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Abstract

Endogenous neural stem/progenitor cells therapy is one of the most advanced clinical trial
worldwide. Generally, drug is given to the targeted area through the traditional strategies such as
intraventricular or intravenous delivery method. However, those methods always come with
undesired side-effects such as over-dose of drug and offensive injection are not applicable to the
large-scale clinical application. In this study, the clinical feasibility of blended biosynthesized
cellulose duraplasty was studied. Our results showed that physical properties of BBC can be
controlled through the optimized fabrication process. In addition, the time length of Middle
cerebral artery occlusion rat model was tested through the 60 vs 90 mins occlusion time behavioral
assessments of rat and the data indicated that 60 mins length can induce significant motor
functional impairment. Finally, the EGF & EPO-loaded BBC duraplasty was implanted over the
removed area and the ELISA test revealed that BBC duraplasty can release and delivery the growth
factors to the targeted area (subvertical zone) at lease 3 days after implantation. In summary, our
BBC duraplasty is showing the potential prospection to be a clinical-applicable duraplasty to

replace the traditional commercial duraplasty in the future stroke recovery therapy.
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Abstrait

La thérapie des cellules souches neurales endogenes/cellules souches progéniteurs est 1'une
des essais cliniques les plus avancés au monde. Généralement, le médicament est offert a la zone
ciblée par le biais des stratégies traditionnelles telles que les méthodes de distribution
intraventriculaire ou intraveineuse. Cependant, ces méthodes s'accompagnent toujours par des
effets secondaires indésirables, tels qu'une surdose du médicament et l'injection offensive, et ne
sont pas applicables a une application clinique a grande échelle. Dans cette étude, la faisabilité
clinique du duroplastie en cellulose biosynthérisée mixte a été étudiée. Nos résultats ont démontré
que les propriétés physiques du BBC peuvent étre controlées a travers le processus de fabrication
optimisé. En addition, la durée du modele d'occlusion de l'artére cérébrale centrale chez le rat a été
testé a travers des évaluations comportementales du temps d'occlusion de 60 versus 90 minutes du
rat et les données ont indiqué qu'une longueur de 60 minutes peut induire une déficience
fonctionnelle motrice importante. Finalement, la duroplastie BBC chargée d'EFG et d'EPO a été
implanté sur la zone retirée et le test ELISA a révélé que la duroplastie BBC peut libérer et délivrer
les facteurs de croissance a la zone ciblée (zone subverticale) au moins 3 jours apres I'implantation.
En résumé, notre duroplastie BBC montre la perspective potentielle de devenir une duroplastie
applicable en clinique afin de remplacer la duroplastie commerciale traditionnelle dans les

traitements futurs de la récupération de 'accident vasculaire cérébral.

Mots-clés: accident vasculaire cérébral; duroplastie; cellules souches endogenes; facteurs de

croissance; modele de rongeurs; cellulose biosynthérisée mixte
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1. Introduction

It is well known that stroke can lead to long-term adult disability.[1]. 90% of stoke
survivors are suffering from the functional impairment[2]. Even though the systemic thrombolytic
therapy such as tissue plasminogen activator (tPA) is an effective treatment to save patient’s life,
the limitation of tPA is obvious due to the fact that the treatment window is only 4.5 hours after
the onset of the stroke and it is not a recovery treatment hence cannot promote the stroke
rehabilitation[3-8]. In addition, most of traditional treatment options such as oral administration
and intravenous injection are limited because of the blood-brain barrier (BBB) and hence it is
difficult for therapeutic drugs pass through the BBB in order to be effective for the stroke patients
[9-12].

To date, stem cell therapy is one of the most promising strategies in the stroke recovery.
Generally, exogenous and endogenous stem cell treatments are the two main categories of stem
cell therapies[13]. Because of the concern of ethical issue and undesirable immune reaction, the
exogenous stem cell therapy cannot be deemed an ideal candidate to the stroke treatment[14].
Therefore, the discovery of patient’s own stem cell became a better option for the stroke recovery.
Recently, endogenous neural stem/progenitor cells (eNSPCs) have been stimulated by several
methods to achieve differentiation to determine if it can repair the brain issue after stroke [12, 15-
18] . It is an attractive therapeutic option as the transplantation of stem cells is not required and
hence ethical concern and foreign rejection associated with the exogenous stem cells from other
sources is avoided. However, the main limitation of endogenous strategies is obvious since
regeneration are often not sufficient for the structural or functional reestablishment of the injured
brain[19]. Until now, one of the current approaches to deal with this dilemma is to deliver the

growth factors which significantly increase the eNSPCs survival rate (i.e. up to 100-fold) and has



been shown to restore motor function in various animal models of stroke[20-23]. Generally,
growth factors are typically administrated via an invasive-ventricular pump or intraparenchymal
injection such as injectable hydrogel[24-30]. For example, Carmichael and Cook et al. injected
hydrogel incorporating Brain-derived neurotrophic factor (BDNF) to the stroke cavity on mice
stroke model, and the results showed that the hydrogel-delivered BDNF induced significant
improvement of neurogenesis after stroke compare to the control group. Coincidentally, Etgen and
Traub lab introduced insulin-like growth factor-1 (IGF1) through the intracerebroventricular
cannula on adult female rats that underwent four vessel global ischemia surgeries, and the authors
demonstrated that the amount of surviving cornu Ammonis 1 (CAl) pyramidal neurons of IGF1
treatment group was higher than the control group. However, those invasive methods also bring
with undesirable side-effect. [31]. For example, injection of additional material into a already
edematous brain during the early stages of stroke could potentially precipitate death due to the
increased mass effect with brain herniation[32-34].Therefore, it is clear that interventricular
infusion is not a clinically feasible method to administer these growth factors to the brain.
Decompressive Craniectomy (DC) is a surgical procedure that can reduce mortality
through releasing the elevated intracranial pressure caused by the stroke[35, 36]. After the removal
of the part of skull, a duraplasty is usually used to replace dura mater as a protective layer on the
surface of the brain to avoid cerebrospinal fluid (CSF) leakage and surgical site infections as well
as meningitis. However, DC and duraplasty itself, do not enhance any improvement in
neurological recovery. Therefore, we propose to utilize a novel duraplasty material that can be
used during the DC procedure for the targeted delivery of growth factors to the injured hemisphere

to promote functional recovery after stroke.



The biomaterial we employ to fabricate the duraplasty is biosynthesized cellulose (BC),
which has various unique properties, such as biocompatibility, higher crystallinity and excellent
purity[36-45]. The structures of BC, such as thickness, homogeneity, and density of the network
can be modified to prepare a desired drug delivery system. Recently, several biosynthesized
celluloses based drug delivery systems, such as biocellulose composites loaded with biomolecules,
nanoparticles and microspheres have been reported[46-48]. For example, biosynthesized cellulose
scaffolds loaded with bone morphogenetic protein-2 (BMP-2) have been applied to release BMP-
2 for bone tissue engineering (TE). The in vitro results show that the BMP-2 loaded scaffolds
induce differentiation of mouse fibroblast-like C2C12 cells into osteoblasts and that the osteogenic
activity of induced osteoblasts is positively correlated to concentrations of BMP-2 that are used in
the scaffolds. However, it is noted that because most therapeutic drugs are incorporated into the
BC scaffolds during the scaffold fabrication step, subsequent sterilization step would likely render
the incorporated drugs denatured, this is particularly true for protein based growth factors [49-51].
This is perhaps the most likely reason why BC based scaffolds have rarely been used as drug
delivery systems for growth factors. In order to solve this issue, we developed a new fabrication
procedure. In this study, the novel blended biosynthesized cellulose (BBC) has the potential to
replace the current duraplasty and take advantage of the “open” opportunity that is afforded by DC
to release the bio-active drugs to stimulate the proliferation and differentiation of eNSPCs after
stroke.

The objective of this study is to prepare a growth factor-incorporated duraplasty to enhance
neuronal functional recovery after stroke. To achieve this, BBC membranes will be prepared, and
their physical properties will be characterized. In addition, as a proof-of-concept, feasibilities of

the BBC membranes as duraplasty are investigated in animal studies in vivo.



2. Literature Review

2.1 Stroke

Stroke, also known as cerebrovascular insult (CVI), is the sudden death of brain cells due
to lack of oxygen and nutrients. Stroke is the second leading cause of death and the third leading
cause of disability worldwide[52], with the prevalence of 15 million people suffering from stroke
every year. In addition, there is significant financial burden on the stroke patients and the society
as a whole [53]. There are two major kinds of strokes: ischemic and hemorrhagic. Ischemic stroke
occurs when a vessel supplying brain tissue is blocked. When this happens, the brain cells (neurons)
cannot receive enough nutrients and will eventually stop working and die[54]. By contrast,
hemorrhagic strokes are less common -- in fact only 15 percent of all strokes are hemorrhagic--
but they are responsible for about 40 percent of all stroke deaths. A hemorrhagic stroke is either
a brain aneurysm burst or a weakened blood vessel leak. As a result, blood spills into the brain and
creates swelling and pressure[55].
2.1.1 Approach to Overcome Stroke

To date, options to treat stroke are limited and the neurological damage that occurs cannot
be recovered[56-58]. Previously, only tPA has been approved by the FDA for acute ischemic
stroke, which is given via intravenous therapy (IV) and works by dissolving the clot and improving
blood flow[3-5]. Several studies have confirmed the effectiveness of this approach if it is
performed within a very restrictive therapeutic window[8, 59-61], which is estimated to be 3 to
4.5 hours from onset of the stroke[62], suggesting that only a small fraction of stroke patients can
benefit from this treatment. However, even for some patients who receive the tPA treatments,
reperfusions after tPA administrations have been shown to exacerbate injuries initially caused by

ischemia[63]. Currently, Stent-Retriever thrombectomy was applied after tPA treatments to



increases reperfusion rates in some cases, but the long-term functional outcome improvement of
this procedure is still uncertain[64]. As a result, most stroke patients suffer from long-term
disabilities after stroke[9-11]; therefore it is necessary to develop new therapeutic methods that
aid in long-term recovery of stroke[1].
2.1.1.1 Stem Cell Therapy

One of the main treatment options under preclinical study for stroke recovery is stem cell
therapy. Stem cells are undifferentiated cells that retain self-renewal capabilities and can turn into
specific cells as the body needs them[1, 65]. Embryonic stem cells and adult stem cells are two
broad types of stem cells. Because of the ethical issue of embryonic stem cells, adult stem cells
are frequently used in various medical therapies[66]. This treatment option aims to substitute
damaged cells at the area of infarcted tissue that cannot be repaired simultaneously and assist the
impaired cells which are able to potentially recover through nutrient support[1, 67]. Stem cell
treatment has the potential ability to aid reestablishment of neural circuits and rebuild proper nerve
conduction by replacement of glial cells[1].There are two methods for adult stem cell treatments
in stroke study: the exogenous or endogenous approach[68].
2.1.1.2 Exogenous Approach of Adult Stem Cell Therapy

Exogenous stem cell method involves the transplantation of stem cells from the external to
the internal. The stem cells are multiplied in culture and then transferred to the internal
environment by local or systemic administration[1]. Significant recovery of function was found in
rats treated with human bone marrow stromal cells at 14 days compared to control rats with
ischemia. Chopp et al. transplanted human MSC to the stroke-induced rats through intravenous
injection to test the effect of neurological functional recovery. The results shown that significant

functional recovery was found in hMSC treated group compared to the control group. Also, the



amount of apoptotic cells was decreased significantly in the ischemic boundary zone in the treated
group[ 18]. Zhao et al. reported that human bone marrow stem cells exhibit neural phenotypes and
ameliorate neurological deficits after being grafted into the ischemic brain of rats. Transplanted
human marrow stem cells survived and expressed markers of neuroectodermal cells in the rodent
brain and ischemic rats showed improved neurological function after transplantation[69]. The
short-term and long-term follow-up study of the application of autologous mesenchymal stem cells
(MSCs) was investigated by Lee ef al. Their results showed that the application of ex vivo culture-
expanded MSCs is safe based on 5 years of follow-up and the mortality rate in the MSC group was
lower than that in the control group[70]. This has been recognized as a promising
neuroregenerative strategy to augment recovery in stroke patients[71]. However, the major
restriction of exogenous stem cell therapy is the decay of the differentiation capacity of stem cells
during the in vitro culture time, which impairs their competitiveness to be commercial grafts[72,
73].
2.1.1.3 Endogenous Approach of Adult Stem Cell Therapy

Endogenous stem cell therapy is based on the mechanism that endogenous stem
cells/progenitor cells resident in organ and tissues play critical roles for organogenesis during
development and for tissue homeostasis in adulthood. Even without any therapeutic intervention,
the human body has a robust self-healing capability to repair damaged tissue or organs[74-79]. It
has been confirmed by animal models that neurogenesis will be promoted once brain disease is
present due to the fact that neural stem cells (NSC), located in the subventricular zone (SVZ),
migrate to the injured area of the brain and then differentiate into nerve cells to replace those

damaged cells [80-84].



