsulation efficiency and inability to provide sustained release[36, 270,
300, 302]. Microspheres made with shell-core two layers could be an alternative to solve these

problems. Double-walled microspheres (DWMS) are composed of two distinct layers as a shell
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and a core and are formed through phase separation of two immiscible polymers in solution.
DWMS with the drug loaded in the inner core and engulfed by a drug-free outer layer could
provide release kinetics with a lower burst release and a longer drug release period than SWMS
since the amount of polymer, where the drug must diffuse through, is increased[41, 303-307].
In addition, the stability of drugs can be maintained in the process of dispersing and particle
hardening since the drugs are encapsulated within the inner core[43]. The encapsulation
efficiency has also been improved to be around 56% for DWMS from 40% for SWMS[308].
In addition, the initial burst was less than 5% and the sustained release lasted for over 3 weeks
using DWMSJ[308]. Navaei et al. reported DWMS could encapsulate meglumine antimoniate
efficiently up to 87%, decrease initial burst release by 18% and prolong release only 33% after
18 days compared with single-layered microspheres which had 35% burst release and an above
83% release after 18 days[309]. Tan et al. also reported increased encapsulation efficiency
from about 42% for SWMS to above 75% for DWMS and a sustained release of about 40%
over a 4 week period[42].

Over the last decades, there are several methods to fabricate DWMS by dissolving
polymers in solvents and precipitating them into spheres such as solvent evaporation[41],
solvent removal[310], spray-drying[311], electrospray[312], coacervation process[313]. The
solvent evaporation method is extensively developed for the fabrication of DWMS
encapsulated with hydrophilic drugs [305, 307, 314, 315]. Tan et al. described the fabrication
of DWMS based on PLLA and PLGA, where doxorubicin was encapsulated in the core using
solvent evaporation[41]. Likewise, Xiao et al. successfully fabricated PLGA and PLLA
microspheres loaded with aspirin using this method[316]. With solvent evaporation, aqueous
solutions of drugs or solid powder of drugs are initially emulsified with one polymer solution,
which then is emulsified with the other polymer solution. Subsequently, the emulsion is

injected dropwise into the non-solvent water bath composed of a surfactant to form
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microspheres. The resulting solution is stirred for a long time to evaporate the solvent until the
phase separation occurs between two polymers and the polymer droplets solidify. The
microspheres can be harvested by filtration or centrifuge and lyophilized to remove water.
During the process of phase separation, two polymers are most likely configured to
have their greatest thermodynamic stability if the solvent evaporation time is extended enough
based on spreading coefficient theory[304, 317, 318]. Spreading coefficient theory describes
the tendency of a liquid to spread on another liquid when they are dispersed in a third
immiscible phase in terms of their interfacial tensions[318-321]. The following equation is to
calculate the spreading coefficient for the determination of the ability of one polymer to engulf

the other:

Aap = VBs — Yas — YaB (1)

Where y,5 and ypg are the interfacial tensions between the solvent and polymer A or B,
respectively, and y,p is the interfacial tension between the polymer A and B. Given the
spreading coefficient is positive, polymer A will spread onto polymer B[318]. There are three
possible configurations of the two polymers, complete engulfment, partial engulfment and non-
engulfment as shown in Figure 8. Nevertheless, the spreading coefficient is only an indirect
evaluation of the final configuration of particles before the polymer solutions precipitate since
as the polymer concentrations change during the evaporation, the interfacial tensions change,
causing to the spreading coefficient constantly changes [317, 322]. In addition, the polymer
emulsion droplets are less and less mobile during the solvent evaporation process until they do

not have enough mobility to form internal configurations.
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Complete engulfment Partial engulfment Non-engulfment

Figure 8. Three possible configurations for the two-polymer system: complete engulfment,
partial engulfment and non-engulfment[318, 320].

Ideally, the release of drugs from DWMS can be divided into three phases[282, 306,
317]. Initially, there is a very low or no initial burst release of the drug. Subsequently, a very
slow or no release period, known as the lag phase where diffusion is limited. The duration of
this period is determined by the microsphere porosity, drug size, polymer degradation kinetics
and potential interactions of the drug with polymers. Finally, a large portion of drugs are
released quickly after the bulk degradation of polymers. The drug release duration could vary
from a few hours to many months.
2.6.3 Use of microspheres for stroke treatment

Microspheres can be administered through injection or embedded within hydrogels or
constructs as drug delivery vehicles for prevailing biomedical applications. Table 2 summarises
some of the studies based on polymer microspheres used in drug delivery systems to improve

outcomes after stroke.
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Table 2. Summary of several microsphere for treatment of stroke

Microsphere Encapsulated Administration Therapeutic effects Reference
format drug
PLGA Cyclosporin | HAMC containing CsA- | Detected local release of | [323]
microparticles A (CsA) loaded PLGA CsA in the niche at a
incorporated into microspheres was placed | constant concentration for
HAMC gel on the brain cortex of 3-4 weeks post-implant
adult mice and promoted NPCs
survival
PLGA VEGF and Implanted into the Strong compatibility with | [324]
microspheres angiopoietin- | injured cavity of mouse | the brain tissue and
mixed with HA 1 (Angl) model with MCAO inhibition to inflammation
hydrogels and gliosis after
implantation, enhanced
angiogenesis around
ischemic regions and
improved behavioral
improvement
PLGA-PLLA- BDNF Drug release was The system released [325]
PEG microsphere performed in vitro and bioactive BDNF

bioactivity of BDNF was

tested using PC12 cells

consistently without an
initial burst, and the
delivery lasted greater

than 60 days
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Gelatin Osteopontin | Intrastriatal Reduced infarct volume, [326]
microspheres administration to rat enhanced neuroprotective

model with transient potency, and prolonged

MCADO at 1-12h post- the therapeutic window to

stroke over 12h post-MCAO
Collagen-alginate | FGF-2 Injection into zebrafish | No inflammatory [327]
microspheres embryos and reactions; induced

subcutaneously into progressive and sustained

mice release for over a week

and enhanced
vascularization

PLGA Fenofibrate Intracerebral Released for over seven [328]
microparticles administration to rats 24 | days and reduced the

hours before MCAO infarct size in stroke rats
PLGA ONO-1301 Subcutaneous injection | Improved neurological [329]
microspheres prostacyclin | and oral administration | deficit scores, decreased

agonist immediately after oedema and infarct

transient MCAO in rat volume, and sustained

models release for about 3 weeks
Gelatin hydrogel | Insulin-like The administration was | Microspheres containing | [330]
microspheres growth factor | stereotaxically injected | IGF-1 improved the

(IGF) and
hepatocyte
growth factor

(HGF)

into the striatum of mice

after 11 days of MCAO

survival of new neurons in
the SVZ; Microspheres
containing HGF improved

the migration of new
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neurons from the SVZ to

the injured striatum.

