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Abstract

Stroke is a very prevalent issue in the world today with extremely limited treatment options.
Load drug delivery and stem cell therapy are areas currently under development for the
treatment of stroke. A stroke causes brain swelling and often a decompressive craniectomy is
performed to prevent further damage. Then, a duraplasty is implanted to replace the surgically-
damaged protective layers around the brain. The purpose of this project was to develop a
synthetic duraplasty which can also be used as a drug-delivery system to promote endogenous
stem cell therapy to treat stroke. The proposed duraplasty was a composite membrane
composed of microspheres embedded in blended biosynthesized cellulose. Both single-walled
microspheres (SWMS) and double-walled microspheres (DWMS) were fabricated and
characterized. Then, they were incorporated into the composite membranes which were further
characterized. The DWMS composite membranes were a similar thickness to human dura
mater. They had the lowest swelling ratio implying that their initial drug release would be
lower than the other samples. They were the strongest membranes and they still maintained
some elasticity. The DWMS had a higher drug encapsulation efficiency than the SWMS and
the DWMS composite membrane drug release profile showed the lowest initial burst and
provided a prolonged zero-order release. Therefore, it was determined that the DWMS

composite membranes were the ideal drug-releasing duraplasty.



Statement of originality

The content presented in this document is the product of original work performed by the author

at the University of Ottawa under the supervisor of Professor Xudong Cao.

In partial fulfillment of the requirements for the degree of Master of Science (Biomedical
Engineering) at the University of Ottawa, this work was presented at the Ottawa Carleton

Institute for Biomedical Engineering Seminar Series:

Holly McCulloch, Taisa R. Stumpf and Xudong Cao, Development of duraplasty for long term
release of regenerative factors to repair brain tissue post stroke. Ottawa Carleton Institute for

Biomedical Engineering, October 2018.

A poster on the same topic was also presented at the 68" annual Canadian Chemical

Engineering Conference:

Holly McCulloch, Taisa R. Stumpf and Xudong Cao, Development of duraplasty for long term

drug release to repair brain tissue post stroke. CSChE2018, October 2018.



Statement of contribution

The entirety of this document was written by the author. All figures and tables were created
by the author unless otherwise mentioned in the caption. The work presented was largely
performed by the author including fabrication and characterization of the microspheres and
composite membranes. The blank BBC membranes were designed and initially characterized
by Taisa R. Stumpf. The cryo-sectioning of the double-walled microspheres was partially

performed by Tongda L.i.



Acknowledgements

First, 1 would like to thank my supervisor Dr. Xudong Cao for his consistent support
throughout this journey. I am very grateful for the opportunities that he has provided and for

his enthusiasm about the project.

Second, | would like to thank Taisa R. Stumpf for her patience and motivation during this
process. | would also like to thank Hesham Ismail and Tongda Li for all their help with this

work as well as the other members of my lab for being so kind and providing moral support.

Third, 1 would like to thank my family and friends. Thank you for always encouraging and

believing in me.



Table of Contents

AADSTTACT ... bbb bbbttt bbb ns i
Statement Of OFIGINAIITY .........cooiiiii e ii
Statement of CONTIDULION .......coiiiiii s 0\
ACKNOWIBAGEMENTS ...ttt a et e esbeebe et e sneesreenee e v
LiSt OF ADDIEVIATIONS. .....oviiieeie e e et viii
IS ) T [0 =TS SRSSSRSSR IX
LISE OF TADIES.....ciieiieieee ettt bbb Xi
ISR 101 10T [F o [ o SRR 1
2. LITErature REVIEW .....cvoiiiiiiiiiiicieie ettt bbb ens 4
2.1 SHIOKE ...t b e r ettt bbb r e 4
2.1.1 Approaches to OVErcomMe SErOKE .........ccooiiiiiiiiiee e 4
2.1.1.1 Stem Cell TREIAPY ....ccveeieiieie ettt 5
2.1.1.2 Decompressive CranieCtomy (DC) .......cooevveiieiieiecie e 9

2.2 Protective layers of the Drain ... 9
2.3 DUFAPIASTY ...t bbbt 10
2.3.1 DUFaPIaSsty TYPES ....ecueeiiieie ettt sttt et e e e sreete e e nrae e 11

2.3 L1 AULOGIATT ...t 11

2.3. 1.2 ATIOGIATT ... 11
2.3.1.3 XENOGIATt.....oi it 12
2.3.1.4 SYNthetiC DUrAPIASTY ......c.coviieiiiieiiesiesie e 12

2.4 HYATOGEIS ...t bbb 14
2.4.1 Post-Stroke Treatment Using HYdrogels .........ccoooovviieiieiiiiccecce e 14
2.4.2 CRIIUIOSE ...ttt ettt e e esneesneeaeeneenreenee s 17
2.4.2.1 PrOPEITIES. ...ttt ettt bbbt b e bbb ene s 18
2.4.2.2 Tissue Engineering Applications 0f BC.........ccccoviiiieiieciie e 19
2.4.2.3 Drug Delivery Applications 0f BC .........cccooiiiiiiiiiiinieeee e 24

2.5 IMIICTOSPNEIES ...ttt bbbttt et bbbt nneene s 24
2.5.1 Types OF MICIOSPREIES.......ccuviiiecie e 24
2.5.1.1 Single-walled microspheres (SWMS)........cocoiiiiiiiiniiiiieese e 26
2.5.1.2 Double-walled microspheres (DWMS).......ccccoveueiieieeiesieesieesieseesiaesee e 27

2.5.2 Incorporation int0 HYArOgelS........ccueiiiiiiiiiieiiee e 30



2.6 PUIPOSE ...ttt bbbt 35

2.6. 1 IMOTIVALION.....couiiiiiteiiesiesc ettt bbb ereenes 35
2.6.2 ODJECLIVES ...oecvieieeie ettt et e e e e te e te et e sneenreenae e e nraenne s 35

3. Materials and MethodoIOgY ........coviiiiiiiii e 37
B L IMIALETTALS ..ttt bbb 37
31,1 MIICTOSPIEIES ...ttt e e te e e ns 37
IR Y =T o] = PSSP 37

I |V, < i g ToTo (o] [T Y20 S SRSPRORN 38
3.2.1 Microsphere ProtOCOL........cccviiiiii e 38
3.2.1.1 Preparation of Single-Walled Microspheres (SWMS)........ccccocevinirninnninns 38
3.2.1.2 Preparation of Double-Walled Microspheres (DWMS) ........ccccovvevvevievinenen. 39

3.2.2 Encapsulation EFfiCIENCY ......c.cccveiiiiiiiccece e 41
3.2.3 MICrosphere Size ANAIYSIS ......cooviiiiiiiie i 42
3.2.4 DWMS Polymer Layer CharaCterization............ccccooeeereneneseneiene s 42
3.2.5 Composite Blended Biosynthesized Cellulose (BBC) Membrane Production

o (0] oo | SR 42
3.2.6 MiCrosphere REtENTION...........ciiiiicic e 44
3.2.7 Swelling Ratio ProtoCOl ..........cccvoiiiiiiiciece e 45
3.2.8 Mechanical TeSt ProtoCOl ...........cccveiiiiiiieie e 45
3.2.9 DIUQ REIASE......c.veeieceecteee ettt st et 46
3.2.10 StatiStiCal ANAIYSIS......cvciiiieieeie et 46

4. RESUILS ANU DISCUSSION ....vveuiiiiieieesiesiiesieeieereesiee e sseesteesaeeseesseesteeseesseesseeneesseesseaneesseesees 48
4.1 Preparation and Characterization of MiCroSpheres ..........c.ccooevviveicvi e 48
4.2 Production and Characterization of Composite Membranes.............ccccoevvvvevieicieennn. 58
4.3 Drug Retention and REIEASE ..........coiiiiiiiiiieeee s 70
ST O] 0 [0d [0 [ 3 ST USSP USRI OPRR 79
B.  RETEBIBNCES ... ittt et ae e 81
N 0] 1=] 16 ) TP USSP RURPPPRPRPRON 110

vii



List of Abbreviations

BBB Blood brain barrier

BBC Blended biosynthesized cellulose
BC Biosynthesized cellulose

BCA Micro bicinchoninic acid

BDNF Brain-derived neurotrophic factor
bFGF Basic fibroblast growth factor
BSA Bovine serum albumin

CNS Central nervous system

CsA Cyclosporin

CSF Cerebral spinal fluid

DC Decompressive craniectomy
DCM Dichloromethane

DWMS Double-walled microspheres

EA Ethyl acetate

ECM Extracellular matrix

EE Encapsulation efficiency

EGF Epidermal growth factor

ELISA Enzyme-linked immunosorbent assay
FDA US Food and Drug Administration
FGF-2 Fibroblast growth factor-2
HAMC Hyaluronan and methylcellulose
NGF Nerve growth factor

NPC Neural progenitor cells

NSC Neural stem cells

PBS Phosphate buffer solution

PEG Poly (ethylene glycol)

PLGA Poly (lactic-co-glycolic acid)
PLLA Poly (L-lactide acid)

PVA Poly (vinyl alcohol)

SEM Scanning electron microscope
SR Swelling ratio

SVvz Subventricular zone

SWMS Single-walled microspheres

TE Tissue engineering

UTS Ultimate tensile strength

VEGF Vascular endothelial growth factor

viii



List of Figures

Figure 1. Schematic showing exogenous (left) and endogenous (right) stem cell therapy for
stroke treatment using neural stem cells (NSC). Reproduced from [85] License: CC BY 3.0.6
Figure 2. The protective layers around the brain. Reproduced from [123]. License: Public

0] 1 F- U TSSOSO UTPPRPRR 10
Figure 3. Chemical structure of cellulose [171, 172, 169, 173].....ccceveiiiiiniieieeie e 17
Figure 4. Chemical structure of PLGA where x refers to the number of units of lactic acid and
y refers to the number of units of glycolic acid [239, 241]........cccccoiiiiiiiiiiic e 25
Figure 5. Possible configurations based on spreading coefficient theory; from left to right:
complete encapsulation, partial encapsulation and non-encapsulation [265]. ...........ccccceeue... 30
Figure 6. Schematic of SWMS fabrication. ...........cccccoveiiiiiicce e 39
Figure 7. Schematic of DWMS fOrmation. ..........cccooiiiriiiiieie e 41
Figure 8. Schematic of BBC composite membrane fabrication...............ccccoovevviieiicieenen, 44

Figure 9. Morphological characterization of the SWMS. A. Histogram of the size distribution
of the blank and BSA-loaded SWMS; B. A representative SEM image of blank SWMS; C. A

representative SEM image of BSA-loaded SWIMS. ... 50
Figure 10. Representative SEM images of cross-sectioned DWMS showing the two distinct
POIYMET TAYETS. .. bbbttt bbb 52

Figure 11. Morphological characterization of the DWMS. A. Histogram of the size distribution
of the blank and BSA-loaded DWMS; B. A representative SEM image of blank DWMS; C. A

representative SEM image of BSA-loaded DWMS.............cccooveiiiieiie i 55
Figure 12. Representative cross-sectioned SEM images of DWMS before and after washing
with ethyl acetate (EA) where the arrows indicate the core of the DWMS. ...........cccoeee. 57

Figure 13. Representative SEM images of high and low cellulose content control membranes
and the commercially available Duraform®. All the above SEM images are at 225 X
MAGNITICATION. ...ttt bbbttt e bbb bbb e 59
Figure 14. Representative SEM images of top and bottom of the SWMS composite membranes
with varying amount of SWMS (0.1 g, 0.05 g and 0.025 g) and high and low cellulose
concentrations. All the above SEM images are at 260 x magnification. ................ccccceevennine 61
Figure 15. Swelling ratio of the composite membranes, control BBC membranes and
Duraform® (N=8); A: SR at 24 hours of control BBC membranes and Duraform®; B: SR over
time of high cellulose concentration membranes containing various amounts of SWMS; C: SR
over time of high cellulose concentration membranes containing various amounts of DWMS.
................................................................................................................................................ 64
Figure 16. The mechanical testing of the composite and control membranes and the
commercially available Duraform® (N=8); A: The average ultimate tensile strength; B: The

average Young’s modulus; C: The average elongation-at-break. .............cccoeveviiiiiinnnns 69
Figure 17. The retention percentage of the varying amounts of SWMS and DWMS into the
high and low cellulose content composite membranes (N=8). .........cccccccevviiviieiiiiiiieiieciiens 72
Figure 18. Cumulative BSA released from the various amounts of SWMS alone and
incorporated into the SWMS composite membranes (N=6). ........ccccovvererinnieenieninneesenn 75
Figure 19. Cumulative released BSA amount from various amounts of DWMS and DWMS
compOosSite MEMDBIANES (NT6). .....oieiiiiiiiii it sre e 77

iX



Figure 20. Representative SEM images after 42 days of release testing to demonstrate

degradation; A: SWMS composite membrane; B: SWMS alone. .........cccccccvvvevveveciieinennnns 78
Figure 21. Cumulative BSA released from various amounts of 1:1 DWMS (N=6). ........... 110
Figure 22. Percent cumulative BSA release from various amounts of SWMS and DWMS
incorporated into the composite membranes (N=6)..........ccccceririiiniininiie e 111