Growth factors often promote cell differentiation and maturation, the effects of which
varies between growth factors. Therefore, the efficacy of growth factors to promote neurogenesis
of SVZ has also been tested[85-87]. For example, it has been shown that vascular endothelial
growth factor (VEGF) performed an acute neuroprotective effect in the ischemic brain and
promoted the survival rate of new neurons and angiogenesis. Many different growth factors are
currently under investigation, such as epidermal growth factor (EGF) [88], stem cell factor[89],
fibroblast growth facor-2 (FGF-2) [89-91], VEGF [92, 93], erythropoietin (EPO) [94], and BDNF
[95, 96].

In the animal model, VEGF was reported to be a chemoattractant for immature neural
progenitors[97]. In the study, 90 minutes Middle cerebral artery occlusion (MCAo0) procedure
were performed on rats to produced focal cerebral ischemia. Rats were treated with VEGF through
intracerebroventricular administration had a neurological scoring grade that was improved in two
motor tests and one sensory test compared to a non-treatment group and about one third of the
infarct volume in each sample was reduced in the VEGF-treated group of rats[86]. The
combination of EGF and FGF-2 have demonstrated that intraventricular fusion of growth factors
can recruit endogenous progenitors in situ and hence inducing significant regeneration of
pyramidal neurons after ischemia[98]. EPO treatment has also been demonstrated to significantly
improve functional recovery and increase the density of cerebral microvessels at the stroke
boundary[99]. The long-term anterograde delivery of high doses of BDNF is also able to potentiate
the stroke-induced neurogenic response at early stages[95]. Although various successful drug
delivery systems have been produced using conventional biopolymers, the lack of a system to

provide successful neural regeneration demands continued investigation to identify a novel



biomaterial that can be used as delivery vehicles for therapeutic molecules such as growth factors
with effective performance.
2.1.2 Decompressive Craniectomy

Even though there is a limited number of therapeutic treatments for stroke patients, there
are still some choices for treating the symptoms and preventing further damage. Brain swelling is
an urgent clinical problem that frequently accompanies both types of stroke[36]. DC is a standard
surgical procedure performed in stroke patients to manage brain swelling. A portion of the skull is
removed to relieve intracranial pressure[ 100-102]. The use of DC is the last choice to the surgeons
since it is an invasive procedure to the patient but it can reduce mortality rate significantly[102-
106]. However, it should be mentioned that the DC itself does not enhance any functional or
neurological recovery outcome[101, 107].

2.1.3 Bridging the Blood-Brain Barrier (BBB)

The blood brain barrier is a protective screen of the central nervous system (CNS), which
is formed by the endothelial cells of the capillary wall, astrocyte and pericytes. [108]. At the
interface between the brain and blood, endothelial cells are linked together by several tight
junctions, such as biochemical dimers, occluding, and claudins [109]. Overcoming the dilemma of
delivering therapeutic agents to specific regions of the brain presents a major challenge to
treatment of most brain diseases. Almost 100% of large-molecule neurotherapeutics and more than
98% of all small-molecule drugs are excluded from the brain by the BBB[110]. Brain drug
discovery must consider improved therapeutic designs or the elaboration of efficient delivery
systems. Usually, most medicines used for central nervous system (CNS) treatments are
administrated via the blood circulation and for the effective drug amount to reach the target site

since it is unavoidable to increase the drug dose or to prolong the period of administration time,



which is often accompanied by increasing the risk of toxicity. Only a limited number of molecules
can bypass the BBB and reach the brain area in sufficient concentrations by intravenous or oral
administration[ 111, 112]. To deliver enough amounts of therapeutics agents to the brain, it is often
necessary to strategically weaken the BBB or administer drugs directly into the brain tissue in an
intrusive manner, such as the application of ultrasound to open the BBB in order to allow more
therapeutic drug into the brain. In addition, several studies has shown the addition or modification
with PEG also is able to improve in vivo delivery to the brain through the conjugation of cell
surface ligand[113, 114].
2.2 Animal Model of Stroke Study

The choice of the experiment model species and models is a key factor of success in stroke
studies. This selection must be comprehensive and cautious because it is the most important aspect
of experiment design. A thoughtless model may lead to unreliable data and therefore the results
from animal cannot be trusted.

The use of animal models in recent decades has provided a better comprehension of the
pathophysiologic mechanism of stroke. Several animal species have been applied to study stroke.
The two most common species are mice and rats [115]. In addition, the cerebral vasculature and

physiology of rats are similar to humans. Table 1 summaries the major rodent model of stroke

research.
Table 1. Summary of rodent model in stroke
Name of Model Advantages Disadvantage Reference
Intraluminal suture e Hyperthermia and [116-120]

e Simulates the

middle cerebral artery hypothermia

symptoms of human

occlusion model
stroke




Exhibition of a
penumbra

Easy to control
reperfusion

No need for
craniectomy
Recanalization can
be timed precisely
Suitable for both

permanent and

High risk of hemorrhage
with inappropriate suture
types

Not available for
thrombolysis studies
Requires experienced

neck surgery

transient MCAo
Craniotomy Model Higher rates of long- Severe' invasiveness .and [121-123]
following complications
term survival Requires an elaborate
surgery
Successful MCAo
can be determined by
visualization
Photothrombosis . . . [124-128]
Ischemic lesion can Emergence of vasogenic
model

well-defined
localization
Low invasiveness

Highly reproducible

edema is an abnormal

feature from human

stroke
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Allows to study
particular cell
populations across
animals

Ability to induce
multiple silent
strokes in specific

arca

Study of neuroprotective
agents is not suitable on
this model

Little ischemic penumbra
or region of local
collateral flow and

reperfusion

Endothelin-1 model

(ET-1)

Low invasiveness
Low mortality
Ischemic lesion can
be induced in cortical
or subcortical
regions

The procedure can be
performed quickly
Gradual reperfusion
rates are closer
mimic the

reperfusion in human

Time of ischemia is not
controllable

Infarcts are hard to
reproduce
Interpretation of results
will be complicated due
to induction of
astrocytosis and axonal
sprouting

Need for a craniotomy

[129-131]
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Embolic stroke model e The pathogenesis is e Variability of lesion [132-135]

most close to human volume is high

. .
stroke Recanalization is

e Available for study spontaneous

of thrombolytic e Limited outcome in

agents neuroprotection research

2.2.1 Intraluminal suture MCAo

In human ischemic stroke, the participation of MCA and its branches involves 70% of total
ischemic stroke cases [116]. Hence, procedures that occlude this artery are the closest imitation to
human ischemic stroke[117-119]. Among 2600 experiments of ischemic stroke studies, around 40%
of them chose intra-arterial suture occlusion of the MCA as their stroke model[120].

The MCAo model itself does not require craniectomy and therefore it is less invasive
because there is no damage to cranial structures. It has been reported that the rate of properly
inducing an infarction ranges from 88% to 100% [136] that leads to about 12%subarachnoid
hemorrhage (SAH)[137]. Depending on the duration of the MCAo, the striatum, the frontoparietal,
the temporal cortices, some parts of the occipital cortex, the thalamus and the hypothalamus have
been documented to have infarctions[138]. In mice, the areas damaged include most of the
hemispheres (including most of the subventricular zone, cortex, thalamus, hippocampus, striatum)
and is similar to that of rats that are subjected to MCAO0[139, 140]. The scale of ischemic injury is
extremely sensitive to prolonged occlusion duration in mice, as a five-fold increase in damaged
volume (56+6 mm?® ) is observed in the 30-minute occlusion group compared to the 15-minute

occlusion group (942 mm?) and also includes regions outside the MCAo region[140].
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Several factors will affect the reproducibility of infarction, such as suture diameter[141],
the insertion length of the suture, age of the animal, rat strain, and suture tip[142]. Silicone[143]
or poly-L-lysine[144] coated sutures attach more tightly to the proximal vascular endothelium than
uncoated sutures and therefore create larger infarcts and lessen inter-animal variability compared
to uncoated sutures[144]. Moreover, the relation between infarct size and silicone-coating length
are very strong. It is required that a length of 2.0-3.3mm should be applied to occlude the MCA in
rats and longer lengths (>3.3mm) result in extended occlusion of the anterior choroidal, posterior
cerebral and hypothalamic arteries.

The advantages of the MCAo model are apparent: (1) human ischemic stroke is often
generated from an MCAo and therefore the model mimics pathogenesis and exhibits a similar
penumbra of human stroke; (2) The MCAo model can establish a large infarct volume and have
considerable reproducibility; and (3) The procedure of MCAOo is relatively easy to perform. In
addition, The MCAo model can also control the time of recanalization precisely and avoid opening
the skull which can potential surgical injury to the brain.[120].