PLGA NSCs Direct injection into the | Successful NSCs [331]
microparticles lesion cavity of rats two | attachment with high
weeks after MCAO density, viability and stem
cell properties, a primitive
de novo tissue formed
within seven days after
implantation
Poly (ester amide) | VEGF Intracerebral injection Reduced inflammatory [332]
(PEA) into mice subjected to response after stroke,
microspheres cortical stroke promoted angiogenesis,
and improved functional
recovery
Gelatin bFGF Stereotaxical injection Aid neovascularization [333]
microspheres into rat brains 7 days around the transplanted
after MCAO region, promoted survival
and proliferation of NSCs,
significantly enhanced
histological and functional
recovery
Gelatin High mobility | Intracranial Reduced infarct volume, [334]
microsphere group box 1 administration into the remarkable improvement
(HMGB1) striatum of rats with of neurological deficits,

MCAO

supressed inflammatory
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effects, extended the
therapeutic window to 6h

post-MCAO
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2.7 Scope of this study

2.7.1 Motivation

The motivation regarding this project was to provide a state-of-the-art treatment for
stroke by designing a novel drug delivery system which can overcome the clinical
impracticality of current treatments. The design was achieved by reviewing several fields
currently undergoing research for stroke treatment options, including biodegradable synthetic
polymers, drug delivery systems and endogenous stem cell therapies. Since the duraplasty is
often applied to replace and repair the dura mater layer of the brain after DC, it creates a
convenient opportunity to place a drug delivery system in the brain simultaneously. The drugs
to be delivered, specifically growth factors, would be released in a sustained manner, inducing
endogenous neurogenesis and improving recovery after stroke.

In this thesis, we hypothesize that the PLLA and PLGA DWMS loaded with drug would
be a useful drug delivery system to provide a sustained and controlled drug release profile

suitable for stimulating endogenous regeneration for stroke treatment.

2.7.2 Objectives

These are the following objectives we plan to achieve for this thesis:

Aim 1: Prepare and optimize the fabrication of DWMS.

Aim 2: Characterize the DWMS including morphology, size analysis, layer analysis by
using scanning electron microscope (SEM) images, thermal analysis by using differential
scanning calorimetry and encapsulation efficiency.

Aim 3: Investigate the localization of the drug by using fluorescent microscopy (FM).

Aim 4: Evaluate the drug release profile of the DWMS.
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3. Materials and Methods

3.1 Materials

Poly (I-lactic acid) (PLLA, inherent viscosity: 0.90-1.20 dL/g), poly (lactic-co-glycolic
acid 50:50) (PLGA, inherent viscosity: 0.76-0.94 dL/g) were purchased from Durect
Corporation (Cupertino, CA). Bovine serum albumin (BSA, Mw 66.5 kDA) was purchased
from MP Biomaterials, Inc (Solon, OH). Poly (vinyl alcohol) (PVA, Mw 9,000-10,000 g*mol
!, 80% hydrolyzed) was purchased from Sigma-Aldrich (Burlington, ON). Analytical grade
dichloromethane was purchased from Fisher Scientific Company (Ottawa, ON). Phosphate
buffer saline (PBS) used for in vitro release study was obtained from Amresco Biochemicals
and Life Science® (Solon, Ohio) containing 137 mM NaCl, 2mM KCI and 10 mM phosphate
buffer. 0.01 % w/v analytical grade sodium azide was added to the PBS, obtained from BDH
Chemicals (Mississauga, ON). N-hydroxysuccinimide (NHS)-Rhodamine (Mw 528g*mol!,
Thermo Scientific, USA) was used as per the manufacturer’s instructions. All other materials

and solvents used were of analytical grade and without modification unless otherwise indicated.
3.2 Methodologies

3.2.1 Preparation of blank double-walled Microspheres (DWMS)

Double-walled microspheres were fabricated by a modified oil-in-oil-in-water (O/O/W)
emulsion solvent evaporation method as reported by Tan et al.[41] with minor modifications.
In brief, 0.15g¢ PLLA and 0.15g PLGA were dissolved in 1ml dichloromethane (DCM)
separately. The 15% w/v PLLA solution was slowly added to the 15% w/v PLGA solution to
achieve PLLA and PLGA mass ratio of 1:1. The resulting mixture was homogenized using an
OMNI homogenizer (Kennesaw, GA) at a speed of 33000 rpm for 90s to create an O/O (oil-in-
oil) emulsion, which was immediately added dropwise to a 200ml 0.5% w/v PVA aqueous
solution to form an O/O/W (oil-in-oil-in-water) emulsion. The O/O/W emulsion was stirred at

500rpm for 4h at room temperature to evaporate the organic solvent using a Caframo BDC2002
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mechanical stirrer (Georgian Bluffs, ON). Subsequently, the resulting microspheres were
extensively washed to remove residual PVA and lyophilized for 3 days. Blank DWMS having
different PLLA and PLGA mass ratios (w/w) from 1:1 to 1:3, were all prepared for
characterization and comparison. The conditions for fabricating blank microspheres in different

formulations are demonstrated in Table 3 from F1 to F9.
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Table 3. Formulations of DWMS

Formulation | PLLA/PLGA Polymer Stirring Solvent PVA Addition
code mass ratio | concentration | speed | evaporation | concentration | form of
(W/v %) (rpm) | time (hrs) (W/v %) BSA
F1 1/1 20 500 4 0.5 —
F2 11 15 500 4 0.5 —
F3 1/1 10 500 4 0.5 —
F4 1/1 15 500 12 0.5 —
F5 1/1 15 500 4 1 —
F6 12 15 500 4 0.5 —
F7 1/3 15 500 4 0.5 —
F8 1/1 15 700 4 0.5 —
F9 1/1 15 1000 4 0.5 —
F10 1/1 15 500 4 0.5 Solid
F11 1/1 15 500 4 0.5 Solution
F12 1/2 15 500 4 0.5 Solid
F13 1/2 15 500 4 0.5 Solution
F14 1/3 15 500 4 0.5 Solid
F15 1/3 15 500 4 0.5 Solution
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3.2.2 Preparation of rhodamine-BSA particles

Rhodamine-BSA was prepared by using the example protocol for antibody labeling
with NHS-Rhodamine from the Thermo Scientific manufacturer instructions. To label BSA
with fluorescent rhodamine, NHS-rhodamine was dissolved in DMSO to obtain a 10mg/ml
solution. 158.4 pl of this solution was gradually mixed with 2 ml of 10 mg/ml BSA in PBS (pH
7.2), and the reaction mixture was well mixed and allowed to react for 1 h at room temperature
under constant agitation. Subsequently the reaction mixture was purified using a dialysis tubing
(MWCO 12,000-14,000) (Fisher Scientific, Ottawa, ON). Finally, the purified rhodamine
labelled BSA was lyophilized and then mixed with BSA at a mass ratio of 1:500 (labelled vs.

unlabeled).