List of Tables

Table 1. Summary of several hydrogels used for stroke treatment...........cccocoevvveereninsnnne. 15
Table 2. Summary of several tissue engineering applications of BC ...........ccccccooevviveinenee. 20
Table 3. Summary of several microsphere and hydrogel COmpOoSItes...........cccocevereririnnnne. 32
Table 4. Average thickness of membranes when fully saturated with water (N=10). ........... 66
Table 5. Average encapsulation efficiency of both SWMS and DWMS...........cccoovvvienee. 71
Table 6. Initial burst release after 24 NOUIS. ... s 77

Xi



1. Introduction

Stroke is currently a leading cause of long-term disability and death in the world [1, 2]. There
are limited treatment options post-stroke mainly due to the challenge of getting drugs past the
blood-brain barrier (BBB) and to the site of the stroke [3, 4, 5, 6]. While systemic thrombolytic
therapy has been shown to be an effective treatment, unfortunately it has a very limited
treatment window of 4.5 hours [7, 8, 9, 10, 11, 12]. Endogenous and exogenous stem cell
based therapies are under investigation as potential stroke treatment options [6, 13, 14, 15, 16].
In addition, several injectable hydrogels loaded with different drugs to promote stem cell
therapy have been used to attempt to treat stroke with varying degrees of success. The main
problem with injectable hydrogels is that a burr hole must be drilled into the skull, so they are
highly invasive [17, 18, 19, 20, 21]. Decompressive craniectomies are often performed on
stroke patients to release the built-up pressure inside their skull caused by the stroke [22, 23].
While this procedure is invasive, it has been shown to greatly reduce the mortality rate of
stroke patients [116, 117, 118, 119, 120]. After this procedure, a duraplasty is used to replace
the surgically-damaged meninges, the protective layers around the brain. The purpose of this
thesis was to create a long-term, zero-order drug releasing duraplasty for future use as an
endogenous stem cell stroke therapy. The drug-loaded duraplasty could be used to enhance

stroke recovery through stimulating endogenous stem cells to promote neural regeneration.

The hydrogel used to make the duraplasty membrane was biosynthesized cellulose (BC) due
to its unique properties, such as high chemical purity and biocompatibility [24, 25, 26, 27, 28,

29, 30, 31, 23, 32]. BC has been used for a variety of previous tissue engineering applications



including for drug delivery and as a scaffolding material [33, 34, 35, 36, 37, 38, 39, 40, 41,
42]. Our lab successfully designed a duraplasty using BC [43]. The membrane itself showed
excellent physical and mechanical properties, however the drug release of the fabricated
membrane, when the drug was simply loaded onto the top of the membrane, only lasted for
less than 7 days [43]. Since the duraplasty is intended to be a permanent implant, ideally, we
would have better temporal control over the drug release in order to achieve the optimal
therapeutic effect to further improve our duraplasty’s potential application as a stroke
treatment. Therefore, microspheres, spheres composed of degradable materials which can
encapsulate drugs and other molecules, were incorporated into the duraplasty to create
composite membranes. Microspheres have been used very successfully in tissue engineering
for drug delivery applications since their release profiles are easily modifiable [44, 45, 46, 47,
48, 49, 50, 51, 52, 53]. They can deliver drugs for a prolonged period, but they suffer from
high initial burst: a large amount of drug released in the first 24 hours [54, 55, 56]. The initial
burst is caused by the drug which has not been encapsulated within the microspheres, but
instead is located on the surface and therefore quickly diffuses into the surroundings once the
microspheres are submerged [54, 55, 56]. Microspheres have been used in conjunction with a
variety of hydrogels in order to combine their benefits [57, 58, 18, 59, 60, 61, 19, 62, 45, 63].
The combination of these materials has the potential to create a duraplasty with a sustained

release profile.

The purpose of this work was to create a sustained drug-releasing duraplasty for future use as
a stroke treatment. This was achieved by incorporating drug-loaded microspheres into a BC

membrane and testing the efficacy of the drug release. Both single-walled microspheres

2



(SWMS) and double-walled microspheres (DWMS) were incorporated into the membranes to
make SWMS composite membranes and DWMS composite membranes respectively and

determine which composite membrane was the optimal drug-delivering duraplasty.



2. Literature Review

2.1 Stroke

Stroke is a major health concern in the world today, being the second leading cause of death
and the third leading cause of long-term disability in adults in Canada [1, 64]. It is also
associated with high financial cost due to the burden on the health-care system [65]. It is
characterized by a sudden death of cells in the brain due to a disrupted blood supply depriving
those cells of the needed oxygen and nutrients to survive. There are two major kinds of stroke:
ischemic and hemorrhagic. An ischemic stroke is caused by a blood clot in a blood vessel in
the brain blocking the blood supply to that area. This causes rapid death of the surrounding
brain tissue, including the neurons, astroglia and oligodendroglia [64]. In comparison, a
hemorrhagic stroke is caused by the rupture of a weakened cranial blood vessel resulting in an
intracerebral hemorrhage where blood accumulates in the tissue around the rupture [22].
Ischemic strokes are in the clear majority, accounting for around 80% of all cases worldwide

[66].

2.1.1 Approaches to Overcome Stroke

There are a limited number of therapeutic approaches currently available for stroke treatment.
The only FDA-approved ischemic stroke treatment is reperfusion, also called systemic
thrombolytic therapy [7, 8, 9, 10, 11]. In this approach, tissue plasminogen activator is used
to restore blood flow to the area by breaking the clot through activation of the proteolytic
enzyme plasminogen [67]. Many studies have shown the effectiveness of this treatment if it is

used during the limited therapeutic window [68, 69, 12, 70]. However, the therapeutic window



is only within 4.5 hours from onset of the stroke, which means that only a very small minority
of patients are eligible for this treatment [64]. This leaves most stroke patients with no
treatment, resulting in a high number of people living with long-term disabilities due to a
stroke today [3, 4, 5]. In 2017, there were more than 400 000 Canadians living with long-term
disabilities due to a stroke and that number is expected to double in the next 20 years [71]. It
is of utmost importance that new therapeutic strategies be developed that do not rely so heavily

on early detection and that aid in long-term recovery [64].

2.1.1.1 Stem Cell Therapy

Stem cell therapy is a treatment option for stroke that is currently undergoing development.
Stem cells are immature cells which have remarkable self-renewal capabilities and can
differentiate into several different cell types throughout a lifetime [64, 72]. The purpose of
stem cell therapy is to replace the damaged cells at the site of the stroke in the infarcted tissue,
where the cells were damaged beyond repair [73, 64]. In addition, it assists in the recovery of
the ischemic penumbra, where the cells are damaged but there is still potential for recovery
through trophic support [73, 64]. Stem cell therapy has the potential to help re-establish
functional neuronal circuitry and replace glial cells, including astroglia and oligodendroglia,

to re-establish proper nerve conduction [64].

There are several potential sources for stem cells including: embryonic, fetal and adult stem
cells [73, 64]. Both embryonic and fetal stem cells were implanted into native and ischemic
stroke brains in rats and survived well and resulted in improved stroke outcomes [74, 75, 76,
77, 78, 79, 64]. Therefore, the stem cell treatment option has potential. However, the use of

either of these types of stem cells has huge ethical issues and associated restrictions, so it is
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adult stem cells that are the main research focus for stroke treatment. Research has shown that
adult stem cells are present in the adult central nervous system (CNS) [64]. They provide
progenitor cells to support normal cell turnover [80, 81, 82]. Adult stem cells, like all stem
cells, have an amazing capacity for self-renewal and differentiation into organ-specific

lineages, which makes them an excellent option for stroke treatment [83, 84].

There are two approaches for adult stem cell therapy in stroke treatment: an exogenous or an

endogenous approach as shown in Figure 1 [65, 64].

neuronal regeneration
by cell-transplantation

pluripotent NSCs neuronal regeneration
stemocells oy by endogenous NSCs
0@

o

endogenous ¥
NSCs

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

stem cells (NSC). Reproduced from [85] License: CC BY 3.0.

Exogenous stem cell therapy propagates stem cells in culture before purification and local or
systemic administration [64]. Research for exogenous stem cell therapy as a stroke treatment

is ongoing. Li et al. found that the rats treated with human bone marrow stromal cells had a



significantly better recovery when compared to the control rats [16]. They found a statistically
significant increase in brain-derived neurotrophic factor and nerve growth factor as well as a
decrease in apoptotic cells in the ischemic boundary zone [16]. Nelson et al. reported on their
phase 1 clinical trial findings which showed that implanted clonal human neuronal grafts were
able to survive in the human brain for over two years [15]. It has been shown that implanted
neural cells are safe in animal models and can improve stroke incomes in rats [14]. Kondziolka
et al. showed that human neural cells implanted into stroke patients were safe [14]. Bang et
al. showed that intravenous infusion of autologous mesenchymal stem cells into stroke
patients was both possible and safe and resulted in improved functional outcomes using the
Barthel index [6]. A major disadvantage of exogenous stem cell therapy is the fact that neural
stem cells lose their differentiation capacity in vitro over time, which constrains their ability

to be functional grafts [86, 87].

Endogenous stem cell therapy utilizes the adult stem cells already present in the CNS [88, 83,
89, 84, 90]. It has been shown in animal models that traumatic brain injuries, including stroke,
promote neurogenesis from the neural stem cells (NSC) located in the subventricular zone
(SVZ) [91, 92, 93, 94]. The NSC migrate to the damaged area of the brain and then

differentiate into neurons to replace the neurons that died during the stroke [81].

Growth factors have also been shown to be able to promote SVZ neurogenesis, causing
migration of the NSC to the site of the injury and NSC proliferation in the penumbra region
[95, 80, 96]. Several different growth factors are currently being studied including: fibroblast
growth factor-2 (FGF-2) [97, 98, 99], vascular endothelial growth factor (VEGF) [100, 101],

brain-derived neurotrophic factor (BDNF) [102, 103], erythropoietin [104], epidermal growth
7



factor (EGF) [105] and stem cell factor [98]. Several other drugs are also being studied to
determine their impact on endogenous stem cell therapy including caspase inhibitors [106]

and anti-inflammatory drugs [107, 108].

In a rat model, VEGF has been shown to promote migration of NSC from the SVZ to the site
of the injury [109]. This led to a 35 % reduced infarct volume after 3 days and associated
functional recovery determined through the improvement of two motor tests and one sensory
test [95]. FGF-2 and EGF increased neurogenesis in the SVZ, helped restore long-term
potentiation, and were associated with an improved spatial orientation [110]. Erythropoietin
has also been shown to be able to increase neurogenesis through the upregulation of VEGF
and BDNF [111]. A double-blind study was performed on 40 patients that showed better stroke
outcomes in erythropoietin-treated patients compared to the control group [112]. The outcome
was evaluated through an increased functional recovery and a reduction in the infarct size

[112].

The question remains of how to place the growth factors into the brain so that they can induce
endogenous stem cell therapy. This is especially challenging after a stroke, because there are
astrocytes and microglia at the site of the injury releasing pro-inflammatory cytokines [4].
This leads to inflammation and the formation of a glial scar around the stroke cavity [4].
Additionally, the BBB prevents the passage of most macromolecules, while allowing the
diffusion of hydrophobic molecules and very small polar molecules [113]. There is currently
research underway to attempt to bypass the BBB [114, 115]. However, these challenges could
be overcome by using local delivery methods such as drug-loaded hydrogels administered

directly to the stroke site.



2.1.1.2 Decompressive Craniectomy (DC)

Although there is a distinct lack of therapeutic options for stroke treatment, there are options
for treating the symptoms and preventing further damage. Both major types of strokes often
result in significant brain swelling [23]. The procedure currently used to manage brain
swelling is called a decompressive craniectomy (DC), in which the skull is opened at the site
of the stroke to allow the pressure to be released [22]. While a DC is an invasive procedure,
the benefits have been shown to outweigh the risks as it greatly reduces the probability of
disability and death, by reducing the pressure within the skull and preventing further damage
to the brain [116, 117, 118, 119, 120]. However, it is important to note that the DC does not
reverse any of the damage to the brain caused by the stroke. In a published statement for
healthcare professionals Wijdicks et al. details the risk-benefit analysis of who should receive

a DC given a variety of variables [121].

2.2 Protective layers of the brain

During a DC, the integrity of the protective layers around the skull are compromised so that
the pressure can be released [121]. The brain has several outer protective layers including the
skin and skull. The protective layers under the skull are called the meninges [122]. The
meninges, from the outside in, are the dura mater, the arachnoid layer and the pia mater. The
outermost layer, the dura mater, lies flush against the skull [122]. It is made of dense and
irregular collagen fibers from neural crest cells and is the thickest layer [122]. Its role is to
protect the brain [122]. The outer surface of the arachnoid mater is in contact with the dura
mater [122]. It is composed of a fine network of collagen and elastin fibers [122]. Its role is to

contain the cerebrospinal fluid (CSF) [122]. The role of the CSF is to cushion the brain by
9



absorbing any shock, as well as circulating nutrients and removing waste products [122]. The
pia mater is a very delicate mesh of elastin and collagen fibers bound to the neural tissue [122].
The protective layers around the brain are shown in Figure 2. Since the meninges are
compromised during the DC, it is necessary to patch the damaged area to protect the brain and

contain the CSF using a duraplasty.