2.2.2 Photothrombosis Model

By utilizing the mechanism of intravascular photo-oxidation, the photothrombotic stroke
model can control the ischemic lesions in the cortex[124] and alterations in striatum[125].
Intraperitoneally (mice) [125] or intravenously (rat) [124], the photoactive dye (e.g. erythrosine B,
Rose Bengal) is injected and then the intact skull is irradiated by a specific wavelength light beam
(560 nm) within a designed time length (20 mins). Within the irradiated area, the generation of
oxygen radicals results in endothelial damage, platelet activation, and clustering in both pial and
intraparenchymal vessels[145]. The target region of irradiation can be located by stereotactic

coordinates to induce cerebral ischemia. The photothrombotic model is featured with advantages
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of decreased rate of mortality, absence of significant surgical intervention, and high reproducibility.
Disadvantages of this model is that the vessel wall was affected due to photothrombotic infarcts
and the penumbra is missing in this model[126]. Furthermore, in human stroke, cytotoxic edema
is a feature of acute cerebral ischemia and therefore these pathomechanisms are different compared
to Photothrombosis-induced stroke. In conclusion, even though there are limitations to the
photothrombotic model, it still helps to gain a visualized grasp of neuronal repair and is able to
clarify the process in the perilesional area and the contralateral cortex.
2.2.3 Endothelin-1 (ET-1) model

The ET-1 model of stroke uses the potent vasoconstrictive effects that the ET-1 peptide
causes[129]. This peptide can be used administered via intracerebral injection[146], application
on the cortical surface[131] or directly onto an exposed MCA[147], and is able to lead a ischemic
lesion with amounts of ischemic edema that is dependent on the dosage of the ET-1 injected[131,
146]. The intracerebral injection and exposed MCA method of ET-1 leaves ischemic effects
similar to that of a permanent MCAo0[130], while the cortical method of the peptide leaves a
semicircular infarct through all the cortical layers[131]. Immediately following the use of ET-1,
cerebral blood flow(CBF) is reduced rapidly and precedes several hours of reperfusion[148]. The
ET-1 model is less invasive and therefore has lower mortality rates than other models. Another
advantage of the model is that focal ischemia can be directly induced in deeper and more
superficial areas of the brain. However, ET-1 receptors and ET-1 converting enzyme are present
in astrocytes and neurons[149]. Thus, the peptide can cause astrocytosis and axonal sprouting[150]

which can cause differing interpretation of results[151].
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2.2.4 Embolic Stroke Model

There are two types of embolic stroke models: the microsphere-/microsphere-induced
stroke model and the thromboembolic clot model. In the first model, small spheres made up of
various materials like ceramic, superparamagnetic iron oxide, TiO2, and dextran with diameters of
20-50 um are injected into the cerebral artery with a microcatheter[132]. These spheres are then
pushed through the vasculature in the brain naturally with blood flow. This microsphere model
causes multifocal, heterogeneous lesions with varying severities depending on the size and dose
of the microspheres[132]. Also, the related microsphere model uses bigger spheres with diameters
around 100~400 pm and will induce similar results compared to the suture MCAo model with a
difference in the blood supply to the hypothalamus which is conserved in the
microsphere/microsphere model and thus prevents damage to the hypothalamus and prevents
hypothermia[152]. One thromboembolic clot model is achieved by administering thrombin
directly into the desired artery such as the internal carotid artery (ICA)[153] or MCA which
induces the formation of clots[ 154, 155]. This model is useful because it replicates more similarly
the mechanism of vascular occlusion that is common in human stroke and hence it can be used in
thrombolytic agents along with[156] or in addition to neuroprotective drugs[157]. The size and
location of the clot relies upon the size and elasticity of the clot that was formed[158]. Nevertheless,
damage in this manner is more variable in size than a suture MCAo model[159]. In addition, some
studies with thromboembolic clot models have often produced multifocal infarcts with lots of
variability in the lesion size and region and even have shown an increased mortality rate,
uncontrollable reperfusion and risk of cerebral hemorrhage[134, 155, 160]. It is still necessary to
further improve the clot model so that they may provide the chance to investigate more exactly the

pathological mechanism in animal models.
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2.3 Cellulose

From the application point of view, many natural or naturally derived polymers, such as
fibrin, collagen, chitosan, hyaluronan-methylcellulose (HAMC) blend, hyaluronic acid, alginate,
and agarose have been studied to deliver molecules to the CNS[57, 58, 161-171]. Biomaterials
may provide a useful medium through which therapeutics can be delivered directly into the brain,
as some of them have a 3D network of hydrophilic polymers that can absorb significant amounts
of water. Also, they can allow diffusion of the biomolecules out of the system while maintaining
a physical structure and match mechanical properties of nervous tissues. Ideally, the production
process of biomaterials should be easy and reliable while the sterilization of the biomaterials
should happen without affecting their structural properties[51, 57, 58, 172].

In recent decades, one of the promising biomaterials is BC. Compared to the traditional
plant-sourced cellulose, the BC can provide one hundred times smaller fibril which allows the
related biomaterial to be more porous and absorbent. [42, 173, 174]. In addition, some research
has been done to reduce the cost of mass production of BC by using environmentally-friendly
methods[174].

BC can be produced by many types of bacterial strains, such as Achromobacter sp.,
Aerobacter sp., Agrobactterium sp., Enterobacter sp., Psuedemona sp., Rhizobium sp., Sarcina sp.,
Gluconacetobacter xylinus., Alcaligenes sp., Salmonella sp. and the gram-positive bacterium
Gluconacetobacter hansenii , all of which have been shown to produce BC in certain culture
conditions[175-177]. After BC synthesis, the harvested membrane is further processed to remove
bacterial cells, organic acids and other components of the culture medium. The removal portion

can be performed with several different methods, such as filtration, centrifugation, or washing.
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The general method is washing the BC with a warm and diluted sodium hydroxide solution and
then rinsing it with distilled water[178-181].
2.3.1 Properties

BC is a biocompatible material with a highly crystalline and pure structure[37, 38, 173,
182]. It also contains variable pore sizes so that it can hold a high capacity of water and retain its
high tensile strength while fully saturated with water[27, 41, 42, 183, 184]. Its biocompatibility
has been attributed to its structural similarities to the extracellular matrix (ECM)[27, 38, 41, 42,
184-186]. The BC can be modified chemically and physically by different approaches[45, 186].
For instance, the morphology of the membrane can be adjusted by the choice of containers and the
production methods, the culture duration can control the thickness of the membrane, and the
quality of the fibers also can be changed under the variability of media contents[42, 187-189].

The difference between the liquid versus air interactions with cellulose as it is produced
causes the top and bottom surfaces of BC membranes to be different. The density will be higher
on top of the BC, which corresponds to the side in contact with air, than the bottom of the BC
which is more gelatinous and porous[173, 178, 190-192]. Hence, the uniformity of unmodified BC
has not met the requirement to be a drug-delivering vehicle, and hence it is necessary to apply
some physical or other modifications to form a homogenous membrane.
2.3.2 Tissue Engineering Application of BC

In recent years, the application of BC for TE has attracted a significant amount of
attention[193]. Several studies have been determined the biocompatibility and feasibility of BC.
Human vein endothelial cells (HUVEC) have been shown to grow and migrate into the inner part
of the BC hydrogels structure[187]. Moreover, it also determined that a consistent layer of

osteoblast was formed on the BC after human adipose-derived mesenchymal stem cells (HASCs)
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were cultured on the BC substrate. In addition, BC material were used ulna defects of rabbits, the
obvious mineralization was detected in the injury site without any inflammation symptoms when
compare with control group after 8 weeks[194].

To teste the biocompatibility of the BC in in vivo, the BC was subcutaneously implanted
on the back of Wistar rats. Foreign body reactions, chronic inflammation, angiogenesis, and cell
growth were investigated after three months. The results of this study showed that BC was
completely able to become a part of the host tissue and no evidence of inflammatory reactions
were observed during the experimental period[195]. The BC synthesized by Kombucha was also
fabricated into a tube shape and cultured with primary Schwann cells before being transplanted
into Sprague Dawley rats with nerve injury over six weeks. The BC tubes showed excellent
biocompatibility [196]. Also, the BC tubes were tested as a replacement small-diameter blood
vessel. Schemer et al. implanted the tubular hydrogels from bio-designed cellulose to replace the
carotid arteries of sheep in vivo and observed formation of immigrated vascular smooth muscle
cells along the BC scaffold without signs of prothrombogenic or inflammatory potential.[197].
Table 2 has shown the summary of BC applications in TE.

Table 2. Summary of BC applications in TE

Application Experiment Results References
Wound Evaluation of skin Bacteria cellulose membranes [198]
dressing

regeneration and (BCM) may accelerate the

angiogenesis in burn injury | process of wound healing in burn
skin of Sprague-Dawley injury skin of rats through
rats by BC membrane regulation of angiogenesis and

connective tissue formation
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BC pellicles were The antibacterial activity of the [199]
immersed in a zinc acetate | nanocrystalline ZnO particle-
solution and then incorporated BC sheet against
crystallized gram-negative and gram-positive

bacteria is strong
Microbial cellulose Cotton gauze coated with [200]
formed/coated on cotton microbial cellulose increases
gauze samples during its water absorbency and wicking
biosynthesis in a static ability over 30%, and reduces
medium for 6 days by drying time by about 33% that
Acetobater Xylinium can be concluded to promote

some important characteristics

for wound dressing
A freeze-dried BC film was | Stable and prolonged

[201]

immersed in a antimicrobial activity for at least
benzalkonium chloride 24h was obtained especially
solution, followed by against some bacteria that were
another freeze-drying step | found on the contaminated

wound
Sliver nanoparticles with an | Ag nanoparticles are well [173]

average diameter of 1.5 nm
were well dispersed on

bacterial cellulose

dispersed on BCF surface via
chemical-reduction and presents

excellent antibacterial property
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nanofiber (BCF) via a in

situ chemical-reduction

and can be used as a functional

antimicrobial agent

Antimicrobial bacterial The composite membranes [202]
cellulose-sliver exhibited strong antimicrobial
nanoparticles composite activity against Gram-negative
membranes were fabricated | and Gram-positive bacteria
from hydrolytic
decomposition of sliver
nitrate solution using
triethanolamine as a
reducing and complexing
agent
An aloe-cellulose A fibre-reinforced bio-polymer [203]
composite membrane was | film displayed significantly
developed by amounts of improved properties in
adding aloe vera gel in the | mechanical strength, water
culture medium during absorption capacity and water
static cultivation vapor permeability and is
expected to have a wide range of
application
Cardiovascular | An anisotropic Polyvinyl PVA-BC nanocomposites with a | [204]
implants alcohol (PVA)-BC controlled degree of anisotropy

nanocomposite was

that closely matches the
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prepared by using a novel
processing method under an
applied strain and with the

addition of some BC

mechanical properties of the soft
tissue ranging from
cardiovascular to other

connective tissues

nanofiber
The tubularly shaped Great water retention values, low | [178]
bacterial synthesized roughness of the inner surface,
cellulose was designed excellent mechanical strength in
during the cultivation with | wet state demonstrate the high
the aim to develop potential as an artificial blood
biomaterial for medical vessel in microsurgery
application
A novel BC- The 3-(4,5-dimethylthiazol-2-yl)- | [205]
chitosan/heparin composite | 2,5-diphenyltetrazolium bromide
was prepared and tested on | results indicated that the BC—
the MC3T3-E1 cells chitosan/heparin composites were
suitable for cell proliferation and
ingrowth.
Cartilage Native and chemically Unmodified BC showed [206]
scaffolds modified BC materials significantly higher levels of

secreted by

Gluconacetobacter xylinus

chondrocyte growth and modified

BC performed to mimic the
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were evaluated using

glucosaminoglycans of native

bovine chondrocytes cartilage

Porous bacterial Human primary chondrocytes [207]
nanocellulose (BNC) were able to adhere to bacterial

produced by nanocellulose and produce
gluconacetobacter xylinus | cartilaginous matrix protein such

was investigated with as aggrecan (after 14 days) and

human primary collagen type II (after 21 days) in
chondrocytes derived from | the presence of differentiation

routine septorhino- and medium

otoplasties

BNC is investigated for use | BNC can be fabricated into [208]
in ear cartilage TE and the | patient-specific auricular shapes
mechanical properties of and has the capability to reach

native ear cartilage are mechanical properties of

measured for preliminary relevance for ear cartilage

benchmark for ear cartilage | replacement

replacement material

The mechanical properties | The Young’s modulus of [209]

of BC gel were compared
with a collagen material

and the meniscus

bacterial cellulose and meniscus
are similar in magnitude under a
compression load of 2kPa and

with five times better mechanical
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properties than the collagen