3.2.3 Preparation of BSA loaded double-walled microspheres (DWMS) with different
polymer ratios

The BSA loaded DWMS were prepared using W/O/O/W (water-in-oil-in-oil-in-water)
and S/O/O/W (solid-in-oil-in-oil-in-water) emulsion solvent evaporation method. In the
W/O/O/W method, at 1:1 PLLA and PLGA mass ratio, 0.3g PLGA was dissolved in 2ml DCM
and emulsified with 0.4ml aqueous BSA solution (75mg/ml) using magnetic stirrer (300rpm
for 1h). This emulsion was homogenized for 90s at 33000 rpm and sonicated using a Branson
sonicator (Fisher Scientific, Ottawa, ON) for 5 minutes. The processed emulsion was added to
2ml DCM solution of PLLA (15% w/v) and homogenized for an additional 90s at 33000 rpm
to form an BSA-PLGA-PLLA emulsion. This mixture was slowly injected dropwise into a
400ml aqueous solution of 0.5% w/v PVA. The mixture was stirred at 500rpm for 4h at room
temperature to completely evaporate the organic solvent using the Caframo BDC2002
mechanical stirrer (Georgian Bluffs, ON). Finally, the resulting microspheres were extensively
washed to remove residual PVA and lyophilized for 3 days. In the situation of S/O/O/W

microspheres, at 1:1 PLLA and PLGA mass ratio, 30mg of BSA powder was used instead of
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the BSA aqueous solution. The W/O/O/W and S/O/O/W microspheres at 1:2 and 1:3 PLLA and
PLGA mass ratios were also fabricated with changes of adding BSA aqueous solution or BSA
powder to PLLA solution first, which was followed by mixing with PLGA solution instead.
The process is displayed in Figure 9. The conditions for preparing BSA loaded microspheres

in different formulations are demonstrated in Table 3 from F10 to F15.

1:1 polymer mass ratio 1:2 and 1:3 polymer mass ratio

‘ 1.Mix and homogenize ‘

— ¥

‘ 2.Homogenize and inject ‘

S

4. Lyophilize

\

DWMS

Figure 9. Schematic of BSA loaded DWMS fabrication.

39



3.3 Characterization

3.3.1 Microspheres yield
Microspheres recovered at the end of the preparation procedures were weighed and the

yield was calculated based on the following equation:

mass of recovered microspheres

Microsphere yield (%) = %X 100% ()

mass of polymer and drug initially used

3.3.2 Morphology of microspheres

The DWMS morphology was observed by scanning electron microscope (SEM,
Phenom Pro, Phoenix, AZ) at an accelerating voltage of 15kV. To characterize the core-shell
structure of the DWMS, the microspheres were first embedded into OCT embedding compound
(Fisher Scientific, Ottawa, ON) at -20 °C and then cryo-sectioned at a thickness of 40 um using
a Leica CM3050S cryostat (Richmond Hill, ON) to expose the cross-sectional area for internal
structure investigations by SEM.
3.3.3 Microsphere Size Analysis

To study the particle size of DWMS, SEM images of the DWMS were analyzed using

NIH ImageJ (Bethesda, MD). Both BSA-loaded and blank microspheres were analyzed.

3.3.4 Double-walled microspheres (DWMS) core-shell layer analysis

The chemical compositions of the core and shell polymers in DWMS were studied
using a dissolution method. This method takes advantage of different solubilities of PLLA and
PLGA in ethyl acetate (EA) — PLLA is insoluble in EA whereas PLGA is soluble in EA — to
identify the core and shell materials under different formulations and fabrication processes[41,
309, 335]. Specifically, DWMS were also first embedded into OCT embedding compound
(Fisher Scientific, Ottawa, ON) at -20 °C and cryo-sectioned at a thickness of 40 pm using a
Leica CM3050S cryostat (Richmond Hill, ON) and the sectioned samples were mounted onto

SEM stubs with double-sided carbon tapes. Subsequently, a total of 1 ml EA was carefully and
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slowly pipetted onto the cryo-sectioned microspheres mounted on the SEM stubs to immerse
the samples for dissolution with no agitation. Finally, the samples were carefully air-dried and

imaged under the SEM.

3.3.5 Encapsulated growth factor distribution inside of double-walled microspheres (DWMS)
The distribution of the encapsulated growth factor inside of the DWMS was
investigated by encapsulating fluorescently labelled BSA (i.e., rhodamine-BSA) into the
DWMS and studied the distribution of the rhodamine-BSA inside of the microspheres (i.e.,
sectioned) using a X81 Olympus fluorescence microscope (Richmond Hill, ON).
3.3.6 Encapsulation Efficiency
The encapsulation efficiency (EE) is referred to as the ratio of actual to theoretical

loading of the drug within the microspheres as shown in the following equation:

Encapsulation ef ficiency(%) = Mactual X 100% 3)

Mtheoretical

Where Mactual (mg) is the actual amount of drug experimentally retrieved from a given number
of microspheres, and Miheoretical (mg) 1s the theoretical loading of the drug from the same given
number of microspheres. To experimentally evaluate Mactual, @ well-established method was
used with minor modifications[304, 307, 309]. Specifically, 20mg microspheres were added to
5 ml of 0.1 M NaOH and incubated for 48 hours at 37 °C to completely degrade the polymers
and retrieve the BSA. The resulting solution was then centrifuged at 1000rpm for 5Smin, and
the supernatant was collected to determine the BSA amount (i.e., Mactual) using a Pierce BCA
Protein Assay Kit following the vendor’s protocol (Waltham, MA). Experiments were

conducted in triplicate.

3.3.7 Differential scanning calorimetry (DSC)
Thermal analysis of the microspheres was conducted using a differential scanning

calorimetry (DSC, DSCQ1000, TA Instruments, New Castle, DE) using nitrogen as a purging
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gas to determine glass transition temperatures (Tg). Approximately Smg of BSA loaded
microspheres and blank microspheres were weighed separately into aluminum pans and
hermetically sealed with aluminum lids, accompanied with empty hermetically sealed
aluminum pans with lids. All measurements were performed to equilibrate for 3 minutes at -
20°C to ensure isothermal starting conditions. Afterwards, they were subjected to a heating
system from -20 to 200°C, which was subsequently quench-cooled to -20°C and reheated again
to 200°C. All the heating was applied at a rate of 10°C/min. The resulting thermograms were

processed on TA universal analyzer software where Tgs were identified.

3.3.8 In vitro release studies
In order to evaluate growth factor release performances, 20mg BSA loaded DWMS

were submerged in 2 ml PBS (pH 7.4) releasing buffer with 0.01% NaNj3 and incubated at 37°C

under gentle and constant shaking[336]. At predetermined time points, samples were
centrifuged and 1ml of the releasing buffer was removed and replenished same amount of fresh
PBS (pH 7.4) with 0.01% NaNs. To evaluate the BSA concentrations of the collected samples
overtime, Pierce BCA Protein Assay Kit was used, and Equation (4) was used to calculate the

cumulative amount of BSA released:

R = (cp xv,) + Zlnz_ll(ci * ;) (4)

Where R is the cumulative amount of BSA released at each time point, cn is the measured
concentration from the BCA assay, vo is the total volume of the sample at that time point, ci
are all the previously measured concentrations from the BCA assay, and vi are the aliquot

volumes (i.e., 1 ml in this study) which were removed from the sample at each time point.

3.3.9 Statistical Analysis
The results are shown as mean + standard deviation. All the data were statistically

analysed using a one-way and two-way analysis of variance (ANOVA). A statistically
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significant difference was considered at p < 0.05. Statistical analysis was conducted by using

GraphPad Prism 6 Data (Graphpad Software, La Jolla, CA).