Skin Aponeurosis
olyr s it ] Periosteum

Meninges
Dura mater
Arachnoid
Pia mater

Figure 2. The protective layers around the brain. Reproduced from [123]. License: Public Domain.

2.3 Duraplasty

Several types of duraplasty options have been developed for this purpose over the years. An
ideal duraplasty material should meet all the following characteristics. First, it must have
excellent biocompatibility with no risk of infection [124, 125, 126, 39, 127, 128, 121]. Second,
it must have reasonably high mechanical properties, so that it is able to withstand the wear and
tear of the implementation surgery and protect the brain tissue, while still maintaining some
flexibility and elasticity, so that it is able to conform to the shape of the brain [124, 125, 126,

39, 127,128, 121]. Third, it must be able to prevent CSF leakage [124, 125, 126, 39, 127, 128,
10



121]. Fourth, it must be a readily available, cost-effective source material that is easy to

produce and store [124, 125, 126, 39, 127, 128, 121].

2.3.1 Duraplasty Types
There are four types of material which have been used as duraplasty including: autografts,

allografts, xenografts and synthetic materials.

2.3.1.1 Autograft

An autograft involves the use of material that has been taken from the same individual.
However, there is often insufficient local material (material available at the site of the original
surgery) for replacement, due to the limited size of the surgical site. Therefore, material from
other areas of the body are often used [129, 130, 131, 132, 133, 134, 121]. This requires a
second surgical site which is a significant disadvantage as it increases patient morbidity [135,
132, 134, 131]. The material often used for dural replacement is the fascia lata, a piece of
fibrous tissue deep in the thigh. However, the pericardium, fat, muscle and temporalis fascia
have also been used [126, 135, 136, 131, 121]. Autografts have been shown to have a higher
rate of CSF fistulas, aseptic meningitis and overall implant failure than non-autologous grafts

[137, 138, 121].

2.3.1.2 Allograft

An allograft involves the use of material that has been taken from another individual of the
same species. In the past, the material has been removed from cadavers, and while this
eliminated the problem autografts suffered from of limited availability, this practice has since

been associated with an increased risk of the transmission of viral infections and prion diseases
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[139, 129, 131, 140, 141, 142, 121]. Another example of an allograft is a human amniotic
membrane [143]. However, this material is limited in quantity and is not easy to obtain because

of the ethical issues that surround it, which are similar to those of fetal stem cells [127].

2.3.1.3 Xenograft

A xenograft involves the use of material that has been taken from another species and often
collagen obtained from animal tissue is used [141, 144]. Collagen used for this purpose has
low mechanical strength as it is re-shaped through solubilization in acetic acid which results
in the complete loss of structural organisation from the original collagen matrix [145].This is
problematic because this material has been shown to be susceptible to thinning and hole
formation resulting in CSF leakage and subsequent development of pseudomeningocele [146,
147]. In addition, there is the risk of transmitting animal pathogens or viral infections as well
as a risk of other immunological problems [148, 149, 150, 151, 152]. However, these grafts
can be treated using hydrochloric acid or sodium hydroxide to inactivate prions [153, 132,
133, 134, 140, 141, 154, 155]. A currently commercially available xenograft is the Codman
Duraform® Dural Graft made by Johnson & Johnson in New Brunswick, New Jersey [128].
Duraform® is a duraplasty composed of type | collagen tissue harvested from a bovine
Achilles tendon [128]. It caused a minimal inflammatory reaction and, because it is
absorbable, this reaction decreased over time [128]. It showed manageable handling qualities

and was able to prevent CSF leakage [128].

2.3.1.4 Synthetic Duraplasty
Synthetic materials are more versatile as they can be processed easily into a variety of shapes

and sizes as required [124]. In addition, they are inert and therefore offer a greatly reduced
12



possibility of transmitted diseases [131]. Both absorbable and non-absorbable synthetic
materials have been developed. Non-absorbable materials are permanent implants, whereas
absorbable materials are absorbed by the body over time, which is advantageous as they have
a decreased potential of causing chronic inflammation reactions [124]. Examples of synthetic
materials used include polytetrafluoroethylene [156, 157, 158], polyester urethane [131], silk

fibroin [159, 160] and biosynthesized cellulose [129].

2.3.1.4.1 NeoDura (Medprin Biotech GmbH — Frankfurt, Germany)

This biomimetic patch was primarily composed of biodegradable nonwoven poly (L-lactide
acid) (PLLA) fibers [124]. It was shown to have good mechanical strength and
biocompatibility [124]. It prevented CSF leakage, caused only low inflammation and fully
degraded in 2 years [124]. This patch can help reconstruct the damaged dura mater and thus is

an excellent duraplasty option [124].

2.3.1.4.2 Synthecel (DePuy Synthes — Raynham, Massachusetts)

Synthecel is composed of biosynthesized cellulose from G. xylinus [129]. The cellulose fibers
are non-woven and interconnected to create a mechanical layer which covers and helps repair
the dural defect while preventing CSF leakage [129]. It is immunologically inert with a
minimal foreign body response [129]. It is reported to have a similar thickness to human dura
with good conformation to the brain [161, 162]. It is packaged wet and can be used as an on-
lay or sutured. It is shown to be stronger, with a significantly better seal quality than xenografts

[129].

13



Xenografts and synthetics are the two common types of duraplasty currently commercially
available [124]. However, they have not been developed to also be used as a drug-delivery
system. Therefore, they are not able to treat while performing their role as a duraplasty. This
has not been done previously as it is the combination of two research paths: creating synthetic
duraplasty for use after a DC and the creation of drug-delivering hydrogels for the promotion

of endogenous stem cell therapy.

2.4 Hydrogels

The synthetic duraplasty that was previously created by our lab was composed of a hydrogel.
Hydrogels are three-dimensional networks of hydrophilic polymers which can absorb a very
large amount of water while maintaining their strong mechanical properties [163]. There are
many hydrogel materials such as: collagen, gelatin and agarose. Several of those hydrogels
have been used previously for tissue engineering and have been shown to be biocompatible.
In particular, there are several hydrogels that have been studied for use as potential stroke

treatments.

2.4.1 Post-Stroke Treatment Using Hydrogels
Hydrogels are a very promising new material to provide local drug delivery. Table 1
summarises some of the injectable hydrogels which are being developed for use as stroke

treatment options.
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Table 1. Summary of several hydrogels used for stroke treatment

Hydrogel Results Delivery Mechanism References
Porous hyaluronic This hydrogel reduced the initial inflammatory response, | Injected using a 30-gauge needle | [4]
acid increased peri-infarct vascularization, increased neural directly into the stroke cavity;
progenitor cell (NPC) proliferation and migration to the needle withdrawn after 5 minutes
SVZ zone and resulted in NPC migration into the peri-
infarct region
Poly(ethylene This hydrogel was placed epi-cortically, poly(ethylene Injected into burr hole using a 26- | [164]
glycol)-modified glycol) (PEG) was used to modify EGF and successfully | gauge needs directly into the
EGF in hyaluronan | decrease EGF degradation by proteases, therefore, there stroke cavity; needle withdrawn
and methylcellulose | was an increase in protein accumulation at greater tissue | after 10 minutes
(HAMC) depths with increased NPC proliferation and stimulation
HAMC This hydrogel was placed epi-cortically in mice, it Injected into burr hole using a 26- | [165]
released erythropoietin, reduced the stroke cavity size and | gauge needle directly into the
the inflammatory response, and increased the number of | stroke cavity; needle removed
neurons in the peri-infarct region and migratory after 10 minutes
neuroblasts in the SVZ, it also decreased apoptosis
Hyaluronic acid This hydrogel was tested in mice and non-human Injected using a 30-gauge needle; | [166]
primates (Macaca fascicularis), and it showed that BDNF | injection done at 1 pl/min
was delivered for over 3 weeks and promoted substantial
motor function recovery
Hyaluronan/ This hydrogel diminished inflammation and altered the Injected into burr hole using 30- [5]
Heparin sulfate local environment of the infarct to promote survival of gauge needle; injection done at
NPCs and decrease stress 0.7 ul/min; needle removed after 5
minutes
D-block co- This hydrogel provided sustained delivery of nerve Injected into burr hole using glass | [167]
polypeptide (Kisol2o | growth factor bioactivity within the BBB micropipettes; injections done at
and E1sol20) 0.2 pl/min
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Acellular
extracellular matrix

This hydrogel promoted significant acute endogenous
repair

Injected into burr hole using 24-
gauge needle; injections made at
10 pl/min; needle removed after 5
minutes

[168]

16



2.4.2 Cellulose

Cellulose has a three-dimensional structure with hydrogen bonding between the cellulose
fibers and it can retain a very large amount of water and is therefore considered a hydrogel. It
is the most abundant organic polymer on earth, with a biomass production of around 1.5 * 102
tons per year [169]. It is a linear homo-polysaccharide consisting of two D-glucose molecules
attached via B-1,4-glycosidic linkages as shown in Figure 3. The linear chains join to form
elementary sub-fibers which, through hydrogen bonding, join to form microfibrils which

crystallize to form cellulose fibers [27, 170].

OH

@) OH
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Figure 3. Chemical structure of cellulose [171, 172, 169, 173].

Cellulose is commonly produced from two sources: plants and bacteria. Plants produce
cellulose as part of the structure of their cell wall, while certain types of bacteria produce a
biofilm layer of cellulose [169]. The cellulose produced by bacteria is referred to by many
names, including bacterial cellulose, biosynthesized cellulose, and microbial cellulose [174,
175, 176, 177]. The term biosynthesized cellulose (BC) will be used in this thesis. The bacteria
produce cellulose to protect themselves mainly from ultraviolet radiation as well as other

chemical and mechanical attacks, such as heavy metal ions and to improve nutrient transport,
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because the production of BC keeps the bacteria near the surface of the culture medium where

the oxygen content is greatest [175, 178, 179].

BC has the advantage of a higher degree of purity as compared to plant cellulose which
requires several chemical treatments to remove the lignin and hemicellulose [169, 180, 181,
35]. BC has several other benefits over plant cellulose, including a 100 times smaller fibril,
which allows the overall material to be more porous which has several advantages for tissue
engineering including BC’s ability to be more absorbent per unit volume than plant cellulose
[182, 29, 183]. For example, Rhizobium leguminosarum produce cellulose fibers with 5 nmin
diameter and up to 10 um in length [185]. BC has been shown to be able to hold up to 100
times its dry weight in water [183]. Although the cost of producing BC is currently high, there
is research being done to increase the production of BC using waste materials to decrease the

production cost and be environmentally-friendly [184].

There are several bacteria that produce BC including the gram-negative bacteria
Achromobacter sp., Aerobacter sp., Agrobacterium sp., Alcaligenes sp., Enterobacter sp.,
Gluconacetobacter xylinus, Psuedomonas sp., Rhizobium sp., Salmonella sp. and Sarcina sp.

[185, 186] and the gram-positive bacterium Gluconacetobacter hansenii [187].

2.4.2.1 Properties

BC is chemically pure [24, 25, 182] with variable pore sizes [24, 25]. It has been shown to be
biocompatible and this has been attributed to its structural similarities to the extracellular
matrix (ECM) [25, 188, 28, 29, 20, 24, 189, 31, 190]. It has a very high water holding capacity

[188, 28, 29] and can retain its high tensile strength in a hygroscopic state - while fully
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saturated with water [20, 39]. It is highly modifiable, both chemically and physically [190,
32]. For example, altering the container and production method (static, agitated or airlifted)
can change the morphology of the membrane, altering the duration of culturing can vary the
thickness of the membrane, and altering the contents of the media used can alter the quality of

the fibers as well as the homogeneity and density of the membrane [191, 29, 192, 193].

The top and bottom surfaces of BC membranes are different due to the difference between the
liquid versus air interactions with cellulose as it is produced. The top of the BC, the side in
contact with the air, is more dense than the bottom of the BC, the side in contact with the
liquid, which is more gelatinous and porous [194, 195, 196, 197, 198, 183]. This is not ideal
for our purposes of a drug-delivering duraplasty and therefore some physical modifications

were performed to create a more uniform membrane.