Bone

scaffolds

material
Bacterial cellulose- In vivo tests showed no [210]
hydroxyapatite (BC-HA) inflammatory reaction after 1
nanocomposite membranes | week and defects were observed
were evaluated in to be filled in by new bone tissue
noncritical bone defects in | and hence the BC-HA were
rat tibiac at 1,4, and 16 effective for bone regeneration
weeks
BC scaffold cultured by BC had a good biocompatibility | [211]
A.xylinum X-2 and were and induced differentiation of
investigated for osteogenic | mouse fibroblast-like C2C12
potential with BMP-2 cells into osteoblasts in the

presence of BMP-2 in vitro
BC scaffolds were cultured | Cell clustered within the pores of | [212]
with paraffin wax microporous BC and formed
microspheres and then were | denser mineral deposits than cells
removed before seeding grown on control BC surfaces
with MC3T3-E1 confirmed that it is a promising
osteoprogenitor cells biomaterial for bone TE

applications
BC incorporated with high | The properties of compression [213]

dose antibiotics were

strength, fracture toughness, and
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compared to traditional fatigue life of the cellulose

antibiotic cement under antibiotic cement are all better
compression strength, compared to traditional antibiotic

fracture toughness, fatigue | cement and cumulative elution

life and elution kinetics test

over 35 days

A multicomponent The innovated BC material has [214]
organic/inorganic been shown to have rougher
composite BC- surface topography, higher
gel/hydroxyapatite double- | thermal stability and in vitro cell
network (HAP-DN) was culture demonstrated that it had
synthesized in order to better adhesion and higher
improve the mechanical proliferation ability
strength of BC/HAP
Dental BC was evaluated for its BC has excellent material and [215]
Treatments applicability as a novel biological characteristics

material for dental canal compared with conventional

treatment regarding material and higher absorption
solution absorption, and expansion than a paper
expansion, tensile strength,

drug release and

biocompatibility

Synthesis of a composite The hydrocompounds exhibited [216]

polymer with 3D structure | an increased structuring degree




consisting of biocellulose and favorably adhered to the
and minerals binder power | surface of the embedded

through sol-gel technique biocellulose particles

2.3.3 BC used for Drug Delivery Applications

Although BC has been used in many fields of TE, it has also shown considerable potentials
to be a drug delivery system. The BC, before drug loading, can be sterilized by heat and Ultraviolet
treatments which are both effective, fast, simple, and without any toxic residue sterilization
techniques[51]. Therefore, BC has been used as a releasing platform by several methods. For
example, After loading berberine into BC, it can extend release by 80% for 20 hours compared to
commercial tablets, which release almost all of a drug in the first hour after oral administration[217,
218].

BC has also been tried to be combined with GF as well. Shi et a/ explored the possibility
of BC loaded with BMP-2 to be utilized as a localized delivery system to increase the local
concentrations of cytokines for TE. Their results showed that BC had good biocompatibility and
induced differentiation of mouse fibroblast-like C2C12 cells into osteoblast in the presence of
BMP-2 in vitro, and the in vivo subcutaneous implantation studies showed that the BC loaded
BMP-2 group had more bone formation and higher calcium concentration than the BC alone group.
This study suggests that BC can be a great localized delivery system for GF and a potential
candidate in TE[211]. In other words, it also shown that the BC has potential to be a novel

duraplasty which can release therapeutic molecules to promote the brain recovery after stroke.
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2.4 Functional Assessments in the Rodent Stroke Model

Functional impairments are common after stroke; functional outcome in animal models has
offered a better perspective to the biological foundation and potential recovery efforts of
experimental stroke. Establishing and utilizing tests that can recognize behavioral disorders is
basic to exploring the progression of therapies. Meanwhile, there are no flawless functional
assessments of animal models since different tests are sensitive to different areas of impairment,
from local to global, after stroke as shown in Table 3. It is essential to consider the selection of
tests based on both the area of the brain injury and the applied treatment. Most behavioral tests
concentrate on motor and sensory monitoring because of the reduction of limb function after stroke.
Impairments in memory and studying are also usual after stroke and therefore cognitive function
tests are also a key component in analyzing the overall scope of deficits. Several issues may arise
and be considered during choosing and conducting functional evaluations, which include ethical
questions and time feasibility of task training. Furthermore, since spontaneous recovery normally
happens in animals, designing a good timeline to perform testing after surgery must be taken into
consideration cautiously as well.

Table 3. Summary of functional assessments

Name of test Symptoms | Advantages Disadvantages References
evaluated
ﬁ;;ltheswe removal Eﬁrrllcst??r]l e High sensitivity e Pretraining [219,220]
for MCAo model needed
with small e Minor response
cortical damage rate in models
without cortical
injury
Staircase test Fine motor e Several animals
o e Can be used for
coordination are excluded [221, 222]
long-term study )
e Long-time pre-
e Results are .2 .
reliability training required
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Beam walking test | Motor Pre-training [223, 224]
. Excellent
coordination e e needed
sensitivity in both
rats and mice Repargtory )
after ischemia deviation without
a ledge
Corner test Function of . Limited [225, 226]
. Easy and quick . )
Whiskers . efficiency if
No-training lesion i
esion in the
needed :
cortical area only
Assesses long-
. Low
term dysfunctions d Co
. . emonstration mn
in striatal damage ,
rats’ model
Rotarod test Motor Great reliability Worse sensitivity [227, 228]
balance . in mice model
in rats fter three days
Replicable from a FMCA 4
lab to lab © ©
Open field test Locomotor Able to assess Only works for [229, 230]
activity . short-term
emotion )
. observation
No animal p
handling during oot .
testi performance with
esting . .
minor infarcts
Elevated body Muscle . Not common in | [231, 232]
. Simple and fast . .
swing test strength .. ischemia model
No training
needed
Sensitive even
one month after
MCAo
Cylinder test Motor Poor sensitivity | [233, 234]
o Easy to perform .
coordination } e with small
Nice sensitivity infarcts
with/without
striatal damage
Food-fault test Motor Can only be used | [235, 236]
o Proper test for . .
coordination . on animal with
neuroprotection
studies severe stroke
Morris water Memory Durable Less sensitivity | [237, 238]
maze and learning P in mice model
o sensitivity in rats
ability of . after three days
: for long-time
spatial . of MCAo
observation after ..
ischemia Pre-t‘ramlng
required
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Passive avoidance | Avoidance e Equipment may [239, 240]
. e Easy to perform :
test learning be expensive

e Great b
performance on L re-training
needed

both long-time
study of rats and
mouse after

ischemia
Neurological Balance, e Provides a e Poor sensitivity | [241, 242]
motor ’ yiew Of.‘ the e The score is
coordination ischemic damage biective b
e Simple and quick subjective by
and reflexes manipulator
(double blind)

2.4.1 Bederson Scale and Neurological Scoring Scales

The Bederson Scale is a universal neurological assessment that was invented to measure
neurological impairments following exhibition of various deficits after stroke[243]. Forelimb
flexion, resistance to lateral push and circling behavior are evaluated in the test. The grading scale
is from 0 to 3 to assess behavioral deficits after stroke and it is an easy method to detect
neurological deficits. Animals with ischemic stroke will have a significantly higher score
compared to non-surgery animals because of the amounts of neurological deficits after stroke[244-
246]. Several updated scales have been designed by improving and modifying the simple methods
to detect impairments based on the Bederson scale[246-248]. Even though this evaluation is
simple to complete, the subjectivity of it limits the neurological rating of the scale. Moreover, it
cannot be used in the detection of long-term deficits after stroke due to that fact that some

functional deficits will no longer be detected based on the Bederson scale method over the time.
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2.4.1 Modified Neurological Severity Scores (mNSS)

Modified Neurological Severity Scores (mNSS) is one of the most widespread neurological
scales used in studying strokes in animal studies. The scale of mNSS to rate neurological
functioning is 14 for mice and 18 for rat, respectively. It consists of balance , reflex, muscle status,
abnormal movement, visual, tactile and proprioceptive tests[244, 249]. The neurological rating
score gives the opportunity to evaluate multiple deficits and can be performed very well for a long-
term period of 30-60 days although spontaneous recovery can be observed during this time[225].
2.4.2 Cylinder Test

Expeditionary behavior in the animal models offers a chance to investigate the neural basis
of functional behavior which can be applied to the analysis of brain function[250]. The cylinder
test is also known as the limb-use asymmetry test and it was first presented by Schallert ef al.[251].
It provides a method to assess the rodent’s spontaneous forelimb use and has been extensively
used animal stroke studies after motor functional damages[227, 251-254]. In order to assess
forelimb deficits, the animal is placed in a lucid plastic cylinder and inspected. The animal will
automatically communicate with vertical surfaces by raising their hindlimbs and using their
forelimbs and vibrissae to touch the surface. During the monitoring of cylinder tests, the times of
independent wall placement for both forelimbs, right forelimb and left forelimb are counted.
Animals that have unilateral brain injury will exhibit asymmetry in forelimb use during interaction
with the vertical wall[255]. The cylinder test is a simple, objective, sensitive method to detect
chronic deficits that avoid personal factors and it also can been used in those animals which only
have mild neurological defects[254, 255]. Even though the cylinder test doesn’t require pre-
training, it is better to receive baseline data for bias correction due to the fact that some animals

show a preference of independent use of a single limb[251]. In addition, it has been reported that
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performing the test under the dark cycle of the animal and red lighting conditions gives the best
results because rodents are more prone to searching in a dim environment[254].

2.4.3 Staircase Test

Montoya et al. first exploited the staircase test to observe the use of forelimbs after unilateral or
bilateral cortical damage[221]. It was primarily designed for rat models and then adapted to mice
to quantify the animals’ ability to grab food pellets which are set up in grooves of the staircase.
Animals have to be pre-trained for 15 days prior to the test under food-deprivation conditions with
the aim to achieve a reduction of 10% of their original weight. Those rats that are unable to pass
the training session are removed from the study. This intricate task evaluates both subtle motor
coordination ability and missing sensory function[221]. It displays an excellent sensitivity with
convincible results from long-term studies after MCAo stroke[256-259]. Research has shown a
correlation between sensorimotor deficits and the lesion volume by the staircase tests[256, 258,
259]. Despite self-recovery during the first 14 days after the damage was reported in several
studies[256, 257], the staircase can even be used two months after stroke with fine sensitivity[258].
One advantage of this test is that it can either evaluate cortical damage[259] or tiny striatal
lesions[257]. Up to now, considering the long training time required and the fact that some animals
may be excluded before the test, the staircase test is not commonly used in animal stroke model
evaluation. However, it is still a scientific and exact test for the assessment of long-term functional
recovery in neuroscience studies.