4. Results and Discussion

4.1. Formation and yield of double-walled microspheres (DWMS)

Our group previously fabricated PLLA and PLGA DWMS by using 20% polymer
concentration and 4 h of solvent evaporation time. In this method, the yield was 29.66+1.90%,
which was too low to expand production. This low yield was mainly due to the loss of polymers
during transfers such as viscous polymers sticking to container walls, and polymers adhering
to agitator blades. Moreover, the distribution of BSA within the microsphere remained
unknown. To solve these problems and optimize the manufacturing conditions of DWMS, five
process variables were studied: polymer concentration (20%, 15%, 10% w/v), polymer mass
ratio (1:1, 1:2, 1:3 w/w), solvent evaporation time (4h, 12h), mechanical stirring speed (500rpm,
700rpm, 1000rpm), and PV A concentration (0.5%, 1% w/v). These variables were chosen since
they turned out to affect the formation of microspheres by changing the initial properties of
polymer solution (concentration, mass ratio) or the conditions of solvent evaporation procedure
(time, stirring speed and PV A concentration)[284, 337-339]. These changes could have a great
effect on the yield, morphology of microspheres and entrapment of the drug inside the system.

According to Rahman and Mathiowitz[303], the concentration at which the PLLA and
PLGA separate into two immiscible phases was 30% w/v, otherwise referred to as the cloud
point. Moreover, the polymer mass ratio did not affect the phase separation point. For this
reason, the PLLA and PLGA homogeneous polymeric miscible solutions in DCM at below
their critical polymeric concentrations (i.e., 10%, 15%, and 20%, w/v) were used to form an
O/O emulsion and dispersed into an aqueous PVA solution with mechanical stirring that

ultimately led to an O/O/W emulsion. The DCM from polymer solutions were lost by
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evaporation, leading to an increased polymer concentration. When the polymer concentration
reached and surpassed the critical concentration, a phase separation occurred with the first
polymer rich in one phase and the second polymer rich in the other phase. These two polymers

eventually hardened to form the DWMS by solvent evaporation.

Table 4. Yields of microspheres in different formulations

Sample PLLA/PLGA Polymer Solvent PVA Microspheres
mass ratio concentration evaporation concentration yield (% +
(wW/v %) time (h) (W/v %) SD*)
F1 1/1 20 4 0.5 29.66+1.90
F2 1/1 15 4 0.5 48.25+5.47
F3 1/1 10 4 0.5 45.13+2.20
F4 1/1 15 12 0.5 39.18+5.72
F6 1/2 15 4 0.5 39.90+1.53
F7 1/3 15 4 0.5 44.97+7.08

*SD = Standard deviation, n=3.

The yields of microspheres in different concentrations (F1, F2, F3) and solvent
evaporation time (F2, F4) are shown in Table 4. The results showed that the yield of
microspheres prepared in polymer concentrations (20%, 15%, 10% w/v) were 29.66+1.90%,

48.25+5.47%, 45.13+2.20%, respectively. A statistically significant difference (p<<0.05) in

yields was shown from 20% polymer concentration with 15% and 10% polymer concentrations.
This agrees with the result from Mufassir ef al.[340] who report that as polymer concentration
increases, the yield of microsphere declines. This is attributed to the increase in polymeric

concentration contributing to high viscosity of solution and less time to reach phase
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separation[340]. Highly viscous solution results in a larger mass loss during polymer transfers
between containers. Rahman et al. also reported decreased yield of microspheres as the
concentration of HPMC solution increased from 20% to 40% and concentration of Poloxamer
solution increased from 10% to 30%[341]. The SEM images of the cross-sectioned DWMS the
20% (F1), 15% (F2), 10% (F3) polymer concentration are shown in Figure 10. The SEM
analyses of formulations F1, F2 and F3 prepared had all shown two distinct layers while F1
(Figure 10A) showed uneven, porous surfaces and irregular layers. This might be attributed to
fast polymer precipitation resulting from the increased viscosity of polymer[305]. On the
contrary, F2 (Figure 10B) and F3 (Figure 10C) showed spherically shaped, non-porous surfaces
but the double layer formation of F2 is tighter and denser than that of F3 which showed a
distinct gap inferred from the dark barrier between the inner core and outer layer. In this case,
by using 15% polymer concentration, DWMS with PLLA and PLGA mass ratios 1:2 and 1:3
were also fabricated. The prepared microspheres (Figure 11) have clearly visible double layers

and yielded 39.90+1.53% (F6) and 44.97+7.08% (F7), separately. The yields we obtained

were relatively similar to those reported by other researchers. For example, the yield of poly
(lactide-co-glycolide)-co-poly(ethyleneglycol) (PLGA-PEG) microspheres ranging between
28.6% and 66.6% was reported[342]. Kokai et al. reported the yield of PLGA and PLLA
DWMS was 54.5%][343]. The relatively low yield achieved in this study could be attributed to
the losses occurring during steps of processing (i.e., sticking of the polymeric solution to glass

containers, loss of microspheres during the washing step).
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A relatively prolonged time of mechanical stirring guarantees the complete emulsion
of solution, in which utilizes PVA to its full potential. The long stirring time favors the
thermodynamic equilibrium orientation of the PLGA and PLLA polymers dictated by
conditions such as surface and interfacial tensions[337, 344]. However, the yields of
microspheres emulsified for 4 and 12 hours were 48.25+5.47% (F2), 39.18+5.72% (F4), which

has no significant difference (»>0.05). The emulsion system remained stable and constant at

4 hours.

Skv-Image
<1 1.15mm 8D Full

Figure 10. Scanning electron images of cross-sectioned DWMS with polymer concentrations
of (A) 20%, (B) 15% and (C) 10% showing two distinct layers.

Figure 11. Scanning electron images of cross-sectioned DWMS with polymer mass ratios of
(A) 1:1, (B) 1:2 and (C) 1:3 showing two distinct layers.

4.2 Particle size characterization
Size of microspheres is determined by parameters such as mechanical stirring speed of
solvent evaporation, viscosity of polymer solution and PVA concentration[345]. Table 5 shows

different fabrications of microspheres in polymer concentrations (20%, 15% and 10% w/v)
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yielded significantly different mean diameters of 594.17+£138.71, 370.51+£96.81, 233.42+43.63
um, respectively, suggesting that concentrations (i.e., 20%, 15%, 10% w/v) used in this study

significantly impacted resulting particle diameters (p <<0.05) shown in Figure 12C. These

results correspond with earlier findings in previously published studies using a similar method
for the fabricated microspheres with mean diameters of 30-210 um[346] and 237-387 um[347].
The particle size dependence on polymer concentration is likely explained by the viscosity of
the polymer solutions as high concentration polymer solutions would translate to high viscosity
polymer solutions that require high shearing energy to break the emulsion droplets or result in
bigger emulsion droplets at the same shear force[348, 349]. Fabrications of DWMS with PLLA
and PLGA mass ratios of 1:2 and 1:3 yielded mean diameters of 305.33+129.01 um and
355.294+133.32 pum, respectively. With a constant amount of core material, the shell thickness
could vary as the PLLA and PLGA mass ratio was altered from 1:1 to 1:3. This is evident in
Figures 11A, 11B and 11C where DWMS were fabricated to be relatively large for easy cross-
sectioning with the cryostat blade at the centrelines of microspheres with reasonable accuracy.
Similar results were also obtained from other researchers. For example, Tan ef al. produced
microspheres at different PLLA and PLGA mass ratio (w/w) from 1:1 to 1:3 having varying

shell thickness[41]. Lee et al. reported there are variations of shell thickness as a result of the

changes of PLLA to PLGA mass ratios from 1:1 to 2.5:1 w/w[335].