2.4.2.2 Tissue Engineering Applications of BC

The amount of research being done on BC for use in tissue engineering has increased
exponentially in recent years [169]. Tissue engineering (TE) uses cells, scaffolds and growth
factors to repair and restore the function of damaged tissue. The ideal scaffold must be
biocompatible, should have a three-dimensional structure with a well-defined microstructure
which consists of an interconnected pore network, and should have mechanical properties like
those of the real tissues it is being used to replace [199, 200, 201]. BC has been shown to meet
all those requirements and therefore has been used for a variety of different TE applications
[202, 203, 195, 35]. Table 2 summarises the major areas of research of TE that are currently

employing BC.
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Table 2. Summary of several tissue engineering applications of BC

Application | Bacteria Results References
Wound Acetobacter Compared to regular gauze, BC membranes were found to increase the speed of [204]
dressings sp. A10 healing of second degree burn injuries on SD rats
A. xylinum Nanocrystalline zinc oxide particles were incorporated into BC and the resulting [33]
membranes showed strong antibacterial activity against both gram-positive and
gram-negative bacteria
A. xylinum BC coated on cotton gauze significantly increased its water absorbency and wicking | [205]
ability
Obtained BC The silver sulfadiazine infused BC membranes had significant antimicrobial activity | [206]
from Hainan against both gram-positive and gram-negative bacteria
Yida Food Co.
Ltd. (China)
A. xylinum The benzalkonium chloride infused BC film was found to have gained stable [207]
antimicrobial properties for at least 24 hours against gram-positive bacteria
A. xylinum Silver nanoparticles were dispersed on BC nanofibers using a reaction between [182]
AgNOs and NaBHj4 resulting in hybrid nanofibers with strong antimicrobial
properties against both gram-positive and gram-negative bacteria
G. xylinus BC was used as both the reducing and stabilizing agent during the hydrothermal [208]
synthesis of silver nanoparticles, an environmentally benign process to produce a
material which provided a prolonged release of silver and an associate prolonged
antibacterial performance against gram-positive bacteria
G. xylinus Silver nanoparticles were imbedded in BC membranes using triethanolamine and the | [209]
composite membranes were shown to contain only Ag particles (not a mixture of
silver oxides) and they displayed strong antimicrobial properties against both gram-
positive and gram-negative bacteria
A. xylinum Silver nitrate was incorporated into BC membranes, then sodium borohydride was [176]

used to reduce the Ag* to AgP (silver nanoparticles) and the membranes exhibited
strong antimicrobial activity against both gram-positive and gram-negative bacteria
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A. xylinum Dried BC was proposed as a temporary skin substitute [210]
Obtained BC Silver nanoparticles were evenly distributed over BC nanofibers and exhibited [211]
from Hainan significant antibacterial activities against both gram-positive and gram-negative
Yida Food Co. | bacteria for over 72 hours while permitting the attachment and growth of epidermal
Ltd. (China) cells in order to promote wound healing
A. xylinum BC membranes were modified with aloe vera gel, which resulted in stronger [212]
mechanical strength, higher crystallinity, higher water absorption capacity, higher
water vapor permeability, and reduced pore size
A. aceti Hydrolysis was used to incorporate partially deacetylated chitin nanocrystals onto [213]
BC nanofibers, which resulted in nanocomposites which showed strong antibacterial
activity making this is a novel, environmentally friendly way to introduce
antimicrobial properties
A. xylinum BC with sodium alginate and silver sulfadiazine were prepared and the composites | [214]
were shown to have excellent antibacterial activities against both gram-positive and
gram-negative bacteria as well as good biocompatibility
Cardiovascu | A. xylinum An anisotropic PVA-BC nanocomposite was created which had similar mechanical | [34]
lar implants properties to a porcine aorta within the physiological range and even better
properties beyond physiological strains
A. xylinum Tubular BC was designed with an inner diameter of 1 mm while retaining the [194]
excellent qualities of BC such as high hygroscopic mechanical strength, high water
retention capabilities and low roughness of the inner surface making this material
very promising as an artificial blood vessel in microsurgery
A. xylinum BC tubes were cross-linked with chitosan/heparin composite to prevent blood clots | [215]
in its use as a biomimetic scaffold for blood vessel tissues and they were shown to
be suitable for cell proliferation and ingrowth
Cartilage G. xylinus BC was shown to support growth and proliferation of chondrocytes (cartilage cells) | [35]
scaffolds as well as ingrowth into the scaffold
G. xylinus Paraffin beads injected during the fermentation process caused porous BC which [216]

offered an optimal environment for chondrocyte seeding and ECM production
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G. xylinus

BC was shown to have equal mechanical properties to native ear cartilage and other
benchmark replacement materials, and it can be uniquely shaped for each patient

[217]

G. xylinus

BC was compared to collagen and pig meniscus as a potential meniscus implant and
was found to have higher mechanical strength than collagen but lower mechanical
strength than the pig meniscus, however, it can be produced in the correct shape and
it promotes cell migration which makes it an attractive material

[218]

Bone
scaffolds

G. xylinus

BC-hydroxyapatite nanocomposite membranes were created by incubation in CaCl;
followed by Na,HPO4 and were shown to be effective for bone regeneration

[219]

A. xylinum

BC was found to be a good localized delivery system of bone morphogenetic
proteins which induced osteoblast (bone cell) differentiation allowing it to develop
more new bone than plain BC scaffolds

[220]

A. xylinum

Paraffin wax microspheres were incorporated into the fermentation process to create
a porous environment which allowed cells to cluster within the pores and form
denser mineral deposits than on the surface of BC

[221]

A. xylinum

Using a biomimetic approach BC was negatively charged using carboxymethyl
cellulose to initiate nucleation of calcium-deficient hydroxyapatite, the presence of
which on the BC resulted in increased cell attachment, therefore promoting bone
healing

[222]

Obtained BC
from Aich
Foods Inc.
(Japan)

Antibiotics were incorporated into BC, which was then mixed with the bone cement,
the mechanical properties of the bone cement were not affected and there were
increased levels of antibiotic release than in antibiotic bone cement without
cellulose

[223]

G. hansenii

The skeleton of a sand dollar ((Ca,Mg)COs3), which has an interconnected porosity,
was coated by BC, then with calcium phosphate (apatite), a bioactive surface,
allowing for cell adhesion while the structure remained conducive to cell migration
and vascularization

[224]

A. aceti

BC was immersed in graphene oxide/hydroxyapatite which supported the adhesion
of osteoblast cells with good viability leading to a potentially osteo-inductive
material

[225]
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G. hansenii

BC was chemically-modified into dialdehyde BC, making it biodegradable and
calcium-deficient hydroxyapatite was attached forming nanocrytallites, giving this
material great potential as a synthetic bone graft

[226]

A. xylinum

A BC-gel/HAp (gelatin/hydroxyapatite) composite was synthesized and it
successfully increased the mechanical strength, adhesion, proliferation and
differentiation compared to the BC/HAp composite making this new material an
ideal bone scaffold

[227]

Dental
Treatments

A. hansenii

BC was found to have greater absorption, higher cumulative drug release and better
compatibility than paper points (plant cellulose) which are currently used for dental
root canal treatment, which makes BC an excellent alternative

[37]

Acetobacter
sp.

BC was synthesized to contain cement (mineral binding powders) and it showed
improved features such as setting time and biological properties with the material
able to sustain cell survival and promote cell proliferation giving this composite
potential for use in endodontics

[228]

Artificial
cornea
implants

A. xylinum

A BC/PVA composite was developed which had a high percent light transmittance
with strong mechanical properties and excellent thermal properties making it a very
promising artificial cornea composite material

[38]

Neural
implants

G. xylinus

Biocompatible neurotubes were developed which were used as guidance channels to
aid in the reconstruction of damaged peripheral nerves by preventing the formation
of neuromas while allowing neurotrophic factors to gather and facilitate neural
regeneration

[229]

A. xylinum

BC was used in rabbits as a duraplasty and it was found to be biocompatible and it
successfully prevented CSF leakage

[39]

Urinary
conduits

A. xylinum

A BC scaffold was generated and seeded with urine-derived stem cells which
provided favorable conditions to assist in the development of a TE urinary conduit

[40]

Nutrient
delivery

A. xylinum

Microstrands of BC covered with mammalian cells were developed to use as a
pathway for nutrition and oxygen to feed the cells in the central region of functional
macroscopic tissues

[41]
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2.4.2.3 Drug Delivery Applications of BC

While BC has been employed in many TE fields, it is especially interesting for drug delivery
applications. Drug release is an important aspect of TE, and BC has been used as a drug
delivery platform in a variety of ways. It has been used transdermally to release molecules
such as lidocaine, ibuprofen, caffeine and diclofenac [230, 42, 231, 232]. It has also been used
as an oral drug-delivery system to provide a more controlled release, from 95 % of drug release
in one hour by the commercial tablets, to 80 % of dug released over 20 hours when coated
with BC [233, 173]. Hydrogel drug release is based entirely on diffusion [234]. For this thesis,

microspheres will be incorporated into the BC to improve the drug delivery profile.

2.5 Microspheres

Microspheres are spherical shells on the micro scale composed of protein or a synthetic
polymer. For use in TE, a degradable material is often chosen for the formation of
microspheres so that they can be filled with a material which will be released as the
microsphere degrades. Since they are biodegradable drug-delivery systems, there is no need

for device recovery [235].

2.5.1 Types of Microspheres

There are many different materials used to make microspheres, but the most abundantly
studied are single polymer microspheres using poly (lactic-co-glycolic acid) (PLGA) [235,
236]. This is because the polymers and co-polymers lactic and glycolic acids have been shown
to be biodegradable and biocompatible [235, 236]. PLGA degrades due to the hydrolysis of
the ester linkages present between the co-polymers to leave lactic acid and glycolic acid which

enter the citric acid cycle and are eliminated as carbon dioxide and water [237, 238, 239, 240].
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There are several monomer ratios of PLGA commonly available. The chemical structure of
PLGA is shown in Figure 4. Other materials used to create microspheres include: chitosan,
alginate, PLLA and PLGA with different monomer ratios such as PLGA 50:50 and PLGA

75:25.
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Figure 4. Chemical structure of PLGA where x refers to the number of units of lactic acid and y refers to the number of units
of glycolic acid [239, 241].

The release profiles of various microspheres have been well documented and used as a method
for controlled drug delivery as they have been shown to be able to provide a prolonged release
of their contents [235, 239, 242, 243]. They allow for the local release of a high concentration
of drugs which circumvents the problems associated with systemic administration [235, 244].
In addition, those release properties can be easily modified by varying the synthesis of the
microspheres or their environment during release [245, 246, 247, 56]. Therefore, microspheres
have been very successfully used for a variety of drug delivery purposes in TE, specifically
for drug delivery to the kidneys, liver, spinal cord, brain and cardiovascular system [44, 45,

46, 47, 48, 49, 50, 51, 52, 53].
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2.5.1.1 Single-walled microspheres (SWMS)

SWMS are a sphere of polymer encapsulating a protein or drug to be delivered. However,
SWMS have some inherent shortcomings to their ability to deliver drugs including a high
initial burst and a low encapsulation efficiency. A high initial burst can be harmful, especially
if toxic threshold levels are reached [56, 248]. In addition, a low encapsulation efficiency is

wasteful and not cost efficient [249, 56].

While there are several different methods for SWMS fabrication, the solvent evaporation
method was used here. It is called a solid-in-oil-in water emulsion technique [250, 251, 252].
To create SWMS, the drug is added to a polymer, in our case PLGA 50:50, in solution with
an organic solvent. This solution is then emulsified with water containing poly (vinyl alcohol)
(PVA) as a surfactant and stirred until the organic solvent has evaporated. The use of a
surfactant is to coat the droplets, forming a protective layer, and stabilize the formation of the
microspheres to prevent coagulation [253]. Using PVA as a surfactant instead of Tween-20,
Span-20 or SDS was shown to result in smaller particles and a smoother surface [254].
Specifically, a 1 % PVA solution was shown to result in more uniform microspheres [255].
As the concentration of polymer increases due to the evaporation of the solvent, the polymer

droplets solidify forming microspheres [235].

The release of materials from SWMS is due to a combination of diffusion through the
microsphere and degradation of the microsphere [256]. There are three phases to SWMS
release. First, there is an initial burst release. Initial burst refers to the amount of drug released
within the first 24 hours [56, 248]. Generally, a high encapsulation efficiency is correlated

with a high initial burst, which is problematic because a high encapsulation efficiency is
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desirable but a high initial burst is not [54, 56, 55]. The encapsulation efficiency is the amount
of drug retained by the microsphere compared to the amount loaded. The initial burst is the
amount of drug release within the first 24 hours compared to the total amount released. It is
postulated that when the encapsulation efficiency is increased in SWMS, the extra drug is in
fact located near the surface which causes the high initial burst [54, 56, 55]. Second, there is
a slow release phase due to diffusion of the drug through the pores in the microsphere walls
[56]. Third, there is a more rapid release phase starting around 20 days when microspheres
degradation starts and the pores in the polymer walls increase in size [56, 55, 257]. SWMS
have been shown to release for around 80 days, although this varies based on the selected

material [239].