2.4.4 Beam Walking Test

The walking beam test is an alternative method to evaluate motor coordination. It is originally
described by Feeney et al. [223]. It aims to assess the animal’s ability to cross a narrow beam to

reach an enclosed platform. The beams are made of wood strips and can be square (1m length with
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28mm,12mm, or Smm cross sections) or round (28mm,l7mm, or 11mm diameters)[260].
Subsequently, a step-down ledge was introduced to the beam in order to avoid full slippage of the
limb[261]. The installation of the ledge blocks the animals from compensatory strategies, which
may affect the final result[262]. Baseline data is also required before ischemic surgery so that it
can be compared with post-surgery trials. This test has been extensively adopted in both permanent
and transient focal cerebral ischemia rodents’ models and produced trustworthy data and
significant differences between surgical groups and sham groups even after 20-30 days of MCAo.
The relationship between infarct size and performance of neuronal migration and neurogenesis are
also presented by this test[263]. It is important that the test is able to determine and distinguish the
effects influenced by neural repair rather than the learning of compensatory strategies in chronic
studies which make it an effective test for stroke studies focused on neuro-repair.
2.4.5 Adhesive Removal Test

The adhesive removal test, also known as the tape removal test, was first presented by
Schallert et al.[253]. It evaluates the ability of a rat to touch and remove an irritation from its
forepaws and is further optimized for mice[219]. During this test, two pieces of tape with defined
sizes are placed on a part of each paw where they are not covered by hair with the same pressure.
After that, the animal is placed in a lucid box and two timepoints are recorded: (1) time to contact,
it is the time that the animal starts to feel the labels and takes them in its mouth; (2) time to tape
removal, it is the time from contact until the tape is removed. For this evaluation, it is better to
obtain baseline data by pre-training for recognizing any preoperative asymmetries and better
performance in the post-surgery test[245, 254]. It is also necessary to keep consistency within the
testing environment such as consistency in home cage, because tiny factors can influence the

functional outcome[254]. The adhesive removal test is one of the most common sensory tests used
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in rodents especially in rats of MCAo model for both short- and long-term studies[248]. It can
identify functional impairment correlated with the lesion size up to 26 days[225] and 11 weeks[250]
after ischemic stroke. In addition, sensory neglect caused by distal MCAo which induces small
cortical lesions is also able to be detected[252]. However, it is also noted that the sensitivity of this
test may be impaired when a short-term intraluminal MCAo doesn’t induce a cortical lesion[249].
Even though the adhesive removal test still has some aspects that need to be improved, it is still a
reliable, sensitive and useful protocol to assess functional outcomes for neuro-repair and
neuroprotection research after MCAo.
2.4.6 Ladder Rung Walking Test

In order to determine even subtle loss of movement capacity, the Ladder Rung walk was
originally developed for rats[264] and then optimized for mice later[265]. The measurement of
placing, stepping, and the coordination of inter-limbs are the main purposes of this test[264]. The
device consists of a horizontal ladder and rungs, where the distance between the rungs can be
adjusted in order to avoid the offset reliance via learning of the spacing and location of the
rungs[264]. Video of foot faults are analyzed to calculate a score on a rating scale based on the
quality of limb placement. This method doesn’t need any long-term training for chronic stroke
testing and animals with motor system damage have displayed deficits in the ladder rung test after
stroke[234, 264, 265].
2.5 Duraplasty

Over the years, various options for many different types of duraplasty have been
manufactured. A quality duraplasty material should meet all the following criteria. The duraplasty
material must be biocompatibility with no danger of infection. Moreover, it should have enough

mechanical strength to be able to survive the implantation surgery, while still conserving elasticity
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and flexibility so that it can mold into the shape of the brain. Furthermore, it must be sealed
watertight to block CSF from leaking through the material. Duraplasty has usually come in
different types of materials: autografts, allografts, xenografts and synthetic materials.
2.5.1 Autograft

The definition of an autograft is using a material that originates from the individual
themselves. In some surgeries, the surgical area is limited and hence the replaced material cannot
be taken from original site. The current solution involves obtaining material from other parts of
the body to use it therapeutically[266-272]. In addition, no rejection problem or disease
transmission from the graft materials is expected with autografts. However, patient morbidity is
increased because another surgery on a different area of the body is necessary[268, 269, 271, 273].
The fibrous tissue deep in the thigh is generally used for dural replacement. Other tissues have
been used as well such as the temporalis fascia, muscle, the pericardium, and fat[268, 272-275].
Autografts seem to have higher incidences of septic meningitis, CSF fistulas, and overall implant
failure than other types of grafts[272, 276, 277].
2.5.2 Allograft

Material used for duraplasty that originates from a different individual from the same
species as the recipient is called an allograft. Previously, cadavers provided the source of the
materials, but this has led to limited availability of allografts. Additionally, this method seems to
lead to increases in the transmission of prion diseases and viral infections[266, 268, 278-281]. A
different source of this material could be human amniotic membrane[282]. However, like fetal
stem cells, this raises many ethical concerns and is also hard to obtain due to small quantities being

available[283].
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2.5.3 Xenograft

When a material is sourced from a different species, which many times involves collagen
being taken from animal tissue, it is a xenograft[280, 284]. Usually, using collagen in this manner
causes it to have low mechanical strength due to the solubilization in acetic acid for re-shaping
that results in a loss of structure compared to the original matrix[285]. This can be a problem
because CSF leakage and pseudomeningocele have been observed due to the material being prone
to thinning and hole formation[286, 287]. Immunological issues, including the risk of transmission
of animal pathogens or infections, also exist in these materials[284, 288-291]. Treatments such as
hydrochloric acid or sodium hydroxide are established to neutralize potential prions[269-271, 279,
292]. Codman Duraform® Dural Graft made by Johnson & Johnson in New Brunswick, New
Jersey is a currently available commercial xenograft. Duraform® is made of type I collagen tissue
harvested from a bovine Achilles tendon. A minimal inflammation reaction was observed but,
because it is absorbable, this disappeared with time. The material demonstrated decent handling
qualities and was able to prevent CSF leakage[293].
2.5.4 Synthetic Duraplasty

One of the greatest advantages of the synthetic duraplasty is it can be manufactured easily
into various shapes and size and this makes it very useful[294]. They also offer less risk of
transmitted diseases [268]. Synthetic materials that are both absorbable and non-absorbable have
been used. Permanent implants are made up of non-absorbable material, whereas the body slowly
absorbs absorbable materials, and therefore the latter have the benefits of not causing chronic
inflammation unless degradation products elicit it[294]. There are several materials that have been
made into synthetic duraplasty, such as BC[266], silk fibroin[295, 296] and

polytetrafluoroethylene (PTFE)[297-299]. For example, Shi ,et al have used biocompatible
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poly(lactic acid)(PLLA) fibers to test the safety and effectiveness of this biomimetic patch for
dural repair[294]. The results show that the patch has excellent mechanical strength and tissue
biocompatibility. In addition, it achieves complete degradation within a two-year period to prevent
leakage which shows its potential as an artificial dural substitute. Another duraplasty named
Synthecel (Depuy Synthes, Raynham Massachusetts) is composed of biosynthesized cellulose. It
was first investigated by Rosen et al.[266]. The researchers show that it has a limited foreign body
response and a similar thickness and conformation compared to human dura[300, 301]. Also, it
has shown better ability to prevent CSF leakage than xenografts[266].

It is worth noticing that xenografts and synthetics duraplasty have been commercialized
for a long time, however, there is no research or lab that has focused on using duraplasty as a drug-
delivery platform and therefore the duraplasty doesn’t have any recovery outcomes up to date. In
other words, it is an innovative field that looks to combine the synthetic duraplasty and drug-

delivery system for endogenous stem cell therapy.

3. Objectives

3.1 Motivation

The motivation regarding this project was to design a local target drug delivery platform
which can overcome the clinical impracticality of intraventricular injection and other therapies.
The design combines various fields such as biomaterials, stem cell therapies and animal pathologic
model. Since the duraplasty is usually applied to cover the surface of the brain after DC but does
not enhance functional and neurological outcome, the idea was to take advantage of the “open”
opportunity that is offered by DC procedure by bioengineering a specialized regeneration factor-
releasing duraplasty biomaterial that can be placed on the brain at the time of DC to promote

recovery after stroke
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In this work, we hypothesize that the duraplasty fabricated from blended biosynthesized
cellulose developed by our lab, with incorporated growth factors, can be implanted during a regular
DC procedure to enable bioactive molecule deliveries to the injured area after stroke for enhanced
functional recovery.

3.2 Objectives

The following missions are the objectives for this thesis:

Objective 1: Optimization of duraplasty fabrication procedure and characterization of
duraplasty;

Objective 2: Investigate the biocompatibility and applicability of duraplasty by in vivo
animal study;

Objective 3: Establishment of a rodent stroke model which can be used to assess recovery
after treatment;

Objective 4: Assessment of the distribution and penetration of growth factor in the in

vivo rodent stroke model

4. Materials and Methodology

4.1 Materials

The bacterial strain (Gluconacetobacter hansenii) was purchased from American Type
Culture Collection (ATCC©O, Manassasm, VA). It was incubated in a modified Hestrin-Schramm
culture media, which consisting of glucose (20.0 g/L), yeast extract (5.0 g/L), peptone (5.0 g/L),
disodium phosphate (2.7 g/L), and citric acid (1.5 g/L.)[302]. Initial BC membranes were harvested
in a static cell culture at 26°C after 7 days. The BC membranes were purified by soaking them in

0.1M NaOH at 50°C for 24 hours under agitation in order to remove endotoxin and then rinsing
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them by distilled water until PH of the solution had reached neutral pH. The membranes were kept

in the refrigerator for further use.

4.2 Methodology
4.2.1 Fabrication of Blended Biosynthesized Cellulose Duraplasty

To produced BBC duraplasty, the purified BC membranes were mixed with a certain
amount of distilled water in a blender for 3mins (Oster®, Brampton, ON) to produce the
homogenous pulp. In order to obtain consistent BBC duraplasty, calculations were performed
figure out the amount of cellulose pulp needed at the beginning of fabrication. The pulp was
weighed and then filtered by using a 40C Buchner fritted disc filter (Kimble Chase, Rockwood,
TN) for 40mins under 0.6 MPa of vacuum pump to form a paper-like sheet. The filtered sheet was

weighted and then frozen under -20 °C for 24 hours, which was subsequently lyophilized at -80°

C under vacuum (Labconco Corporation, Kansas City, MO ) for 48 hours. The mass of the freeze-
dried sample was weighed again and compared to that before the lyophilization. Due to the
homogeneity of the cellulose pulp, there should be a positive correlation between the mass of pulp
and that of the freezing-dried. All fabricated BBC were sterilized via autoclave before further use.