The typical mean particle diameters of BSA powder and solution loaded microspheres,
prepared in the mass ratio of 1:1, 1:2 and 1:3, are shown in Table 5. Figure 12A shows loading

BSA into microspheres significantly increases the size of microspheres (p<<0.05). For example,

at the polymer mass ratio of 1:1, adding BSA solid powder to microspheres led to greater mean

particle diameters of 413.45+147.89 um from 370.51 296.81 pum. In particular, the mean
particle diameters of BSA solution loaded microsphere is 647.91 £ 172.97 um, which is larger
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than the size of BSA solid loaded microspheres. The same situation was also observed in the
polymer mass ratio of 1:2 and 1:3. Size of microspheres was found to be increased due to the
addition of drug. In addition, the larger mean particle size of drug solution loaded microspheres
compared to drug solid loaded microspheres could be due to the presence of drug aqueous

solution in the first emulsification of solution loaded microspheres[309].

Table 5. Size of microspheres prepared in different formulations

Sample Polymer PLLA/PLGA BSA addition Mean diameter
concentration mass ratio form
WiV %) (um + SD¥)

F1 20 1:1 — 594.17+£138.71
F3 10 1:1 — 233.42+43.63
F2 — 370.51+96.81
F10 I:1 Solid 413.45+147.89
F11 Solution 647.91£172.97
F6 — 305.33+£129.01
F12 15 1:2 Solid 435.21+85.05
F13 Solution 530.17+£122.63
F7 — 355.29+133.32
F14 1:3 Solid 436.46+71.94
F15 Solution 587.88+108.08

*SD = Standard deviation, n=100.

It is evident to see from the results that the mechanical stirring speed affects the particle
size. Microspheres prepared using 700rpm and 1000rpm resulted in average sizes of 307.93

+41.38 um and 49.99 +11.02 um. Compared with the size of microspheres using 500rpm
which is 370.51+96.81 um, the particle sizes are significantly smaller when the stirring speed
rises from 500rpm to 1000rpm (p<<0.05) as shown in Figure 12B. Stirring speed is an important

factor since it provides the energy to disperse the oil phase in water[339, 350]. It is the high

stirring speed that gives rise to the shear force in the emulsion system, contributing to smaller
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emulsion droplets and better dispersion of polymer phase in PVA solution. Our results showed
that higher stirring speed yielded smaller size of microspheres since the emulsion was broken
into smaller droplets at a higher input power. In another study, the mean diameters of the
microspheres were markedly decreased from 251 pum to 104 pm by increasing mechanical
stirring speed from 400 to 1200rpm[351].

PVA acted as an emulsion stabilizer between the organic and water phase. The
emulsion is formed when the polymer solutions and water are mixed together in high-speed
agitation which lead them to form one phase. However, the emulsion is unstable. In this case,
PVA is the stabilizer and emulsifier to add in the emulsion. The vinyl chains in PVA interact
with the dichloromethane whereas the hydroxyl groups interact with the water phase, hence
forming a more stable emulsion. The PVA concentration affects the stability of emulsion,
thereby changing the size of microspheres. The presence of higher concentration of PVA in the
external water phase stabilizes emulsion droplets against coalescence, leading to smaller
emulsion droplets, thus forming smaller microspheres. Nevertheless, an excessive
concentration of PVA might cause the fragility of the microspheres and is hard to wash off. In
this experiment, when the PVA concentration varied from 0.5% to 1% w/v, the mean diameters

of microspheres were decreased from 370.51 296.81 pum to 360.84 & 147.31 um, with no
significant difference (p>>0.05) as shown in Figure 12D. The PVA concentration at this stage,

nonetheless, does not appear to affect the final microsphere size.
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Figure 12. Size analysis of DWMS in different fabrication conditions (n=100, error bars
represent standard deviation of the mean): (A) PLLA and PLGA polymer mass ratio from 1:1
to 1:3 at polymer concentration of 15% with different BSA forms loaded. (B) Mechanical
stirring speed of 500rpm, 700rpm and 1000rpm at polymer mass ratio of 1:1 and polymer
concentration of 15%. (C) Polymer concentrations of 20%, 15% and 10% at polymer mass
ratio of 1:1. (D) PVA concentrations of 0.5% and 1% at polymer mass ratio of 1:1 and
polymer concentration of 15%.

4.3 Identification of shell and core polymer composition

Cross-sectional images of DWMS with PLLA and PLGA polymer mass ratios from 1:1
to 1:3 after dissolution in ethyl acetate were taken by SEM (Figure 13). Figure 13A and 13B
show DWMS with PLLA and PLGA mass ratio of 1:1 having hollow cores with surrounding
solid shells which were insoluble in ethyl acetate, whereas Figures 13C,13D and Figures 13E,

13F characterize PLLA and PLGA mass ratio of 1:2 and 1:3, showing solid cores surrounded
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by soluble shells dissolved by ethyl acetate. Based on the known solubility of PLGA and
insolubility of PLLA in ethyl acetate, the core and shell were identified as PLGA and PLLA
with the polymer mass ratio of 1:1. However, after dissolving the microspheres with PLLA and
PLGA mass ratios of 1:2 and 1:3, the shells appeared to have dissolved while the core remained.
This is because after phase separation, there was a higher quantity of PLGA than there was of
PLLA as the PLGA mass increased. The engulfing phase (outer layer) tended to be comprised
of the higher mass polymer. This gave us the hint that core-shell inversion occurred when the
PLLA and PLGA ratio increased from 1:1 to 1:2. Tan ef al.[41], Matsumoto et al. [352] also
reported similar observation of phase inversion in their studies. Therefore, discovering the core
and shell material compositions in different polymer mass ratios in advance inspired us to
encapsulate drugs specifically in the core material during the fabrication process. Knowing
such identifications along with precise prediction of the drug’s preferential distribution within
two different insoluble polymers allows us encapsulate drugs to be in the inner core to achieve

extended drug release.
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Figure 13. SEM images of cross-sectioned DWMS after washing with ethyl acetate (EA) at
polymer mass ratios of (A, B) 1:1, (C, D) 1:2 and (E, F) 1:3 indicate the core and shell of the
DWMS.
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4.4 Differential scanning calorimetry (DSC) analysis

The fabricated DWMS along with PLGA and PLLA SWMS were examined to
determine their Tg by DSC. Tg is the temperature below which the physical properties of
polymers change in a manner similar to those of a glassy or crystalline state, and above which
they behave in rubbery states. The transition from the glass to the rubber-like state is a
significant attribute of polymer behavior, highlighting substantial changes in the physical
properties, such as elasticity and hardness. Table 6 shows the respective Tg values of SWMS,
blank DWMS and BSA loaded DWMS. There are two separate Tg, one each for PLLA and
PLGA in blank double-walled and also BSA loaded DWMS. DSC thermograms identified the
points that were plotted together with PLLA and PLGA SWMS used as controls. Two Tgs
observed in DSC thermogram indicates two polymers did not form a miscible blend in the
DWMS, which means the phase separation of polymers resulting in the formation of double-

walled structure occurred.