2.5.1.2 Double-walled microspheres (DWMS)

DWMS have the potential to be an excellent alternative to SWMS with the ability to provide
an improved sustained release for up to several months of release, without the problems
associated with SWMS [235, 258, 259, 260, 261]. DWMS have two distinct polymer layers
called the core and the shell. The purpose of the double-wall is to ensure that the drug is
contained within the core of the DWMS, which provides a larger distance for drug diffusion,
alleviating the initial burst [235]. The initial burst has been shown to be decreased to from
above 30 % for the SWMS to below 20 % for DWMS [262, 263]. Another group was able to
further decrease the initial burst to 4 % using the DWMS [56]. By increasing the diffusion
distance and containing the drug located on the surface of the SWMS in the core of the DWMS,

the shell acts as a rate-limiting barrier for the drug release [56]. It has also been shown that
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DWMS have a higher encapsulation efficiency, above 70 % rather than SWMS of 40 % [56,

260, 262, 264].

In this thesis, PLGA 50:50 was chosen as the core material and poly (.-lactic acid) (PLLA)
was chosen as the shell material. These materials have previously been shown to be immiscible
making them a potential pairing for the double-wall creation [56]. PLLA is a biodegradable
polymer with a slower degradation rate than PLGA because it has a higher hydrophilic content.
Therefore, it was chosen as a shell to contain the drug for a longer period. DWMS have been
successfully used to encapsulate many different molecules including: bovine serum albumin

(BSA) [258], doxorubicin [259], piroxicam [265] and gentamicin sulphate [260].

The DWMS were created using the same premise of solvent evaporation as the SWMS. To
fabricate the DWMS, the BSA is encapsulated in the PLGA core, then coated with the PLLA
shell. This fabrication process is more complicated than the SWMS, and it is called a solid-in-
oil-in-oil-in-water emulsion technique [261, 260]. The BSA was dispersed in PLGA 50:50 in
solution with an organic solvent, this is the solid-in-oil portion. In this step the drug is
dispersed throughout the polymer that will become the core of the double-walled
microspheres. Then, that BSA and PLGA polymer mixture was emulsified with a PLLA
solution in organic solvent, this is the oil-in-oil portion. The emulsion was then injected into
a non-solvent bath of PVA in water, this is the oil-in-water portion. This solution was stirred
for a long time allowing for the organic solvent evaporation and therefore an increase in the
polymer concentration in the solution. As the polymer concentration increases, there was
phase separation between the two immiscible polymers [265, 259, 56, 235, 266]. Based on the

spreading coefficient theory, the two polymers are most likely to configure themselves in the
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most thermodynamically stable configuration if given enough time (this is dependant on the
rate of solvent evaporation) [265, 56]. Spreading coefficient theory is the tendency of a liquid
to spread spontaneously across another liquid when they are suspended as emulsified droplets
in a solvent and its based on their surface tensions [265]. Therefore, the core and the shell
structure of the double-walled microspheres was formed. The spreading coefficient is

represented by Equation 1:

AAB = yBS — yAS — YA 1)

Where yAS and yBS are the interfacial tensions between the solvent and polymer A and B
respectfully, and yAB is the interfacial tension between the two polymers. If the spreading
coefficient is positive, polymer A will spontaneously spread on polymer B [265]. The

fabrication process took optimization as there are several different possible configurations

based on spreading coefficient theory as shown in Figure 5.
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Complete Partial Non-Encapsulation
Encapsulation Encapsulation

Figure 5. Possible configurations based on spreading coefficient theory; from left to right: complete encapsulation, partial

encapsulation and non-encapsulation [265].

DWMS can contain the drug that tends to accumulate on the surface of SWMS and therefore
alleviate the issue of initial burst by containing that drug within the core and coating the core
with the shell. This not only decreases the amount of drug on the surface of the microsphere,
but also increases the distance it must travel to diffuse out of the microsphere. The DWMS
have three phases of release. First, there is a lag phase as the shell polymer contains all the
drug. Second, there is slow release due to diffusion. Third, there is a more rapid release due to

polymer degradation [56, 260].

2.5.2 Incorporation into Hydrogels
The incorporation of microspheres into hydrogels has been shown to provide a more controlled
drug release than either hydrogels or microspheres alone [202, 267]. The ideal drug release is

incremental also called a zero-order release, where the same amount of drug is released each
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day over a specific and pre-determined amount of time. Microspheres by themselves are
known to have a large initial burst of over 30 %, but they are able to hold a lot of drug and
provide a prolonged release of around 80 days or SWMS and up to several months for DWMS
[54, 55, 56, 239]. Hydrogel can not hold very much drug as they tend to only release for
between 7 to 10 days depending on the hydrogel, but they are an excellent scaffold material
[268, 269, 270, 271, 272, 273, 274, 275, 276]. Therefore, the combination of microspheres
inside hydrogels will theoretically combine the best of both TE therapies in a duraplasty and
achieve an ideal, controlled drug release profile for a prolonged period [202]. Table 3
summarises some of the studies that have incorporated microspheres into hydrogels to improve

the resulting drug delivery system.
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Table 3. Summary of several microsphere and hydrogel composites.

therefore has a wide variety of
potential uses in TE

Hydrogel | Microsphere | Encapsulated | Purpose Altered TE performance Reference
material | material material
Alginate | PLGA Alginate NPCs were successfully cultured | The alginate lyase was successfully [17]
hydrogel lyase and expanded in this released from the PLGA microspheres
controllably-degradable over time allowing for the gradual
hydrogel which has a wide degradation of the alginate hydrogel.
variety of potential applications | The degrading alginate hydrogel
in TE. showed an increase in the expansion
of the cultured NPCs compared to
those cultured in the control, non-
degrading alginate hydrogel
Poly(N- | PLGA Anti-VEGFs | This material successfully This composite hydrogel resulted ina | [57]
isopropyl (ranibizumab | reduced the choroidal greater treatment efficacy for
acrylami or neovascularization lesion areas | choroidal neovascularization using
de)- aflibercept) with no adverse effects on substantially less drug for posterior
based retinal cellular function segment eye diseases
thermo-
responsi
ve
hydrogel
Alginate | PLGA Angiogenic The scaffold was vascularized The addition of the PLGA [58]
hydrogel factors, such | with four times more penetrating | microsphere to this hydrogel provided
as basic capillaries due to the controlled | a nearly linear release profile of bFGF,
fibroblast release of bFGF due to the which maintained its bio-activity and
growth factor | increased proliferation of the the release profile was controlled
(bFGF) cardiac fibroblasts, this material | primarily by the microspheres
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Carboxy | Chitosan Bovine serum | This microsphere-containing, The composite hydrogels showed a [18]
methyl albumin injectable hydrogel had strong low protein release rate with a reduced
chitosan/ (BSA) and mechanical properties, good initial burst for 2 weeks which led to
Oxidized bovine bioactivity, and an appropriate higher viability
chondroi articular degradation rate showing its
tin chondrocytes | great potential as an injectable
sulfate drug and cell delivery system
Poly(vin | PLGA Transforming | This material promoted The composite was able to promote [59]
yl growth chondrocyte adhesion and cell adhesion in a statistically
alcohol) factor-p1 proliferation in a controlled significant way in comparison to the

manner blank hydrogels
Collagen | Gelatin Gentamicin This material was used for skin | The composite material greatly [60]
/ sulfate trauma dressing, it was reduced the initial burst and provided
cellulose biocompatible with a prolonged | a more controlled and prolonged

release of antibiotic, and it was | release

shown to provide significant

inhibition against both gram-

positive and gram-negative

bacteria
Oligo(po | Gelatin Rabbit This material held the cellsata | The composite was able to promote [277]
ly(ethyle mesenchymal | specific site and provided a glycosaminoglycan production beyond
ne cells and sustained release of bioactive what the blank hydrogel could attain
glycol)fu transforming | molecules to encourage
marate) growth proliferation, differentiation and

factor-p1 matrix production
HAMC | PLGA Cyclosporin | This material allowed for the Incorporating the microspheres into [19]
A (CsA) tunable release of CsA which this system more than tripled the

helps the NPCs survive after
transplantation

length of the release profiles from
several days to 3 to 4 weeks
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HAMC | PLGA and Pegylated This material held the particles | The two different types of [62]
PLGA with EGF (EGF- in place and reduced the microspheres integrated into the
poly (sebacic | PEG) and inflammatory response and hydrogel led to the successful creation
acid) coating | erythropoieti | provided sequential delivery of a dual-phase release
n which lead to tissue repair
PEG- PLGA Transforming | The lung cell growth inhibition | The composite was able to eliminate [45]
diamine growth was constant throughout the the initial burst and provide zero-order
factor-p1 study period release
Silk Alginate Nerve growth | NGF was loaded and released The rats treated with the composite [63]
fibroin factor (NGF) | from the composite scaffold and | hydrogel showed improved motor
it enhanced the sparing of spinal | function when compared to the control
cord tissue and increased the group after 8 weeks
number of surviving neurons
PVA, PCL bFGF The composite was created to be | The composite demonstrated a zero- [278]
chitosan able to delivery bFGF, used to order release without affecting the
and promote fibroblast proliferation | viscoelastic properties of the hydrogel
gelatin and migration, without the loss | and managed to accelerate wound
of bioactivity that occurs when it | regeneration to 50% closure in only 4
is directly administered days
HAMC | PLGA CsA The composite was designed to | The composite was shown to provide | [21]

provide local delivery of CsA to
stimulate endogenous stem cells
while providing tissue protection
in the CNS

sustained release for 14 days, and
there was a marked improvement
when compared to systemic delivery
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2.6 Purpose

2.6.1 Motivation

The motivation behind this project was to address the serious current lack of effective stroke
treatments. The plan to accomplish that was to combine several areas currently undergoing
research as treatment options for stroke, including synthetic duraplasty development, drug-
delivery systems and endogenous stem cell therapies. Since duraplasty are frequently used as
part of the treatment plan for strokes, the plan was to develop a duraplasty that was
simultaneously a drug-delivery system. The drugs to be delivered, specifically growth factors,

would induce endogenous stem cell therapy to promote neural regeneration.

In this work, we hypothesized that the blended biosynthesized cellulose (BBC) duraplasty
membranes with incorporated, drug-loaded microspheres would provide a sustained drug

release profile suitable for stimulating endogenous regeneration for stroke treatment.

2.6.2 Objectives

The following were the objectives for this thesis.

Aim 1: Fabricate the blended biosynthesized cellulose (BBC) membranes, the SWMS and the

DWMS.

Aim 2: Characterize the SWMS and DWMS including size distribution, physical
characterization using scanning electron microscope (SEM) images and encapsulation

efficiency. The physical characterization for the DWMS will also include layer analysis.

Aim 3: Fabricate the SWMS composite membranes and the DWMS composite membranes.
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Aim 4: Characterize the composite membranes including the microsphere retention, physical

characterization using SEM images and thickness, swelling ratio and mechanical testing.

Aim 5: Evaluate the drug release profiles of the SWMS, DWMS, SWMS composite

membranes and DWMS composite membranes.

The purpose of this study was to fabricate and characterize a composite membrane with the
potential to be a drug-releasing duraplasty. The characterization of the composite membranes
was done to ensure that the addition of the microspheres did not damaged the properties of the
duraplasty that was previously developed and to compare to a commercially available
duraplasty, Duraform®. Both SWMS and DWMS will be incorporated in the duraplasty to
create SWMS composite membranes and DWMS composite membranes to improve the drug
delivery profile. For the material development, BSA was used as a test drug. The novel aspect
of this thesis lies in the improvement of the length of the potential therapeutic effect of the
new drug-delivering composite membranes which are an innovative option for stroke

treatment.
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3. Materials and Methodology

3.1 Materials

3.1.1 Microspheres

PLLA (inherent viscosity: 0.90-1.20 dL/g) and PLGA 50:50 (inherent viscosity: 0.76-0.94
dL/g) were purchased from Durect Corporation (Cupertino, CA). BSA (66.3 KDA) was
purchased from MP Biomaterials, Inc (Solon, OH). PVA (mw: 44.053 g*mol ) was purchased
from Sigma-Aldrich (Burlington, MA). Analytical grade chloroform (mw: 119.38 g*mol™)

was purchased from OmniSolv® (Etobicoke, ON).

3.1.2 Membranes

Gluconacetobacter hansenii was obtained from American Type Culture Collection (ATCC®O,
Manassasm VA). DWK Life Sciences Kimble™ KIMAX™ Buchner Kimflow™ fritted disc
filters with coarse porosity (60 mL borosilicate glass) were obtained from Fisher Scientific
Company L.L.C. (Ottawa, ON) for the filtering process. Phosphate buffer saline (PBS) used
for in vitro release study was obtained from VWR (Mississauga, ON) containing 137 mM
NaCl, 2.7 mM KCI and 10 mM phosphate buffer. 0.02 % (w/v) analytical grade sodium azide
(NaNs, mw: 65.01 g*mol?!) was added to the PBS, obtained from BDH Chemicals

(Mississauga, ON).