This procedure is shown in Figure 1.
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Figure 1. Schematic of BBC duraplasty fabrication

4.2.2 Mechanic Test Protocol

Tensile tests were conducted on the swollen duraplasty samples to characterize the
mechanical properties of the prepared duraplasty. The measurements were carried out at 25 + 2°C
and relative humidity of 45+5% on an Instron ElectroPuls™ E3000 All-Electric Dynamic Test
Instrument (Instron, Norwood, MA) equipped with Instron® Bluehill® Software (Instron,
Norwood, MA). Filter paper was applied between the grips of the mechanical tester and the sample,
on both sides of the sample to assist prevention of slippage, and 7.5 mm of the sample were handled
by the clamps on each sides of the sample. The crosshead speed was set at 5 mm/min and load cell
dynamic rating of + 250 N was applied. Load-extension curves were recorded and used to measure
Young’s Modulus, ultimate tensile strength and elongation-at-break.
4.2.3 Swelling Ratio Protocol

The swelling ratio (SR) of duraplasty was tested by a gravimetric method. Duraplasty 1-6
samples were immersed into 15 mL of distilled water at 25 °C for 72 hours; then the rehydrated
samples were weighted in a designed time interval. The final mass of the samples is recorded as

Muet. The SR of the duraplasty was analyzed by the Equation 1.
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_ (Mwet — Mdry)

SR Mdry

X 100% (1)

4.2.4 Scanning Electron Microscope (SEM) Analysis

To study the morphological of the BBC duraplasty samples, a Phenom Pro scanning
electron microscope (Nanoscience Instruments, Phoenix, AZ) was used. Random selected samples
were stuck onto aluminum stubs through the carbon-based double-side adhesive discs with
electrically conductive. Images of both sides of the duraplasty and its cross section were obtained
in the microscope at an accelerating voltage of 15 kV.
4.2.5 BSA-Loading and Release Analyses

Bovine serum albumin (BSA) was used as a model protein drug and six samples were
investigated as drug delivery system. The duraplasty sample in this analysis were cut into
rectangular shape matching the size of removed skull in the following in vivo studies (3mm x
S5mm). Subsequently, samples were placed in a 24-well plate and 10 pL of a solution of 7000
ug/mL (w/v) of BSA in pH 7.4 PBS solution was pipetted on the top of each samples. The samples
were kept in static for 2 hours until the BSA solution was totally absorbed by the membrane and
then transferred to 6-well plate. To investigate the drug delivery performance of the duraplasty,
the prepared duraplasty was fully submerged in 2 mL of PBS (pH7.4) at 25°C. At each pre-
determined time intervals, 0.45 mL releasing buffer was collected and supplemented with the same
volume of fresh PBS. Concentrations of BSA from the collected buffer were quantified with a
micro BCA protein assay kit (Thermo Fisher Scientific, Waltham, MA) following the
manufacturer’s instructions and the absorbance was measured at 562 nm using an Epoch™
microplate spectrophotometer (BioTeck, Winooski, VT). The amount of released BSA was
determined from the standard calibration curve. The cumulative amount of BSA released was

calculated by Equation 2.
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n-1

R=(Cnx*Vo)+ Z_I(Ci*Vi) (2)

i

The cumulative amount of BSA released at each time point is presented by R, Cn is the
measured concentration from the BCA assay and Vo is the total volume of the sample at that time
point. The previously measured concentrations from the BCA assay were all treated as Ci, and Vi
are the aliquot volumes which were removed from the sample at each time point. The initial burst
was calculated using Equation 3.

Cumulative amount released after 24 hours
Burst Release = - * 100 % 3)
Total cumulative amount released

4.2.6 In vivo animal analyses

All animal studies were performed in strict compliance with the Guide to the Care and Use
of Experimental Animals prepared by the Canadian Council of Animal Care and protocols
approved by the Animal Care Committee of the Ottawa Hospital Research Institute.
4.2.6.1 In vivo Biocompatibility Studies

To explore the biocompatibility of the BBC membrane as a duraplasty, blank BBC
duraplasty samples were implanted in rodents over the removed area as part of a DC procedure.
Adult female Sprague-Dawley rats, 9-10 weeks of age (Charles River, St. Constant, QC) were
injected 5 mL of saline prior to surgery and then anesthetized by inhalation of 4% isoflurane for
induction and then reduce to 2% during surgery for maintenance during surgery, in combination
with oxygen supply at 2L per minute. The rat was placed in a stereotaxic unit and a middle incision
was made from the eyes to the base of the ears. A rectangular hole was drilled into the skull running
from + 2 to -3 mm anterior/posterior to the Bregma and running laterally from -1.5 to -4.5 mm
from mediolateral. The dura in the exposed hemisphere was removed and the duraplasty was

placed on top of the brain. The animals were then sutured, and topical analgesic was then applied
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along the surgical incision site. Buprenorphine was provided at Img/kg to maintain analgesia for
72 hours post-decompression. Rats were sacrificed at either 1week or 4 weeks post-DC for analysis.
4.2.6.2 Hematoxylin and Eosin Staining

At the time of euthanasia, the animal was anesthetized with inhalation of 5% isoflurane,
followed by intraperitoneal injection of sodium pentobarbital. The animal was then perfused by
PBS (pH 7.4) and following 4% paraformaldehyde (PFA) solution by transcardial perfusion until
the whole body is rigid. The whole brain was dissected and fixed in 4% PFA for 24 hours and then
tissue was dehydrated in 10%, 20%, 30% sucrose solution each for 24 hours. For the sectioning of
brains, the brain tissue was embedded in optimal cutting temperature compound (OCT) (Sakura
Finetek, Inc., Torrance, CA) under dry-ice cooling isobutane and sectioned coronally into 20 pm
serial section and collected on Superfrose slides (Thermo Fisher Scientific, Waltham, MA). For
hematoxylin staining, sections were dried for 30 minutes and washed in deionized water to remove
OCT. Sections were stained with hematoxylin solution for Sminutes, washed with deionized water.
Sections were then stained in Eosin Y for 5 minutes, and dehydration in increasing concentrations
of ethanol (70, 80, 90, and 100% v/v) and xylene[303]. Sections were mounted on coverslips using
permount (Thermo Fisher Scientific, Waltham, MA).
4.2.7 Behavioral analysis following a 60/90 minutes MCAo times in rats

In order to determine the ideal occlusion time of a stroke for further stroke study, two
groups of animals were compared. The model of MCAo was used to produce the stroke and the
occlusion time is 60 and 90 minutes, respectively. In total, 26 male Sprague-Dawley rats weighing
approximately 300 g at the time of surgery were used in this study. Once arrival, animals were
acclimatized to the housing facilities and handled daily for 4 days. Baseline performance for the

Montoya Staircase, horizontal ladder, forelimb use asymmetry (cylinder), adhesive tape removal
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and beam walking tests was measured from 15 days to 5 days before the surgery (Figure 2). On
Days 25 t0 29 (Week 4) and 52 to 56 (Week 8) after surgery, all rats were assessed on the Montoya
staircase, horizontal ladder, forelimb use asymmetry (cylinder), adhesive tape removal and beam

waking tests.

|
: <> = : : —> : | P ﬁ;l
-15 -5 0 +25 +29 +52  +56
1.Behavioural 2. MCAO (60 3. Behavioural test post-
training pre- or 90 min) stroke at week 4 and 8
stroke

Figure 2. Timeline of Behavioral Study

4.2.7.1 Surgery of MCAo in Behavioral Assessments study

On the day of the surgery, rats were given 5 mL of saline prior to surgery. Rats were
anesthetised with isoflurane (4% to induction, 2% maintenance isoflurane and oxygen). The
animals were resting on a heating pad to ensure body temperatures do no drop during the surgery.
Under aseptic conditions, a midline incision along the neck was made to expose the carotid artery.
Ligatures was placed around the common carotid artery and the external carotid artery. Clamps
were used to prevent the ligatures from loosening and to prevent bleeding. Focal ischemia of 60-
or 90-minute duration was randomly assigned and induced by the filament method (4.0 surgical
suture-2 cm in length, Doccol Corporation, Sharon, MA). The filament was inserted into the
internal carotid artery to block the middle cerebral artery. After the suture was in place, the incision
site was closed with surgical staples and the animal was carefully placed into the recovery cage
with a heating pad under one side of the cage. Shortly before the end of the 60- or 90-minute

occlusion period, the rat was re-anesthetized and surgical site was re-sterilized and re-opened. The
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suture was removed at the end of the occlusion time. At this point reperfusion occurred, Microclips
were removed and the external carotid artery ligated. The surgical incision site was sutured, and
topical analgesic applied along the incision site. Animals were placed in recovery cages with a
heating pad under one side of the cage again and monitored until there are awake.
4.2.7.2 Horizontal-Ladder Walking Test

Rats were videotaped crossing the middle segment of a 1 m long horizontal ladder with
variable spaced rungs ranging from 3 to 5 cm. Four trials per test day where the number of hits
and number of slips made with each limb was recorded. A detailed analysis of stepping was
performed for baseline, day 28 and day 56. This test assessed both forelimb and hindlimb
placements. The percentage of successful steps was calculated as Equation 4.

% successful steps = (1 — [foot faults/total steps]) x 100% (4)

4.2.7.3 Cylinder Test

Rats were placed in a transparent cylinder (20 cm diameter, 30 cm tall) for 5 minutes and
videotaped from below. Wall exploration and forelimb use were analyzed. Wall exploration is the
placement of the forelimb on the wall and contact during lateral movements. The number of
ipsilateral and contralateral wall forelimb contacts was determined from videos. This test assessed
asymmetrical limb use of animals for postural support[304]. The percentage of impaired forelimb
use was calculated based on a previously published protocol[251] as shown in Equation 5. For
each test period, one trial was conducted to all rats.

% use of impaired paw =
([contralateral contacts +% bilateral contacts] /total contacts) X 100% (5)

4.2.7.4 Adhesive tape removal test

Adhesive dots were placed on rat’s forepaws. On three trials, the time taken to touch and
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remove the adhesive dots from each paw was recorded. This test assessed sensory and fine motor

skills of animals. An asymmetry score was calculated as Equation 6.[251]

Z (time to remove dot contralateral paw—time to remove dot from ipsilateral paw)

(6)

number of trials
4.2.7.5 Beam Walking Test

Rats were videotaped while crossing a 160 cm long elevated/tapered, 2-level beam to reach
a dark goal box containing food pellets. Training consisted to let the rat cross the beam from the
beginning until the end without any pauses. The performance was determined by the average of
the 4 trials per day. On the day following the training, baseline performance was assessed.
Following the stroke, the performance was assessed by the number of hits or slips for each fore-
and hindlimbs. This assessed both forelimb and hindlimb placements[304]. The percentage of
successful steps was calculated as Equation 7. [305]

% successful steps = (1 — [foot faults /total steps] X 100%) (7

4.2.7.6 Montoya Staircase Test

Rats were food deprived 4 days before testing. Rats performed two 15min trials separated
by ~2h on each testing day. We calculated the number of pellets consumed out of a maximum of
21 per side[306]. Pre-stroke performance was calculated as the average of 4 last trials of training.
All post-stroke time point was conducted for 3 days, 2 trials per day, 15 min each separated by
~2h, and the performance was based on the average of all trials. This test assessed fine motor skills
of animals and determine the dominant hemisphere by the number of pellets eaten with the
contralateral paw.
4.2.8 In vivo Drug Penetration Analyses

In order to investigate the in vivo release and penetration into the post-stroke brain. 38

Adult male Sprague-Dawley rats, 9-10 weeks of age (Charles River, St. Constant, QC) were used
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to perform MCAo procedures for 60 mins each. Subsequent MR imaging was used to assess the
size of the stroke one day post-stroke. The 3mm x Smm duraplasty loaded with 0.33ug EGF and
300 IU EPO were implanted over the removed area at Day 2 during standard DC surgeries as
describe as in vivo biocompatibility studies. Animals were sacrificed at Day 1 (n=6), Day 2 (n=4),
Day 7 (n=3) and Day 14 (n=3) post-implantation. Brain were extracted and placed into the metallic
brain matrix slicer (Zivic Instruments, Pittsburgh, PA,). Three 3 mm coronal sectioning sections
were obtained from implanted site. Five tissue specimens were dissected as shown in Figure 3. All
specimens were then transferred into 2 ml polystyrene microtubes (Thermo Fisher Scientific,
Waltham, MA) and snap frozen using dry ice cooled isopropanol. Tubes were stored at -80 °C

until analysis.

s1—L1M. gvz1

Figure 3. Schematic diagram of the collected location of brain tissue. C1(1.0 mm): Cortex; W1(3.0 mm):
White matter; S1(5.0 mm) and S2(7.0 mm): Striatum; SVZ1(6.0 mm): SVZ. Note The size of rectangular
frame is only used to define the collected area, not reflect the real size of each harvested issue. The value

in bracket represents the estimated distance from implanted site to the collected tissue,

Subsequently, T-PER™ tissue protein extraction reagent (Thermo Fisher Scientific,

Waltham, MA) was added to each tube with a total volume of 400 ml. Tissue sections were
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homogenized by a plastic drill (Thomas Scientific, Swedesboro, NJ) and tissue fragments were
removed by centrifuging homogenized tissue at 15,000 RPM for 15min (Thermo Fisher Scientific,

Waltham, MA) at 4°C and the 100 pul homogenate was transferred into 1.5ml Eppendorf tubes.