Table 6. Thermal properties of DWMS and SWMS obtained from DSC thermograms (n=3).

Literature PLGA PLLA Blank DWMS BSA solution ~ BSA solid
[335] microsphere microsphere (PLLA/PLGA loaded DWMS loaded DWMS
1:1) (PLLA/PLGA  (PLLA/PLGA
1:1) 1:1)
Tg/PLGA (C) 45-60 47302040 — 48.40+0.18  47.53%0.15 47.37£0.10
Tg/PLLA (C) 60-67 — 58.74+0.64 59.40x0.19  59.25+0.37 59.20%+0.19

4.5 Identification of BSA distribution
In the pre-encapsulation steps, both the BSA solid and BSA solution were initially
placed in the expected inner core material individually (PLGA phase in the polymer mass ratio

of 1:1; and PLLA phase in the polymer mass ratio of 1:2 and 1:3). Figure 14 showed that the

BSA powder was found to be distributed predominantly in the PLGA layer for these DWMS
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regardless of where the PLGA layer is located, both in the core for the case of mass ratio of 1:1
and the in the shell for the mass ratios of 1:2 and 1:3. Our data further suggest that the BSA
solid powder always co-localized with the PLGA, whether or not the BSA was first added in
the PLGA or PLLA solution before mixing the two polymers together. This means the BSA
solid has a higher affinity towards PLGA polymer. Similar selective drug solid distribution in
PLGA were also observed by Tan et al.[41]. However, the majority of BSA solution always
resided within the inner core material with remnants in the shell material from polymer mass
ratio 1:1 to 1:3 when the BSA aqueous solution was first emulsified with the core material. The
BSA aqueous solution was first emulsified with one polymer solution (core material).
Afterwards, the mixture was again emulsified with the other polymer solution (shell material)
to form W/O/O emulsion, followed by stirring in PVA solution. This results in DCM
evaporates, which causes polymer concentrations to increase until phase separation, and thus
double-walled structure were formed. Zheng also observed the similar phenomenon that the
hydrophilic drug was localized in the inner polymer layer by pre-emulsifying the drug aqueous

solution in the core material[304].

Based on the literatures[317, 335, 353], the drug substance distribution between two
polymers varies based on the solubility parameters of the polymer-solvent solutions. The drug

substance distribution between two polymer phases is shown as follows: [352],

_ 2_ _ 2
Xal _ | (85-0b)*~(Sa=8s)
[Xb] 2.3RT

()

Where [Xa] and [Xb] are concentrations of drug substance S in A phase and B phase,
respectively; da, db and s are solubility parameters of A phase, B phase and substance S,
respectively; Vs is the molecular volume of substance S; R is the gas constant; and T is absolute
temperature. This equation implies that when the substance S exists as a solid state, the

distribution of substance S varies depending on the solubility parameters of A phase and B
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phase. In our current situation, the equation can be represented as:

[XpLgal
[XpLLA]

(8arug—6prLa-Dem)*—(8pLGA-DCM—8drug)? 6)

= Varugs 2.3RT

Qualitatively, due to the fact that PLGA and BSA are more polar and hydrophilic than PLLA,
we can determine that their solubilities will be more alike than those of PLLA and BSA. Hence,

the numerator on the right half side of the equation would be positive. Multiplying by a large

[Xprgal

positive value of Vg 45, the concentration ratio of
[(XpLLA

would be greater than 1, stating

the preferential distribution of BSA solid to the PLGA phase, which matches our observations.
This theory has already been applied to predict the distribution of etanidazole[335] and
doxorubicin[41] in PLLA and PLGA DWMS successfully. However, this drug distribution
theory is only applied to drug in solid state[335]. In contrast, the BSA aqueous solution was
always localized in the core of DWMS regardless of the core phase material by pre-emulsifying
the BSA aqueous solution with the core material. In comparison to the scattered distribution of
BSA solid in DWMS, the distribution of BSA solution is denser in the core phase. It is
postulated that the immiscible internal water fraction (aqueous BSA solution) encapsulated in
the liquid drop (oil phase) form discontinuous regions in the W/O/O emulsions[354]. These
discontinuous regions retard the diffusion of solvent from the drop interior to the non-solvent
bath. Therefore, the solvent near the drop surface diffuses faster into the non-solvent bath than
the solvent from the drop interior. After the phase separation, the oil phase separates into an
outer and inner phase. The outer phase pre-solidifies due to the fast solvent removal upon
diffusion into the non-solvent bath[304]. Later, the internal water fraction coalesces within

unsolidified inner phase[304], forming the localization of aqueous BSA in the inner phase.
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Figure 14. Cross sections of BSA loaded DWMS made from PLLA and PLGA mass ratios of
1:1 to 1:3 under fluorescence microscope. (A) BSA solid loaded DWMS with PLLA: PLGA
1:1. (B) BSA solution loaded DWMS with PLLA: PLGA 1:1. (C) BSA solid loaded DWMS
with PLLA: PLGA 1:2. (D) BSA solution loaded DWMS with PLLA: PLGA 1:2. (E) BSA
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solid loaded DWMS with PLLA: PLGA 1:3. (F) BSA solution loaded DWMS with PLLA:
PLGA 1:3.

4.6 Protein encapsulation efficiency

The encapsulation efficiencies were only tested for the BSA loaded DWMS we
successfully yielded after collection. Table 7 showed that encapsulation efficiencies of BSA
solid loaded DWMS are 86.66+8.07%, 90.73+2.00% and 85.92+7.54% with the PLLA and

PLGA mass ratios from 1:1 to 1:3 with no significance (p>0.05). Similarly, by using BSA

aqueous solution, high encapsulation efficiencies of up to 90.76+5.75% from PLLA and PLGA

mass ratios of 1:1 to 1:3 were achieved with no significance (»p>>0.05). These BSA aqueous

solution loaded DWMS compared to BSA solid loaded DWMS, showed no statistically

significance (p>>0.05) in encapsulation efficiency. These values of encapsulation efficiency
are higher than that using the original method (15.78 =3.62% in SWMS and 26.20+5.83% in

DWMS) from our lab and similar to those described by other authors: Tan and Ye attained a
low encapsulation efficiency of approximately 42.01% for SWMS and increased that to above
70% using drug solids into DWMS[42]. Wang attained encapsulation efficiency of over 80%
using water solution as drugs into DWMS[304]. In DWMS, the drug-free outer layer acts as an
additional diffusion barrier inhibiting the drug from leaking out during the microsphere
fabrication process, resulting in high encapsulation efficiency. Whereas in SWMS, a low
encapsulation efficiency is often achieved due to having only a single diffusion barrier to retain

the drugs in the core.
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Table 7. Comparison of encapsulation efficiency of different formulations

Sample Encapsulation efficiency (% + SD*)
F10; BSA solid loaded DWMS (1:1, w/w) 86.66+8.07%
F11; BSA solution loaded DWMS (1:1, w/w) 83.81+4.00%
F12; BSA solid loaded DWMS (1:2, w/w) 90.73+2.00%
F13; BSA solution loaded DWMS (1:2, w/w) 89.70+5.31%
F14; BSA solid loaded DWMS (1:3, w/w) 85.92+7.54%
F15; BSA solution loaded DWMS (1:3, w/w) 90.76+5.75%

*SD = Standard deviation, n = 3.