All other materials and solvents used were of analytical grade. All materials and solvents were

used without modification unless otherwise indicated.
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3.2 Methodology

3.2.1 Microsphere Protocol

3.2.1.1 Preparation of Single-Walled Microspheres (SWMS)

The SWMS were created using a double emulsion evaporation technique called solid-in-oil-
in-water, following the protocol developed by Cao and Shoichet [279]. In brief, 0.2 g of BSA
were added to 4 mL of 25 % (w/v) solution of PLGA 50:50 in chloroform. Subsequently, 20
mL of 1 % PVA solution were added to the dispersion and it was emulsified for 90 seconds at
7500 rpm using a homogenizer (Power Gen 500 from Fisher Scientific, Loughborough,
Leicestershire). The emulsion was then added to 300 mL of 0.1 % PVA and mixed for 3 hours
at room temperature using a mixer at 300 rpm. The resulting microspheres were extensively
washed and then lyophilized for 2 days. This process is shown in Figure 6. For blank SWMS,

the same methodology described above was used with no addition of BSA.

38



— 4

PLGA +
Chloroform

BSA

1. Emulsify

Polymer
solution

2. Emulsify

v

Polymer
solution

3. Mix for 3 hours

\/

4. Centrifuge and Wash

\ 4

5. Lyophilize

\ 4

SWMS

0.1%PVA

Figure 6. Schematic of SWMS fabrication.

3.2.1.2 Preparation of Double-Walled Microspheres (DWMS)

The DWMS were created using a solid-in-oil-in-oil-in-water solvent evaporation
methodology, following the protocol developed by Tan, Lin and Wang [280]. In brief, 0.02 g
of BSA were added to 1 mL of 20 % (w/v) solution of PLGA 50:50 in dichloromethane (DCM)
and emulsified for 30 seconds at 7500 rpm using a homogenizer (Power Gen 500 from Fisher
Scientific, Loughborough, Leicestershire). Subsequently, 1 mL of 20 % or 40 % (w/v) solution

of PLLA in DCM was added to the PLGA/BSA solution and emulsified for a further 120
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seconds. When 20 % was used, the polymer ratio in the resulting microspheres was 1:1, and
when 40 % was used, the polymer ratio in the resulting microspheres was 2:1, with twice as
much PLLA as PLGA 50:50. The emulsion was then injected slowly into 200 mL of 0.5 %
PVA using a 3 mL syringe and mixed for 4 hours at room temperature using a mixer at 500
rpm. The resulting microspheres were extensively washed and then lyophilized for 2 days.
This process is shown in Figure 7. For blank DWMS, the same methodology described above

was used with no addition of BSA.
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Figure 7. Schematic of DWMS formation.

3.2.2 Encapsulation Efficiency

The encapsulation efficiency (EE) of the microspheres was calculated to determine the amount
of drug per gram of microspheres. Specifically, 0.1 g of microspheres created from a single
batch were added to 1.5 mL of 0.5 M NaOH and incubated for 48 hours at 37 °C. The resulting
reactants were then centrifuged, and the supernatant was collected to determine the BSA

content. The EE was calculated using Equation 2. The encapsulation efficiencies of both
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SWMS and DWMS were evaluated. Experiments were conducted in triplicate for three

different batches of each SWMS and DWMS.

EE (%) — actual BSA content + 100 % (2)

theoretical BSA content

3.2.3 Microsphere Size Analysis

To characterize the size distribution of the SMWS and DWMS, a scanning electron
microscope (SEM, Phenom Pro, Phoenix, AZ) was used. The size analysis was performed to
compare the BSA-loaded and blank microspheres to ensure their similarity and to be able to
predict based on the literature the estimated length of release. Using 40 SEM images of five
batches of microspheres, the size of all the imaged microspheres were determined. ImageJ was

used to determine the diameter of the microspheres [281].

3.2.4 DWMS Polymer Layer Characterization
To characterize the layers of the DWMS, the microspheres were cryo-sectioned and then
loaded directly onto SEM mounts. The cross-sectioned DWMS were imaged, then rinsed with

10 mL of ethyl acetate. Once dry, the cross-sectioned DWMS were imaged again.

3.2.5 Composite Blended Biosynthesized Cellulose (BBC) Membrane Production Protocol

The BC membranes were produced by Gluconacetobacter hansenii, with an inoculum
concentration of 1.3 * 10° CFU*mL™?, in a culture medium containing 20 g/L glucose, 5 g/L
peptone, 5 g/L yeast extract, 2.7 g/L Na2HPO4 and 1.5 g/L citric acid for 7 days at 26 °C. The
BC membranes were purified by immersing them in 0.1 M NaOH at 50 °C for 24 hours and
then rinsing them with distilled water until a neutral pH was reached. The purified BC

membranes were subsequently mixed with water in a blender to create a BBC pulp as shown
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in Figure 8. Both high and low BBC pulp concentrations were used to create the BBC
membranes. For the high pulp concentration, a pulp concentration of 0.00318 g cellulose / mL
water was used, while for the low pulp concentration, a pulp concentration of 0.00158 g

cellulose / mL water was used.

70 mL of BBC pulp and varying amounts of dried microspheres (0.1 g, 0.05 g, 0.025 g or 0 g)
were added to two 50 mL centrifuge tubes and well mixed using a vortex. The pulp mixture
was then vacuum filtered to remove most of the water content. Both centrifuge tubes were
rinsed to ensure minimal loss of product in the transfer. The filtration continued until the water
stopped dripping which took approximately 1 hour per membrane. The BBC membrane was
then delicately removed from the filter and then lyophilized for 1 day. This process is shown

in Figure 8.
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Figure 8. Schematic of BBC composite membrane fabrication.

3.2.6 Microsphere Retention

The microsphere retention (MR) into the composite membranes was calculated by using the
difference in mass between the control and composite membranes. The only change in the
fabrication protocol between the control and composite membranes was the addition of the
microspheres and therefore the additional mass in the composite membrane was as a result of
the microspheres. Large batches of pulp were made to ensure uniformity in the amount of BC

between all membranes. Equation 3 was then used to calculate microsphere retention.
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(composite membrane mass — control membrane mass)

MR (%) = * 100 % (3)

mass of microspheres added

3.2.7 Swelling Ratio Protocol
Each membrane was submerged in 15 mL of distilled water. At predetermined times points,
the membranes were retrieved from the water and weighed. Equation 4 was used to calculate

the swelling ratio of the membranes.

SR (%) = W * 100 % (4)

Where SR was the swelling ratio, Wswo was the weight of the swollen membrane at each

time point and Wdry was the initial dry weight of the membrane.

3.2.8 Mechanical Test Protocol

Fully rehydrated samples were cut into 10 mm by 30 mm rectangles [282]. The thickness of
each sample was measured immediately prior to each test to obtain the cross-sectional area of
each sample. Filter paper was used between the grips of the mechanical tester and the sample,
on both ends of the sample to prevent slippage. 7.5 mm of the sample were gripped by the
clamps on both ends of the sample. An Instron 3000 tensile (Norwood, MA) testing machine
was used with a cross-head speed of 5 mm/min to take all the samples to failure. Samples
where fracture occurred at clamp edge were discarded. Load-extension curves were recorded
using the Instron Bluehill 2 software (Norwood, MA) and used to measure Young’s modulus,

ultimate tensile strength and elongation-at-break.
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3.2.9 Drug Release

The (0.1 g, 0.05 g, 0.025 g and 0 g) SWMS and DWMS composite membranes and the (0.1 g,
0.05 g, 0.025 g and 0 g) SWMS and DWMS alone were submerged into 15 mL and 2 mL of
PBS with 0.02 % (w/v) NaNz, respectively. All the samples were sealed and placed ina 37 °C
incubator. At predetermined time points, 0.32 mL of PBS were removed from each sample
and the same amount of fresh PBS was added back into the sample. The microsphere samples
were centrifuged prior to PBS removal and vortexed after fresh PBS addition. All the collected
samples were tested for the presence of BSA using a micro bicinchoninic acid (BCA) kit
following the vendor’s protocol. Equation 5 was used to calculate the cumulative amount of

BSA released.
R = (cn=vo) + Y (ci * vi) (5)

Where R was the cumulative amount of BSA released at each time point, ¢, was the measured
concentration from the BCA assay, Vo was the total volume of the sample at that time point, ¢
were all the previously measured concentrations from the BCA assay, and v; were the aliquot

volumes which were removed from the sample at each time point.

The initial burst release (BR) was calculated at the 24 hours time point using Equation 6.

Cumulative amount released after 24 hours

BR =

* 100 % (6)

Total cumulative amount released

3.2.10 Statistical Analysis
The results are presented as mean + standard deviation. All the data were treated statistically

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

Prism 6 Data (Graphpad Software, La Jolla, CA).
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4. Results and Discussion

4.1 Preparation and Characterization of Microspheres

The first aim of this thesis was to produce the microspheres to improve the drug-delivery
properties of the duraplasty developed by our lab. The SWMS were successfully produced and
characterized before incorporation into the composite membranes. It was important to
determine the size of the microspheres because it had been shown previously that the size
directly affected the drug release profile [283, 284, 285]. The surface area to volume ratio was
shown to impact the speed of the microsphere degradation; the higher the ratio the faster the
degradation [283, 284, 285]. The degradation rate has been directly correlated to the diffusion
rate of the drug out of the pores in the microspheres and therefore the microsphere release

profile [283, 284, 285].

For the SWMS, there was no statistically significant difference between the size of the BSA-
loaded and blank microspheres (p > 0.05) as shown in Figure 9A. Therefore, the blank
microspheres were used for characterization purposes and the BSA-loaded microspheres were
used for the release studies. The BSA-loaded and blank SWMS had a narrow size distribution
(Figure 9A), with most of the microspheres falling between 10 and 15 um. The SEM images
shown in Figure 9B and 9C are representative images showing blank and BSA-loaded SWMS
with an average size of 16 £ 5 umand 16 + 4 um in diameter, respectfully. The average SWMS
size obtained here was similar to many other papers [286, 287, 288, 289]. For example, Cao
and Shoichet showed a SWMS composed of PLGA 50:50 with a diameter of around 16 um

[279] and Determan et al. prepared a SWMS composed of poly sebacic anhydride and
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poly(1,6-bis-p-carboxyphenoxy)hexane using a similar water/oil/water methodology and
obtained microspheres with an average diameter of 20 um [286]. In the future, it would be
useful to sieve the microspheres to obtain a more monodisperse sample since size is of such
vital importance for predicting drug release. The blank and BSA-loaded SWMS were both

spherical with a smooth surface (Figure 9B and C).
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Figure 9. Morphological characterization of the SWMS. A. Histogram of the size distribution of the blank and BSA-loaded

SWMS; B. A representative SEM image of blank SWMS; C. A representative SEM image of BSA-loaded SWMS.

The DWMS were produced and characterized before incorporation into the composite
membranes. The DWMS were intended to further improve the potential drug-delivery

properties from the SWMS. The DWMS had been previously shown to have a significantly
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reduced initial burst and a higher encapsulation efficiency than the SWMS [56, 260, 262, 264,
263]. The DWMS have only been produced successfully by a few research groups using the
double-emulsion technique as it is a difficult chemical procedure to optimize [56, 290]. The
double-wall was successfully fabricated, and the two distinct polymer layers are visible in the

cross-sectioned DWMS shown in the representative SEM images shown in Figure 10.
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Figure 10. Representative SEM images of cross-sectioned DWMS showing the two distinct polymer layers.

Characterizing the size of the DWMS was important for the same reasons as for the SWMS.
For the DWMS, there was a statistically significant difference in diameter between the blank
and BSA-loaded microspheres (p < 0.05) as shown in Figure 11A. Therefore, the BSA-loaded

DWMS were used for all the subsequent characterization. The SEM images shown in Figure
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11B and 11C are representative images showing blank and BSA-loaded DWMS with an
average size of 560 £ 90 um and 760 = 100 um in diameter, respectively. The average BSA-
loaded DWMS size obtained was similar to other papers [56, 260, 261]. For example, Lee et
al. prepared DWMS using the same ratio of polymers and obtained an average size of 432.3 £
179.2 um [261] and Zheng prepared PLGA 80:20 and PLGA 75:25 2:1 DWMS which resulted

in an average size of 775.0 = 156.6 um [56].

The size of blank microspheres was not reported in the literature on DWMS. Therefore, it is
unknown if they observed the same increase in size of the BSA-loaded DWMS when
compared to the blank DWMS. The 30 additional seconds during the fabrication of the BSA-
loaded DWMS when the BSA was homogenized with the PLLA could have caused additional
DCM evaporation when compared to the blank DWMS. This could have increased the
viscosity of the mixture which could have reduced the stirring efficiency. This has previously
been shown to create larger emulsified droplets and therefore result in larger microspheres

[291].

The narrow size distribution achieved for both the BSA-loaded and blank DWMS (Figure
11A) was excellent when compared to Tan and Ye who prepared PLLA and PLGA 50:50
DWMS with a large size distribution from 50 to 700 pum and an average diameter of 276.25
pum [260]. However, a smaller size of microspheres would likely be better for our application
as the release would be more evenly distributed across the surface of the membrane. The
microspheres are added to the composite membranes based on mass. 0.1 g of microspheres

with a large diameter would result in fewer microspheres than 0.1 g of microspheres with a
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small diameter. A larger number of microspheres spread throughout the composite membrane
would allow for a more uniform release across the entire membrane surface. It has been shown
that a higher mixing speed will result in smaller microspheres, therefore further testing should
be done to optimise the effects of this variable [292]. Once again, sieving the microspheres to

create a more monodisperse sample may be of use to be able to better predict the drug release.