Finally, 200 pl ELISA diluent solution was used to dilute homogenate to a total volume of 300 pl.
The amount of protein remaining in the brain homogenate at each time point and site were detected
by EGF ELISA kit (Peprotech Inc, Rocky Hill, NJ) as per the manufacturer’s instructions.

4.2.9 Statistical Analysis

The results are presented as mean * standard deviation. All data were treated statistically
using ANOVA. A statistically significant difference was considered at P < 0.05. Statistical

analysis was performed using GraphPad Prism 8 (GraphPad Software, La Jolla, CA).

5. Results and Discussion

5.1 Optimization of fabrication procedure of BBC Duraplasty

The first objective of this project was to optimize the fabrication procedure of the BBC
duraplasty developed by our lab. To the current BBC duraplasty fabrication procedure, one
purified BC membrane was used to fabricate one lyophilized BBC membrane. The properties of
each lyophilized membrane were variable and were difficult to control since the cellulose content
of each original purified BC membranes was different. To solve this issue and optimized the yield
of lyophilized BBC membranes. We developed a new method that blend all membranes at once to
obtain a batch of homogenous cellulose pulp. We assumed that the density of cellulose was
constant, the mass of final lyophilized BBC membranes would be positive correlation to the mass
of cellulose pulp. We evaluated the relationship of eleven different initial mass of cellulose pulp

and their resulted mass of lyophilized BBC membranes in increasing order of cellulose pulp mass
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(20g to 70g, 5g increments). Based on the fabrication method, water was the only component that
was removed during the filtering and freezing-dry step. There was only one variable factor in the

fabrication and hence the collected data was conducted linear regression as shown in Figure 4.

0.4~ Y = 0.003978*X + 0.009806
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Figure 4. Mass relationship of BBC duraplasty. Mass of cellulose pulp and mass of lyophilized

membranes (n=5)

As shown in Figure 4, the regression line was determined: Y=0.003978 * X+0.009806,
where X is the mass of pulp and Y is the mass of lyophilized membranes, This equation exhibited
the relationship between the initial pulp and final BBC membranes and hence could be used to the
further fabrication. The new method and its resulted equation resolve the bigger error in each final
BBC membranes. Furthermore, some properties of final production could be adjusted through this
method.

5.2 Characterization of BBC Duraplasty

To investigate the characteristic of the BBC duraplasty, six different BBCs of different
initial cellulose pulp masses were used: Duraplasty 1 to Duraplasty 6 (data was displayed in Table
4). Swelling ratio (SR) of a hydrogel-like drug delivery platform is an important factor which has

remarkable influence on the drug-release performance of the biomaterial[307]. Appropriate
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swelling rate is advantageous to the drug diffusion and is usually determined by the pore size and
hydrogen bond of biomaterial[308]. As shown in Figure 5, the SR for all BBC duraplasty elevated
quickly within the first day and remained almost constant after 96 hours. The SR of duraplasty
showed a decreasing trend following the increased mass of BBC duraplasty, where Duraplasty 1
presenting the highest SR and Duraplasty 6 presenting the lowest SR among all samples (Figure
5B). This phenomenon was then identified by SEM and porosity analysis (Figure 5C and D) which
is caused by the addition of more cellulose contents will resulted in denser cellulose microstructure

and lower porosity (Duraplasty6 is only 13.4+1.2%), therefore weaken the water permeation. It

suggests that the initial burst release of drug loaded into the duraplasty can be decreased by the
addition of higher cellulose content based on the previous study due to lower porosity[309]. This
would be helpful to our application that we are exploring to reduce initial burst to as less as possible.

At 96 hours, the highest SR was the lowest cellulose content of 784.060+8.250% (Duraplasty 1)
and the lowest one was the highest cellulose content of 527.044+13.015%. It indicated that the SR

was decreased with the increased mass of cellulose pulp significantly. Above all, based on the role
of SR in drug release performance, the best BBC duraplasty to be a drug-release platform was the
Duraplasty6 which is fabricated by 70 grams of cellulose pulp.

Table 4. Different mass of the initial cellulose pulp was used to produce BBC Duraplasty 1-6 and their

respective mass of lyophilized membranes: n=5.

Sample Cellulose Pulp (g) Lyophilized Cellulose (g)
Duraplastyl 20+0.37085 0.0872+0.00468
Duraplasty2 30+0.27256 0.1336+0.00232
Duraplasty3 40+0.29473 0.1725+0.00248
Duraplasty4 50+0.13647 0.2101+0.00520
Duraplasty5 60+0.24832 0.2491+0.00768
Duraplasty6 70+0.14591 0.2982+0.00349
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Figure 5. Physical properties of BBC duraplasty. (A) Swelling ratios of Duraplasty 1-6 in PBS at 37°C at
different time points, n=8. (B) Swelling ratios of BBC duraplasty after 96 hours. (C) Scanning electron
microscopy micrographs of Duraplasty1(20g cellulose pulp), Duraplasty 3(40g cellulose pulp) and
Duraplasty6(70g cellulose pulp) with 300x magnification. Fours samples were assayed in duplicate by
SEM analysis. (D) Porosity of Duraplasty 1, Duraplasty3, and Duraplasty 6 (One-way ANOVA followed
by multiple-comparisons test (Tukey’s) was performed for statistical analysis. Data obtained from two
independent experiments and presented as mean =+ s.e.m.; **p < 0.01, ***p < 0.001, ****p <(0.0001 from

Duraplasty 6).

Furthermore, the mechanical properties of duraplasty is also important to the clinical
application because it should withstand the manipulation of the implantation procedure after DC.
The objective of our plan is using our BBC duraplasty to replace the human dura mater and other
synthetic duraplasty, hence the mechanical properties of our BBC duraplasty should be sufficient
for surgical handlings[310, 311]. Because of the duraplasty would be infiltrated by CSF once it

was implanted to the brain, the duraplasty samples were fully immersed into the PBS solution for
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24 hours before test to simulate the real clinical situation. The mechanical properties of the fully
rehydrated duraplasty were studied as shown in Figure 6. As excepted, the highest cellulose pulp
mass sample-Duraplaty6, demonstrating the strongest Young’s Modulus and ultimate tensile
strength (UTS) when compared with those duraplasty samples fabricated through less cellulose

pulp mass (Duraplasty 1-5). The Young’s modulus and UTS of duraplasty6 are 0.288+0.011 MPa
and 0.928+0.052 MPa. It is interesting to note that the Young’s modulus and UTS of Duraplasty
6 are about 17 times and 8 times higher than Duraplasty 1 (0.017+£0.003 MPa and 0.113+0.015
MPa), respectively (Figure 6A and 6B, p <0.0001). As excepted, the highest cellulose pulp mass

sample-Duraplaty6, demonstrating the strongest Young’s Modulus and ultimate tensile strength
(UTS) when compared with those duraplasty samples fabricated through less cellulose pulp mass

(Duraplasty 1-5). The Young’s modulus and UTS of duraplasty6 are 0.288+0.011 MPa and 0.928
+0.052 MPa. It is interesting to note that the Young’s modulus and UTS of Duraplasty 6 are about
17 times and 8 times higher than Duraplasty 1 (0.017+0.003 MPa and 0.113+0.015 MPa),
respectively (Figure 6A and 6B, p <0.0001). These results are consistent with our expectations

and are likely because of more cellulose contents can form higher density of hydrogen bonding
that lead to the enhanced mechanical properties[312]. In addition, a commercial duraplasty product,
Durafrom®, was also tested for its mechanical properties after immersion of PBS for 24 hours.

The data of Young’s modulus and UTS of Durafrom® were 0.047 + 0.013 MPa and 0.024 +

0.014MPa, showing that the mechanical performance of duraplasty fabricated from our lab was

stronger than the commercial production through the adjustment of cellulose content.
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Figure 6. Mechanical properties of BBC duraplasty 1-6. (A) Young’s Modulus. (B) Ultimate tensile
strength and (C) elongation-at-break of Duraplasty1-6. The mechanical properties were measured using
BBC duraplasty samples which were immersed into PBS solution in room temperature 24 hours before

test. (One-way ANOVA followed by a multiple-comparisons test (Tukey’s) were used for statistical

analysis. Data obtained from two independent experiments and is presented as mean + s.e.m, n = 10. *p <

0.05, ***p < 0.001, ****p < 0.0001 from Duraplasty6).

5.3 Drug Delivery Performance of BBC Duraplasty

The goal of this project is to prepare a BBC duraplasty that incorporate therapeutic drug
and that can be implanted as part of a standard DC procedure to enhance functional recoveries of
post-stroke brains. Therefore, it is important to evaluate drug release performance of the BBC
duraplasty. In this study, because of the less initial burst release, Duraplasty 6 was used for the in
vitro BSA release study unless indicated otherwise.

To avoid any further negative influences on the post-stoke swollen human brain due to
effective pressure, the thickness of Duraplasty6 was measured at the beginning of this study. The

thickness of the Duraplasty6 is 0.53 + 0.02 mm and 1.05 + 0.13 mm before and after rehydration

respectively. The thickness of Duraplasty6 is still under similar range when compared to those

human dura maters between 0.53 mm to 1.88 mm even though the thickness of Duraplasty6
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doubled after rehydration[313]. Based on this situation, the Duraplasty6 should not be expected to
cause any complications when it is implanted to the post-stroke brain.

In this study, BSA was used as a model drug for release study. Specifically, BSA solutions
were loaded directly onto the surfaces of Duraplasty6 samples. Through the capillarity of the

cellulose network, the BSA solutions were absorbed into the BBC samples.
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Figure 7. Cumulative release of BSA over 14days as determine by micro BCA protein assay kit, n=6,

Data obtained from two independent experiment and presented as mean + s.e.m

As shown in Figure 7, the BSA-loaded Duraplasty6 showed an initial burst release within

the first 8 hours of release (65.18% =+ 1.84) and an almost linear release until Day 8. These two

phenomena were most likely since the most of BSA molecules were trapped in the outer layers of
the Duraplasty and the rest of BSA molecules where in the inner layer were escaped from cellulose

structure later. Until the drug release achieve the plateau platform (day 10), 82.85 + 4.52 % (57.99
+ 3.16 ng) of originally loaded BSA were released from the Duraplasty6 samples. It should be

noticed that the activation of endogenous NSPCs after stroke also occur during the similar time
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period after stroke[314]. In conclusion, the Duraplasty6 showed the desired release profile which

has potential to be a drug delivery platform to the further in vivo study.

5.4 In Vivo Biocompatibility test of implantation of BBC Duraplasty
To the clinical application, biocompatibility of the implant is mandatory. Hence, we further
evaluated our Duraplasty on rats in vivo to determine if it is biocompatible and can used on the

surface of the brain after DC as shown in Figure 8.