4.7 In vitro BSA release

The cumulative BSA release from the DWMS was investigated in vitro for a 21-day
period and the relation between the cumulative release amount and releasing time was plotted
in Figure 15. The DWMS with BSA solid loaded in the inner core (PLLA and PLGA mass
ratio of 1:1) and outer layer (PLLA and PLGA mass ratios of 1:2 and 1:3) were compared to
DWMS with BSA solution loaded in the inner core (PLLA and PLGA mass ratios of 1:1 to
1:3). As of 21 days, 20mg of the BSA solid loaded DWMS showed cumulative releases of

43.881+5.47,196.71£18.69 and 152.61 ==24.18 pg from PLLA and PLGA mass ratios of 1:1

to 1:3 and the 20mg of the BSA solution loaded DWMS showed cumulative releases of 562.09

+42.46, 676.30%£48.78, 699.55+48.60 pug from PLLA and PLGA mass ratios of 1:1 to 1:3.

The release testing of the BSA solid loaded DWMS are all less than 20% within 21 days. In
contrast, BSA solution loaded DWMS released up to 77.08%, sparking a speculation for an
earlier plateau in the BSA solution loaded DWMS. This might be due to the distribution of
drugs in solution forms inside the polymer is more uniform compared to dispersion of drug
solid, hence the drug release profiles are improved. Due to such a high difference in BSA
release, the BSA solid loaded DWMS and BSA solution loaded DWMS will complete their
releases at different time frames. The cumulative release profiles showed decreased initial burst

of BSA solid loaded DWMS compared with BSA solution loaded DWMS. It is postulated that,
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BSA solid loaded DWMS experienced slight initial bursts, which followed by lag phases within
21 days as Figure 15 demonstrated; the release will continue to increase for a period of time
until a plateau (where no further release is seen) occurs. It is likely that more time is needed
before this trend will be observed. While the release profiles of BSA solution loaded DWMS
in polymer mass ratios of 1:1 to 1:3 had a similar trend where half the amount of BSA burst
within 4 days. From this, it is likely that the BSA solid loaded DWMS can be expected to

continue to release for a longer period of time than the BSA solution loaded DWMS.

The release profile in Figure 15 also showed that the microspheres made from polymer
mass ratios of 1:2 and 1:3, with the BSA solid localized in the outer layer, had higher burst
release and total release compared to DWMS made from polymer mass ratio of 1:1 with BSA
solid localized in the inner core. The PLLA shell of DWMS when PLLA and PLGA mass ratio
was 1:1, performed as a barrier and effectively inhibited the drug diffusion from the PLGA
core. The BSA solid was located in the outer layer when PLLA and PLGA mass ratios were
1:2 and 1:3, leading to improved release within the same period. It also can be seen that, at
polymer mass ratio of 1:2 or 1:3, even if the BSA solid was localized in the outer layer of
DWMS, while the BSA solution was localized in the inner core, the BSA still released faster
from BSA solution loaded DWMS than that from BSA solid loaded DWMS. According to
literature, this is to be expected because inner BSA water droplets may tend to coalesce with
each other in the double emulsion and form interconnected water channels during the period of
solvent removal by partial droplet coalescence[350, 355]. During the formation of double
emulsions, the water is driven by osmosis pressure to penetrate from external water phase into
internal water phase, resulting in the formation of interconnected channels[356]. The droplet
coalescence and formation of interconnected channels were inhibited to some extent by the
stabilization of PVA in the external water phase, and thus prevent too much loss of BSA being

encapsulated from diffusion towards the external water phase[355]. These water channels
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appear as pores after hardening of the microspheres[305, 356]. This causes drug aqueous
solution loaded DWMS to be porous as reported elsewhere[350, 357, 358]. The drug diffuses
through the pre-existing interconnecting pores or channels of microspheres resulting in an

increased release rate of BSA.
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Figure 15. Cumulative release profile of BSA from DWMS (n=9, error bars represent
standard deviation of the mean).

The analysis of drug release kinetics was conducted by fitting the plotted cumulative
release data to time with an exponential equation: zero order kinetics, first order kinetics,
Higuchi’s square root of time equation and semi-empirical equation proposed by Korsmeyer-
Peppas. The release models which best fitted the release data were evaluated by correlation

coefficient (R?) obtained from release data of various formulations.

Zero order model defines the process of constant drug release from a drug delivery
system and drug level in the media. It refers to a system with its drug release rate independent
of the dissolved substance concentration[269, 275, 359, 360]. Zero order model can be

represented by the equations below:

Qe=Q+Kt (7)

Qt is the cumulative amount of drug released at time t, Qo is the initial amount of drug, usually

equal to zero, K is the zero-order release constant, t is the time in hours.
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First order model defines the release from system where release rate is dependent on

concentration [361, 362], expressed by equation (8):
Q: = Qpe ™™ or LogQ, = LogQ,+ Kt/2.303 (8)

Qt is the cumulative amount of drug released at time t, Qo is the initial amount of drug, K is the
first order release constant, t is the time in hours.

Higuchi model was the first mathematical model aiming to describe drug release from
a matrix system. Simplified Higuchi model relates the release of drugs to the square root of

time based on Fickian diffusion equation[275, 359, 363]:
Q = Kyt'/? ©)

Q is the cumulative amount of drug released at time t, Ku is the Higuchi constant, t is the time
in hours.

Korsmeyer-Peppas model was developed to specifically model the drug release from a
polymeric system. It analyzes Fickian and non-Fickian diffusion of drug from swelling as well

as non-swelling polymeric systems[364-368]. It is represented by equation (10):

M
M Kt (10)

(=)

MMz is a fraction of drug released at time t, Mt is the amount of drug released in time t, M
is the amount of drug released after time oo, Kip 1s the Korsmeyer release rate constant, t is the

time in hours, n is the release exponent indicative of the mechanism of drug transport through

: . : . M :
the polymer. The n is estimated from linear regression of logM—t versus logt to characterize
e}

various release mechanisms. If n is less than 0.45, it means Quasi-Fickian diffusion. n=0.45

specifies Fickian diffusion and 0.45 <n < 0.89 specifies non-Fickian or anomalous diffusion.

n=0.89 and above specify case-2 relaxation or super case transport-2. Non-Fickian or
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anomalous diffusion is the diffusion-controlled release combined with the erosion-controlled
release. Case-2 relaxation or super case transport-2 consists of the polymeric chain erosion,
stresses and state-transition in hydrophilic glassy polymers swelling in water or biological
fluids.