As shown in Figure 11B and C the blank and BSA-loaded DWMS were spherical. They also
both show dimples on their surface where small droplets of the core polymer were trapped in
the shell. This phenomenon was previously seen by several other researchers who fabricated

DWMS.

When comparing the sizes of the SWMS and the DWMS, the DWMS are significantly larger
(p < 0.05). However, neither average size that we have synthesized here is optimal for our
drug release application. The smaller SWMS have a very larger surface area to volume ratio,
which is likely to increase their initial burst when compared to SWMS of a larger size. The
DWMS are so large that in the quantities that we added them to the membranes, they are not
able to coat the whole membrane, so there is not an even release across the entire surface of
the membrane. An optimal size has not been established; however, it likely falls somewhere

between the sizes of the synthesized SWMS and DWMS.

54



159

* 109 Q

>

(8]

c

(]

S Bziankbowwms

o

(]

= s BssA-caded DWwMs

300-400 400-500 500-600 600-700 700-800 800-900 900+

Size of Microspheres (@gm)

Figure 11. Morphological characterization of the DWMS. A. Histogram of the size distribution of the blank and BSA-loaded

DWMS; B. A representative SEM image of blank DWMS; C. A representative SEM image of BSA-loaded DWMS.

Layer analysis was done on the cross-sectioned DWMS to determine which layer was
composed of which polymer. It was determined that PLGA 50:50 was the core material and

PLLA was the shell material. After washing with ethyl acetate (EA), which only dissolves
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PLGA 50:50, the core was gone while the shell remained intact as shown in the before and
after images in Figure 12. This was the expected result based on the literature [293, 294, 235].
This was also the desired result because PLGA 50:50 has a faster degradation rate than PLLA
under physiological conditions, because it is more hydrophilic [235]. Therefore, the shell will
remain intact longer than the core. This will provide a reduced initial burst by containing the

drug for longer by increasing the distance over which it needs to diffuse.
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DWMS before washing with EA DWMS after washing with EA

Figure 12. Representative cross-sectioned SEM images of DWMS before and after washing with ethyl acetate (EA) where the

arrows indicate the core of the DWMS.
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4.2 Preparation and Characterization of Composite Membranes
The next aim of this thesis was the incorporation of the synthesized SWMS and DWMS into
the BBC membranes to fabricate SWMS composite membranes and DWMS composite

membranes, respectively.

To start, the blank blended BC (BBC) membranes were successfully re-created. The purpose
of creating the BBC membrane was to eliminate the porosity difference seen in the native BC
between the top and bottom sides of the membranes as they are formed, thereby allowing more
consistency in the swelling ratio, mechanical characteristics and release profile [295, 296].
Figure 13 shows representative SEM photos of the top and bottom sides of the BBC
membranes. They are very similar, therefore, the blending protocol appears to have effectively
created a more uniform composite membrane when compared to the native BC, as was
previously shown by our lab [43]. The blending protocol also allowed for the addition of the
microspheres to the BBC membranes, which cannot be incorporated into the native BC

membrane.

High and low cellulose content control membranes were fabricated and compared to the
commercially available Duraform®. As demonstrated in the SEM images in Figure 13, there
were no visible differences in the porosity between to high and low cellulose content control
membranes. However, the porosity of Duraform® was not uniform, the bottom was more
porous than the top (Figure 13). Duraform® was designed that way. It was not designed as a
drug delivery system but was optimised as a duraplasty. The varied porosity between the sides

allowed it to better perform its sole function of retaining the CSF [128]. Therefore, the high
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and low cellulose content control membranes are better suited as a drug-delivery duraplasty

than the commercially available Duraform®.
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Figure 13. Representative SEM images of high and low cellulose content control membranes and the commercially available

Duraform®. All the above SEM images are at 225 x magnification.

The physical characterization of the composite membranes was done as a visual verification
that the microsphere incorporation was successful. The SWMS were successfully incorporated

into the BBC membranes to produce the SWMS composite membranes. SEM images were
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taken of the SWMS composite membranes made with varying amounts of SWMS, as shown
in Figure 14. When comparing the 0.025 g SWMS composite membranes to the 0.05 g SWMS
composite membranes in Figure 14, more microspheres are clearly visible on the surface of
the membranes. The same holds true when comparing the 0.05 g SWMS composite
membranes to the 0.1 g SWMS composite membranes (Figure 14). The representative top and
bottom SEM images of the composite membranes show a similar number of visible
microspheres (Figure 14). The mixing of the microspheres with the BBC pulp before the
filtration process allowed the microspheres to be distributed throughout the membranes. This
is clear since the microspheres are visible on both surfaces of the membrane. There was no
visible difference visible between the high and the low cellulose content composite

membranes (Figure 14).
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Figure 14. Representative SEM images of top and bottom of the SWMS composite membranes with varying amount of SWMS

(0.1 g, 0.05 g and 0.025 g) and high and low cellulose concentrations. All the above SEM images are at 260 x magnification.

The DWMS were successfully incorporated into the membranes to produce the DWMS
composite membranes. The DWMS composite membranes were only created using the higher
cellulose content. The porosity of the composite membranes played a large role in their
properties. Therefore, this variable should be quantified to increase our understanding of this

material.
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The swelling ratio (SR) of the composite membranes was tested because the SR has been
shown to have a large impact on the release behaviour of hydrogels [297, 298, 299]. The more
a hydrogel swells and allows liquid into the matrix, the faster a drug can diffuse out [300]. The
SR of a hydrogel depends primarily on its porosity and the hydrogen bonds it can form with
water molecules [29, 301]. As shown in Figure 15, the control and the composite membranes
quickly absorbed water and swelled before levelling off and reaching equilibrium at 24 hours.
Both the high and low cellulose content membranes had a significantly lower SR than the
commercially available Duraform® (p < 0.05, Figure 15A). The increased cellulose content
significantly decreased the SR (p < 0.05, Figure 15A). This is due to the increased number of
hydrogen bonds formed by the extra cellulose molecules within the membrane. In addition,
the increased cellulose content decreased the porosity of the membrane resulting in
membranes which were denser and thus they had a lower influx of water. The SR results for
the control membranes suggest that the higher cellulose content membranes would allow drugs
to diffuse out of them more slowly since the have a lower SR. This could help decrease the
initial burst of the drug which would be beneficial for the application. Therefore, only the high

cellulose content composite membrane SR results are shown in Figure 15B and C.

Figure 15B and C show the SR of the SWMS composite membranes and DWMS composite
membranes over time. As more microspheres were added to the composite membranes the SR
significantly decreased for both the SWMS and DWMS composite membranes (p < 0.05,
Figure 15B and C). This suggests that the addition of the microspheres decreased the porosity
of the membranes and therefore they were able to retain less water. Fan et al. saw the same

trend in composite injectable hydrogels which were able to retain less water as more
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microspheres were added [18]. In Figure 15B, the 0.1 g SWMS composite membrane had the
lowest SR of 500 + 20 %. In Figure 15C, the 0.1 g DWMS composite membrane had the
lowest SR of 480 + 30 %. When comparing the DWMS composite membranes to the SWMS
composite membranes, the 0.1 g DWMS composite membrane showed the lowest overall SR.
Therefore, the 0.1 g DWMS composite membrane retained the least amount of water
suggesting it would demonstrate the lowest initial burst making it the best composite

membrane for the drug release application.
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Figure 15. Swelling ratio of the composite membranes, control BBC membranes and Duraform® (N=8); A: SR at 24 hours

of control BBC membranes and Duraform®; B: SR over time of high cellulose concentration membranes containing various

amounts of SWMS; C: SR over time of high cellulose concentration membranes containing various amounts of DWMS.
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The thickness of the membranes was tested when they were fully saturated to ensure that the
composite membranes were a suitable thickness for use as a duraplasty. The duraplasty is
placed into the brain post DC, therefore it is important that it cause no further harm to an
already damaged area. The thickness must not cause increased pressure in the area. As shown
in Table 4, the control and composite membranes are all significantly less thick than the
commercially available Duraform® (p < 0.05) when fully saturated. They are also within the
range of human dura mater, 0.35 to 0.58 mm [161, 162]. Therefore, the thickness of the
composite membranes should not cause any problems when the duraplasty is implanted

regardless of the variations between the different samples.
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Table 4. Average thickness of the control and composite membranes as well as the commercially available Duraform® when

fully saturated with water (N=10).

Average membrane thickness

when fully saturated (mm)

Duraform®

BBC control membrane

0.1 g SWMS composite membrane
0.05 g SWMS composite membrane
0.025 g SWMS composite membrane
0.1 g DWMS composite membrane
0.05 g DWMS composite membrane

0.025 g DWMS composite membrane

4.02 £0.07

0.35+0.07

0.59 +0.09

05%0.1

0.46 +0.05

0.51 +0.07

0.43 +0.05

0.38 +0.04

The mechanical properties of the composite membranes were tested, specifically their strength

and elasticity, to show that they can perform as a duraplasty and withstand the manipulation

of the implantation procedure and conform to the desired brain shape. The samples were tested

when fully hydrated, as they will be wet upon implantation. Materials generally lose strength

when they are wet, because they swell which reduces their physical entanglement and

hydrogen bonding thereby increasing their mobility [302]. For the strength and elasticity of

the duraplasty, we were looking to approximate or improve from the properties of the

commercially available duraplasty, Duraform®.
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As shown in Figure 16A, all the control and composite membranes were significantly stronger
than Duraform® (p < 0.05), which presented an ultimate tensile strength (UTS) of 0.020 +
0.003 MPa. Therefore, all the composite membranes will easily be able to withstand the
implementation procedure and they were easy to handle. The high cellulose content
membranes were all significantly higher than the corresponding low cellulose content
membranes (p < 0.05, Figure 16A). The high cellulose content control membrane presented
an UTS of 1.6 = 0.3 MPa. The increased strength was due to the increased number of hydrogen
bonds formed by the extra cellulose molecules within the high cellulose content membranes.
The SWMS disrupted these hydrogen bonds and caused a significant decrease in the UTS
regardless of cellulose content (p < 0.05, Figure 16A). As more microspheres were added to
the composite membranes the UTS decreased, for both the SWMS and the DWMS (p < 0.05,
Figure 16A). The strongest SWMS composite membrane was the 0.025 g SWMS composite
membrane with an UTS of 0.8 £ 0.1 MPa. The initial addition of the DWMS to the membranes
showed the opposite effect as the SWMS, they in fact caused a significant increase in the
strength of the material when compared to the control membrane (p < 0.05, Figure 16A). There
was therefore clearly some sort of interaction between the PLLA shell of the DWMS and the
cellulose which increased the strength of the DWMS composite membrane. However, as more
microspheres were added, the strength decreased. This could also be due to the disrupted
hydrogen bonds as with the SWMS. The strongest DWMS composite membranes was the

0.025 g DWMS composite membrane with an UTS of 10 + 2 MPa.

The Young’s modulus and elongation-at-break both speak to the elasticity of the material. A

small Young’s modulus and high elongation-at-break demonstrate a high elasticity, which is
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beneficial for the implementation procedure and the conformity of the duraplasty to the brain’s
surface. As shown in Figure 16B and C, Duraform® is significantly more elastic than all the
control and composite membranes with a Young’s modulus of 0.06 + 0.01 MPa and an
elongation-at-break of 44 + 3 %. The low cellulose content membranes were significantly
more elastic than the high cellulose content membranes (p < 0.05, Figure 16B and C). The low
cellulose control membranes showed a Young’s modulus of 40 + 10 MPa and an elongation-
at break of 3.9 + 0.6 %. It follows that the elasticity increased as the cellulose content
decreased, since fewer cellulose fibrils decreased the number of hydrogen bonds in the
membrane [27, 170]. The SWMS increased the elasticity of the composite membranes and the
DWMS decreased the elasticity of the composite membranes (p < 0.05, Figure 16B and C).
As more microspheres were added to the composite membranes the elasticity increased, for
both the SWMS and the DWMS (p < 0.05, Figure 16B). The most elastic SWMS composite
membrane was the low cellulose content 0.1 g SWMS composite membrane with a Young’s
modulus of 5.5 + 0.9 MPa and an elongation-at-break of 3.6 £ 0.6 %. The most elastic DWMS
composite membrane was the high cellulose content 0.1 g DWMS composite membrane with
a Young’s modulus of 190 £ 30 MPa and an elongation-at-break of 2.6 £ 0.6 %. While the
composite membranes are less elastic than the Duraform®, they are still malleable enough to
be able to conform to the shape of the brain. In addition, their ability to retain their structure
may be beneficial to the implementation procedure. However, the difference in this variable
for the composite membranes when compared to the commercially available Duraform® many

present some unknown negative effects, and this should be further evaluated.
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Figure 16. The mechanical testing of the composite and control membranes and the commercially available Duraform®

(N=8); A: The average ultimate tensile strength; B: The average Young’s modulus; C: The average elongation-at-break.
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Taking all the physical characterisation, the SR and the mechanical testing results together,
the most promising composite membrane for the application of a drug-releasing duraplasty for
post-stroke treatment was the high cellulose content 0.05 g DWMS composite membrane. It
displayed the second-best SR, was the optimal thickness, was the second strongest membrane

and still maintained some elasticity.