The BSA solution loaded DWMS with polymer mass ratios of 1:1 to1:3 have been fitted

with Korsmeyer-Peppas kinetic. The values of n for them were < 0.45. The results indicated

the drug released through Fickian diffusion from these DWMS. According to studies conducted
by Shi et al.[357], Godbee, Weston and Mathiowitz [358], Yang, Chung and Ng[350], the
presence of BSA solution resulted in more porous surface of DWMS. A small portion of drugs
in the shell could directly diffuse through the surface pores. Moreover, the coalescence of BSA
droplets within inner phase formed interconnecting water channels, inducing the drugs
diffusing from core to shell. Nevertheless, the release models for BSA solid loaded DWMS
were different. BSA solid loaded DWMS prepared with PLLA and PLGA mass ratio of 1:1
fitted with Higuchi kinetic, which means the release was controlled by Fickian diffusion. The

R? of Korsmeyer-Peppas kinetic is relatively close to that of Higuchi kinetic and n < 0.45

demonstrated Quasi-Fickian diffusion. The diffusion contributed to a pretty low release of BSA
which could be seen from Figure 15 because most of the drugs were in the core and only small
amounts of BSA were on the shell surface diffusing from the microspheres. The model for BSA
solid loaded DWMS with PLLA and PLGA mass ratio of 1:2 was Korsmeyer-Peppas and the
value of n was between 0.45 and 0.89 demonstrating the release was because of the coaction
of diffusion and erosion of the polymer. The drug was in the shell phase of DWMS in the
polymer mass ratio of 1:2. Parts of the drug diffused from the shell to the exterior. In addition,
the shell polymer PLGA has a faster degradation rate than the core polymer PLLA. Therefore,
the degradation of shell improved the BSA release from shell phase. The BSA solid loaded

DWMS with PLLA and PLGA mass ratio of 1:3 has been fitted with Higuchi model showing
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the release was controlled by Fickian diffusion. Since the R* of Higuchi model is relatively

close to the R? of Korsmeyer-Peppas kinetic, we also used Korsmeyer-Peppas kinetic to analyse

the release. The value of n was between 0.45 and 0.89 demonstrating the release was also

controlled by anomalous diffusion. To sum up, the release was due to primarily Fickian

diffusion and anomalous diffusion as a subsidiary. Same as polymer mass ratio of 1:2, the drug

was located in the shell and the shell material PLGA degrades faster than core material PLLA,

resulting in diffusion of drug and erosion of PLGA. However, the shell material became thicker

when the PLLA and PLGA mass ratio was 1:3. This slowed down the erosion of the PLGA

polymer, thus leading to the erosion of polymer to be less impactful.

Table 8. Result of drug release mechanism of BSA loaded DWMS

Formulation Zero order First order Higuchi Korsmeyer- Korsmeyer- Drug transport mechanisms
(R?) (R?) (R?)  Peppas (R?) Peppas (n)

1:1 BSA solid 0.8360 0.8387 0.9220  0.8820 0.4438 Fickian diffusion

loaded DWMS

1:2 BSA solid 0.5581 0.5757 0.7658 0.8636 0.5971 Anomalous diffusion

loaded DWMS

1:3 BSA solid 0.6115 0.6321 0.7920  0.7555 0.8861 Primary Fickian diffusion

loaded DWMS and anomalous diffusion as

subsidiary

1:1 BSA 0.4705 0.5219 0.6899  0.8387 0.3968 Fickian diffusion

solution loaded

DWMS

1:2 BSA 0.6807 0.7738 0.8657 0.9463 0.3319 Fickian diffusion

solution loaded

DWMS

1:3 BSA 0.7804 0.8757 0.9344 09785 0.391 Fickian diffusion

solution loaded
DWMS

5. Conclusions and future work

In this study, we determined if the double-walled polymeric microsphere could be a

drug delivery system with a well-sustained release profile that can be implanted during DC
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procedure as a potential stroke treatment. First, the fabrication parameters of DWMS were
optimized resulting in high yields and desirable formations. DWMS comprising of a shell that
limited the drug release rate and a core encapsulated with drug, was successfully produced
applying a solvent evaporation technique utilizing phase separation. Furthermore, studies that
examined the PLLA and PLGA polymer mass ratio causing core-shell reversion enabled us to
entrap hydrophilic drug within the inner core of DWMS. The characterizations of DWMS were
also performed to allow for accurate identification of the shell and core compositions in
different polymer mass ratios and preferential distribution of BSA in different forms in two
polymer layers. In addition, the drug delivery system designed for this thesis achieved high
encapsulation efficiency for a hydrophilic drug accompanied by release profiles containing a
time lag phase and potential sustained release with low initial burst. This confirmed DWMS is
feasible to be a potential sustainable drug delivering and releasing system to load growth
factors to stimulate endogenous regeneration.

Though the results of the above experiments are interesting, several further studies still
need to be completed. The first one is the development of further controlling the size of DWMS.
The large size of the DWMS is an obstacle to administrate intravenous injection, which
necessitates surgical operations. According to Lee et al.[369], increasing mechanical stirring
speed from 350rpm to 2000rpm and PVA concentration from 0.5% w/v to 6% w/v reduced
particle sizes from 276 £ 58.5 um to approximately 18.3 £ 4.8um. Moreover, the organic
solvent evaporation rate affects the particle mean diameters and size distribution. Mainardes
and Evangelista presented that using a vacuum rotative evaporator resulted in particle

diameters of 298 =35 um, which was smaller than that obtained from magnetic stirring under

normal pressure with diameters of 390+27 pum[370]. This is due to the shorter solvent
evaporation time with the aid of reduced pressure, which causes higher diffusion rate of the
organic solvent through the interface[370]. In addition, increased microsphere size was found
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due to decreasing BSA liquid emulsion droplet size in the W/O/W system and increasing BSA
powder size in the S/O/W system by Maa and Hsu[354]. The second matter is the studies of
growth factors encapsulated into DWMS. In our current study, BSA was used as a model
protein to be loaded in DWMS. For future steps, the release profiles of growth factors will be
performed to further verify the feasibility of DWMS as a drug delivery system for sustained
release. The third is the incorporation of drug-loaded DWMS into BC duraplasty to create a
composite drug delivering and releasing system. Currently, growth factors loaded directly onto
the BC duraplasty can only achieve sustained release for less than 14 days[34]. To achieve
more controllable drug releases, DWMS combining with BC duraplasty can act as a composite
drug system to load and release more than one therapeutic molecule during different time

periods.
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7. Appendices

Appendix 1: DSC thermograms of the DWMS. (A) BSA solution loaded DWMS (1:1, w/w).
(B) BSA powder loaded DWMS (1:1, w/w). (C) PLGA SWMS. (D) PLLA SWMS. (E)
Blank DWMS (1:1, w/w).
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