4.3 Drug Retention and Release

The final aim of this thesis was to determine the drug retention and release of the composite
membranes to determine whether they have the potential to be used as a drug-releasing
duraplasty for stroke treatment. Achieving a high encapsulation efficiency (EE) of the drug
within the microspheres was important to optimise the method for industrial processing. In
addition, waste reduction was important to reduce environmental impact and cost. The DWMS
nearly doubled the EE from the SWMS while maintaining consistency within the batch as
shown in Table 5. The reason the EE for the DWMS was significantly higher than that of the
SWMS was due to the shell of the DWMS. As the organic solvent slowly evaporates from the
emulsified polymer droplets to solidify the polymer and form a microsphere, the drug can
diffuse out of the SWMS into the surrounding PVA [262]. However, for the DWMS, the
emulsified droplet already contains two polymer layers and as the microsphere solidifies, the

shell prevents the drug diffusion that occurs for the SWMS [262].

Unfortunately, the EE obtained here was lower than that described by other authors. Tan and
Ye were able to attain an EE of 42.01 % for their SWMS and increased that to 70.57 % using
a 2:1 ratio of PLLA and PLGA 50:50 [260]; that is an increase of nearly 30 %. Xu et al.

attained an EE of 80.0 = 2.6 % using a 2:1 ratio of PLLA and PLGA 50:50 [293]. However, it
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has been previously observed that when more drug was loaded it decreased the EE, so that is

a variable to optimise in the future to increase the EE [303, 54, 304].

Table 5. Average encapsulation efficiency percentage (EE %) of both SWMS and DWMS.

EE (%) EE (%)

(Average + SD of 3 batches)  (Average + SD of 3 samples from 1 batch)

SWMS 16+4 204+0.1

DWMS 26+6 249+0.4

The microsphere retention into the membranes was tested to minimize drug loss. As shown in
Figure 17, the retention of the microspheres into the membranes was nearly 100 % regardless
of the mass or type of microspheres added (p > 0.05). The lower cellulose concentration
reduced the SWMS retention in a statistically significant way (p < 0.05). This implies an
interaction between the microspheres and the cellulose; however, it is not practically
significant since the retention of all the samples is so close to 100%. However, taking together
the retention, strength and SR, the higher cellulose content membranes were the only ones

used moving forward with the release testing.
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Figure 17. The retention percentage of the varying amounts of SWMS and DWMS into the high and low cellulose content

composite membranes (N=8).

The drug release assessment was performed using BSA as a model drug. The BSA release was
tested from varying amounts of the SWMS and DWMS alone as well as from varying amount

of the microspheres in the SWMS composite membranes and DWMS composite membranes.

There is a shortcoming to the methodology used to test the drug release. Samples must be
collected to detect the amount of BSA and to avoid the use of a large initial volume which
would make small amounts of BSA difficult to detect, a small volume of PBS was used and
replaced with fresh PBS after each sample was collected. This very likely affected the release
kinetics as it reduced the concentration of BSA outside of the microspheres, which promoted
more BSA to leave the microspheres than might have done if they were left alone [307].
However, biologically some of the drug would be absorbed by the brain as it performed its
therapeutic function and therefore this methodology best reflects what will be happening in

vivo [308].
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Another potential shortcoming of the methodology for testing the release stems from the
different PBS volumes for the microspheres and composite membranes due to the difference
in size of the samples. Since the composite membranes were in a larger volume it could have
been theorized that they would be drawn to release more since the release of the same amount
of BSA would have resulted in a lower concentration in the PBS than for the microspheres.
However, as shown by both types of microspheres, the microspheres alone released more than
the composite membranes (Figures 18 and 19), so this did not impact the results in a significant

way.

The SWMS on their own have a significant initial burst, but it was drastically reduced when
they were incorporated into the SWMS composite membranes as shown in Figure 18. This
could be due to the additional processing of the microspheres which were loaded into the
composite membranes. To further understand the affect of this process the microspheres
should undergo the same processes without the BBC for comparison purposes prior to testing
their release. As of 72 days, 0.1 g of SWMS alone showed a cumulative release of 110 + 15
pg of BSA. As of 72 days, the 0.1 g SWMS composite membrane showed a cumulative release
of 77 £ 4 pug of BSA. For the microspheres alone, the amount released was reduced as half as
many microspheres were used. Figure 188 shows that despite the same amount of
microspheres and therefore drug being loaded, the microspheres alone release more than the
composite membranes. A possible explanation for this is the degradation of BSA over time,

which should be evaluated in the future to determine its exact effect.

There was an anomaly in the data which showed that the 0.025 g SWMS composite

membranes appeared to be able to release more than the 0.025 g SWMS alone. This can be
73



attributed to the variation between the batches of SWMS and slight variations between the

amount of microspheres used in the experiments.

The SWMS alone stopped releasing in a statistically significant way after 14 days, whereas
the composite membranes continued to show release up to 40 days. The SWMS composite
membranes were able to release for significantly longer than the microsphere-free BBC
membranes, which released for less than 7 days as previously tested by our lab [43]. It would
be interesting to see how the presence of the microspheres affected the release of drug that
was loaded onto the top of composite membranes. This would be very relevant in the future
for the creation of a dual-phase release where one drug would be released from the membrane
first, followed by a second drug being released from the microspheres within the membrane.
These composite membranes have the potential to be tuned to drastically improve stroke
outcomes. The drug release from the duraplasty could be designed to promote maximal healing
post-stroke. Since most of the healing after a stroke occurs within the first three months,
several months of release, as shown by the SWMS composite membranes, would provide a
significant amount of support to promote healing [305]. Therefore, this material is promising

for the stroke treatment application.
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Figure 18. Cumulative BSA released from the various amounts of SWMS alone and incorporated into the SWMS composite

membranes (N=6).

An initial experiment was done to obtain preliminary results for the DWMS release profile
using a 1:1 ratio of the two polymers. The 1:1 DWMS demonstrated a high initial burst and
did not display the release profile that was seen by many other papers that generated the
DWMS, which demonstrated a delay followed by a prolonged near zero-order release [290,
261, 262, 293, 56]. It is likely that the double-wall was not successfully created in all the tested
microspheres and that there was some incomplete and non-encapsulation. Based on those
results, it was decided to increase the amount of polymer in the shell and create a 2:1 polymer

ratio to decrease the initial burst.

As shown in Figure 19, the release profile of the 2:1 DWMS were tested. As of 72 days, 0.1 g
of the DWMS alone showed a cumulative release of 460 + 84 pug and the 0.1 g DWMS
composite membranes showed a cumulative release of 190 + 30 pg. For the DWMS less drug

was released as half as many microspheres were used. The same trend is seen as with the
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SWMS where less drug is released from the microspheres embedded within the membranes.
Once again a thorough study to examine the degradation of BSA over time should be
performed. Many papers achieved a similar or slightly longer release than this. For example,
Devrim and Bozkir achieved release for over 63 days using 2:1 PLLA and PLGA 50:50
DWMS [303], Ansary et al. achieved release for over 90 days using slightly different DWMS
(Glu-PLGA and PLGA) [290], Xu et al. achieved release for over 125 days using 2:1 PLLA
and PLGA 50:50 DWMS [293] and Rahman and Mathiowitz achieved a release of 240 days
using 2:1 PLLA and PLGA 50:50 DWMS [259]. Therefore, further tuning of the DWMS has

the potential to further elongate the release profile if that is desirable.

While the 2:1 DWMS release profile still did not perfectly replicate other papers where there
was a clear lag phase followed by near zero order release, the release profile was still a major
improvement when compared to the SWMS and the initial results from the 1:1 DWMS. The
increased shell size of the DWMS, from a 1:1 polymer ratio to a 2:1 polymer ratio, successfully
improved the release profile. This improvement was likely due to a combination of
improvements in the manufacturing techniques as well as the increased size of the shell. The
improved fabrication likely resulted in a higher percentage of the microspheres with the

double-wall.
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Figure 19. Cumulative released BSA amount from various amounts of DWMS and DWMS composite membranes (N=6).

The SWMS composite membrane and DWMS composite membrane release profiles are

alternatively shown as percent cumulative release in the Appendix.

As shown in Table 6, the DWMS show a significantly reduced initial burst when compared to
the SWMS (p < 0.05). This was expected based on the literature. For example, Devrim and
Bozkir achieved an initial burst of 10.36 + 1.01 using 2:1 PLLA and PLGA 50:50 DWMS
[303] and Navaei et al. achieved an initial burst of 17.43 + 1.39 for their PLGA 75:25 and
PLGA 50:50 DWMS [262]. Given the lower DWMS initial burst seen in literature, there is

still optimisation to be done to further improve the DWMS.

Table 6. Initial burst release after 24 hours.

Sample Initial burst release (%)
SWMS composite membrane 28+ 3
DWMS composite membrane 19+3
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Having seen the SWMS and DWMS composite membrane release profiles, moving forward
the best drug-releasing duraplasty was the high cellulose content 0.05 g DWMS composite

membrane.

BBC is not a biodegradable material and therefore it remains intact in solution. However, the
microspheres are biodegradable [235]. After the SWMS and initial testing of the SWMS
composite membrane release studies had run for 42 days, the samples were lyophilized and
imaged to be able to visualize their degradation. It is clear from Figure 20 that the microspheres
degraded since the pores are clearly visible, while the cellulose membrane remained intact as
was expected. Although this suggests biodegradation of the microspheres, a detailed

degradation study would generate useful information regarding the degradation rate. This

would increase our understanding of the release profiles for the composite membranes.

Figure 20. Representative SEM images after 42 days of release testing to demonstrate degradation; A: SWMS composite

membrane; B: SWMS alone.
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5. Conclusions

The purpose of this thesis was to take the BBC duraplasty developed by our lab and improve
its drug releasing capabilities by incorporating microspheres. First, the SWMS and DWMS
were successfully fabricated and their morphologies were characterized. Further to that, the
composition of the DWMS was characterized to determine that the core was PLGA 50:50 and
the shell was PLLA. Second, the BBC control membranes were successfully re-created. Third,
the SWMS and DWMS were incorporated into the cellulose to create composite membranes.
They were then characterized using SEM imaging and there are clearly more microspheres
visible on the surface of the composite membrane as more microspheres were added. The
swelling ratio was tested to determine which composite membrane retained the least amount
of water and would therefore allow the lowest initial burst. The thickness was determined
when the membranes were fully saturated to ensure that all the membranes were close in
thickness to human dura mater. The mechanical testing was done to determine the strongest
composite membrane while also ensuring that it retained some elasticity. This would allow the
duraplasty to withstand the implantation procedure and conform to the shape of the brain.
Overall, the results showed that the high cellulose content DWMS composite membranes were
the best composite membranes. Furthermore, all the composite membranes showed improved
results when compared to the commercially available Duraform®. Fourth, the drug
incorporation in the composite membranes was tested through encapsulation efficiency of the
drug within the microspheres and the microsphere retention within the composite membranes.
The DWMS had a significantly higher EE than the SWMS and the microspheres were

incorporated with nearly 100 % retention in the membranes. Fifth, the drug release profile of
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the microspheres and the composite membranes were tested and compared. The DWMS were
shown to be a marked improvement over the SWMS. Furthermore, the DWMS composite
membrane showed a closer to zero-order release in comparison to the SWMS composite
membrane. Taken together all the results show that the high cellulose content 0.05 g DWMS
composite membranes were the best option for moving forwards. In conclusion, this thesis
demonstrated the potential for using DWMS composite BBC membranes as a long-term drug-

delivering duraplasty for stroke treatment.

The next step will be to incorporate growth factors into the composite membranes. However,
there are several steps required before that can be achieved. First, the growth factors need to
be incorporated into the microspheres and drug activity needs to be tested. To be suitable for
any further in vitro and in vivo testing, the composite membranes need to be fabricated in a
completely sterile environment using sterilized BBC pulp and the biocompatibility of the
material needs to be tested. Then, the drug release profiles of the growth factors need to be

evaluated using an enzyme-linked immunosorbent assay (ELISA).
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Appendix

Figure 21 shows the release profile of the 1:1 polymer ratio DWMS.
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Figure 21. Cumulative BSA released from various amounts of 1:1 DWMS (N=6).
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Figure 22 shows an alternative way to present the composite membrane release data.
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Figure 22. Percent cumulative BSA release from various amounts of SWMS and DWMS incorporated into the composite

membranes (N=6).
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