Figure 8. A Euthanized Rat after 4 weeks of DC procedure

Rats were euthanized at 1 week and 4 weeks after DC surgery, the brains of rats were
extracted and then the brain coronal sections of rats were used to assessed acute and chronic
inflammatory reactions as shown in Figure 9. Samples from both no surgery and DC only group
demonstrated the normal histology of the rats’ brain. In addition, rat brains with inflammatory
reaction which was caused by incident also used to present the pathological phenomena of

rejection reaction.
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Duraplasty implantation Inflammati

Figure 9. H&E staining of representative coronal brain sections for no surgery and the decompression

procedure with or without implantation of BBC Duraplasty, after one and four weeks. Sprague-Dawley
brain with (A) No surgery of 1 week, (B) DC only of 1 week, (C) Duraplasty implantation of 1 week, (D)
Inflammatory brain of 1 week, (E) No surgery of 4 weeks, (F) DC only of 4 weeks, (G) Duraplasty
implantation of 4 weeks, (H) Inflammatory brain of 4 weeks. Note: Duraplasty was removed before

sectioning procedure. Images were taken under 10x magnification (scale bar =200 pm) (N=5).

Compared to the other six images (Figure 9A-B, D-F and H), the images of BBC duraplasty
implantation specimens (Figure 9C and G) did not display any appearance of macrophage invasion
at the apical surface of the brain for both 1 week and 4 weeks. Also, the neutrophils or eosinophil
were not observed, suggesting that no infection and foreign body reaction on the rat brain after the
duraplasty implantation at acute and chronic time stage either. The results were consistent to the
previous study while implanting the plant-derived cellulose biomaterial subcutaneously[315]. In
summary, the above results have provided further evidence to demonstrate that that the BBC

duraplasty has excellent in vivo compatibility when implanted
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5.5 Behavioural assessment following a 60- or 90-minute MCAo time in rats

For our study, in order to simulate the pathological changes of stroke patients, MCAo
procedures were carried out on rats to induce strokes. Rats were performed 60 or 90 minutes
MCAo procedure (and without any stroke recovery interventions) were assessed for their
behavioral performances to establish therapeutic outcome backgrounds. Five behavioral tests: (1)
Montoya staircase test; (2) Horizontal-ladder walking test; (3) Cylinder test; (4) Adhesive tape
removal tests, and (5) Beam walking test, were performed at each time points as mentioned above.
During the surgery, 14 of 26 rats were died during or after surgery within 7 days, the data of
incomplete samples were not counted in the analysis.

The Montoya Staircase test was used to assess the independent use in skilled reaching and
grasping tasks of forelimbs. As shown in Figure 10, both 60 and 90 min groups achieved a similar
number of consumed pellets with their preferred forelimb in baseline. The 60min group consumed
13.04 out of 21 pellets and the 90 min groups is 14.71 out of 21. For the Week 4 of post-stroke
surgery, either 60 or 90 min groups reflected a significant decrease (P < 0.05) in the mean of
consumed pellets through the contralateral forelimb (60 min groups consumed 7.55 pellets and 90
min group is 3.63 pellets). At Week 8, two groups also showed a significant decrease in the pellets
consumed of contralateral forelimb. The results are 8.13 of 21 to the 60 min group and 1.56 to the
90 min group (P < 0.05). In addition, the significant differences between groups were only found
at Week 8 (P < 0.05). The results determined that the ability of grasping and reaching has been

impaired for both occlusion time group successful through our surgery.
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Figure 10. Montoya staircase test, number of pellets consumed of 60 or 90 mins occlusion time groups at

each time points (Error bar are mean + s.e.m, n=6)

The second test is Cylinder test which is used for evaluating locomotor asymmetry in
rodent models of CNS disorders and the results as shown in Figure 11. As we can see from Fig
11B, the synergistic utilization of two forelimbs was around 50% of total use before surgery
induction and the single use of each paw was fifty-fifty of the rest use. After surgery, both at Week
4 and Week 8, showed a significant decline of the percentage utilization of the impaired paw with
a main effect of time as shown in Fig 11A (60 min is 4.033% and 4.303%, 90 min is 6.26% and
5.37% respectively. P < 0.01). In addition, the collaboration of two forelimbs after surgery was
significant decreased to the 5.43% and 3.16% of 60 min group and 5.09% and 1.94% of 90 min
group as well, suggesting that the function of locomotor asymmetry was obvious damaged after

the ischemic stroke.
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Figure 11. Percentage of each paw use. (A) Percentage of impaired paw at each time points; (B)

Percentage distribution of co-use, affected paw, unaffected paw at baseline, week 4 and week 8. (Error

bar are mean + s.e.m, n=6)

To the third test, Beam test, fine motor coordination and balance was used to assess the
brain injury after stroke attack as shown in Figure 12. Both forelimb and hindlimb of contralateral
side was analyzed to assess the degree of brain damage. As excepted, both two study groups
showed equally well during the baseline evaluation (99.59%, 97.13% for 60 min and 99.29%,
98.95% for 90 min). The forelimb of Week 4 and Week 8 showed a decrease in the percentage of
successful steps with a main effect of time (60 min: 77.84% and 80.02%; 90 min: 94.90% and
92.27%. P <0.05). In addition, the hindlimb of Week 4 and 8 also showed the similar decline trend
of successful steps. Results of Week 4 of 60 min and 90 min groups is 62.15% and 80.73% (P <
0.05), also the Week 8 of those two groups was 82.77% and 84.41% respectively. Furthermore, it
is noted that the significant differences of successful steps of hindlimb of two groups at Week 4
was found in our study and the 60 min group even performed more impairment of function than

the 90 min group (P < 0.05).
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Figure 12. Beam test, percentage of successful steps of impaired forelimb (A) and hindlimb(B) at

baseline, week 4 and week 8.  (Error bar are mean + s.e.m, n=6)

Moreover, the next behavioral test is Horizontal-ladder walking test. The percentage of
successful steps of injured forelimb and hindlimb was also recorded as well as shown in Figure 13.
Both forelimb and hindlimb of two groups showed a significant impairment (60 min: 71.91% and
77.04%; 90 min: 83.80% and 83.99%) at Week 8 (P <0.001). In addition, the significant between-
group differences were detected at Week 4 of forelimb and two post-stroke assessment time points
of hindlimb (P <0.01). It is worth to note that the behavioral performance of the 60 min group was

worse than the 90 min group at both two post-surgery time points in this behavioral test.
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Figure 13. Ladder test. (A) Percentage of successful steps of forelimb; (B) Percentage of successful steps

of hindlimb. (Error bar are mean + s.e.m, n=6)

The last test is Adhesive removal test, the time differences of tape removal between
contralateral forelimb and ipsilateral forelimb were analyzed as shown in Figure 14. At all-time
points of post stroke, both groups showed a significant increase in time difference between the
contralateral and ipsilateral forelimb (P <0.01). To the 60 min occlusion time group, the difference
of tape removal test increased from 9.67 to 23.22 seconds at Week 4 and to 60.56 seconds at Week
8. On the other hand, the removal time of 90 min occlusion time was from -9.28 to 34.64 seconds
and 47.95 at these two time points respectively. Regarding the group-between significant

difference, it was only observed at Week 4 but Week 8 (P <0.01).
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Figure 14. Adhesive removal test. Time differences of tape removal between contralateral forelimb and

ipsilateral forelimb at baseline, week 4 and week 8. (Error bar are mean + s.e.m, n=6)

To the ischemic stroke patients, most of them were affected by the blocking of middle
cerebral artery which can lead to severe impairment. Hence, the MCAo rodent stroke model was
selected in our study to simulate a similar pathological environment of human patient. The
occlusion time of this model is usually a dominant role in the severity of behavioral impairment.
The occlusion time over than 90 minutes is always irreversible and be classified as a permanent
stroke. The comparison between the 60 and 90 minutes occlusion time will help us to valid the
better occlusion time for the following in vivo drug penetration study. It will also allow us to know
which tests we use will be enough sensitive to be applied on the evaluation of new therapy,

showing us significant improvement in function recovery.
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During the behavioral studies, we performed above five tests to assess the behavioral
differences of rat model between the 60 and 90 minutes MCA occlusion time. Without the
consideration of occlusion time, animals in all groups kept impaired for the contralateral forelimb
and hindlimb at Week 8 based on these behavioral tests. However, the regularity of results of each
test was different once the occlusion time was considered. To the Montoya staircase test, a
significant difference between-groups was detected at Week 8 that the 60 minutes occlusion time
group was better than the 90 minutes occlusion time. The same behavior was observed for the tape
test as well. Rats showed a significant between-group differences at Week 4 but Week 8.

In contrast, both beam and ladder test showed contrary results. A significant between-group
difference was only detected at Week 4 of the hindlimb paw in the beam traversal test, with a
higher percentage of successful steps for the 90 minute occlusion time group than for the 60
minutes one. Coincidentally, same result was also showed in the ladder test where significant
between-groups differences were detected at Week 4 and Week 8 for the forelimb paw and only
at Week 8 for the hindlimb. But for both sides, the functional performances of 90 minutes group
were better with a higher percentage of successful steps than the 60 minutes groups.

Even though all test excepted cylinder one were found a significant between-groups
difference at post-stroke, the variability of results was obvious to each tests. On the one hand, the
60 minutes group obtained a better performance with impaired paw than the 90 minutes one. On
the other hand, the 90 minutes group showed a higher score with their impaired paw in the beam
and ladder tests. This non-cohesion between tests could come from several reasons. The small
sample size may be the main reasons of such results, as 6 rats per groups were not able to perform
a precise assessment. Because of the severe brain damage after MCAo surgery, some of rats were

dead before post-surgery behavioral test. Only 6 rats of each groups completed the whole tests and

62



hence the individual result would influence a lot to the overall data. The second factors came from
the variability of the lesion size probably. Even though the severity of impairments of brain is
mainly caused by the length of occlusion time, the reaction of each sample is different since the
diversity of diameter and length of artery. The lesion volume of each brains may vary, and the
significant between-groups differences may not able to be detected due to this issue. It will be
necessary to reproduce this study with a bigger sample size to allow a possible detection of
significant difference between group in the lesion size. For now, the 60-minutes occlusion time
was applied to the following study because that it was able to induce significant impairment of
motor functions within a shorter period.

5.6 Analysis of In vivo EGF penetration

The last study we did is designed to verify the efficacy of BBC duraplasty as a drug delivery
system in vivo. To detect the change of concentration of EFG and EPO in different area of brain
during the time, we implanted the BBC duraplasty loaded with EGF and EPO during the DC
procedure at the day 2 of the stroke induction. Rats were euthanized at day 1, 3,7 and 14 after
implantation and the brain tissue was collected as described in the methodology section. The mass
of tissue was calculated based on the difference of void tube and the tube loaded with tissue. The
density of brain was counted as 1.06 g/ml to calculate the volume of brain tissue based on the
previous study[316] .

The Human EGF ELISA kit was used to probe the human EGF in the harvested tissue and
the results as shown in Figure 15. At 1-day post-implantation (Fig. 15A), the majority of EFG
protein was found in C1 and W1 where is around cortical tissue and white matter (C1: 161.4 ng/ml
and W1: 130.5 ng/ml). The concentration of S1, S2, SVZ1 is significantly lower than the C1 and

W2, the concentration of these three sites is 40.75, 35.02 and 20.89 ng/ml respectively. The results
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at 3 days of post-implantation was remarkable, as shown in Fig. 15B, the concentrations of CI,
W1, S1,SVZ1 are within 60-90 ng/ml (C1: 72.61 ng/ml; W1: 60.77 ng/ml; S1: 73.41 ng/ml; SVZ1:
93.43 ng/ml). Only site S2 kept the concentration as similar as 1 day of post-implantation (31.98
ng/ml). It is worth to note that the EGF at SVZI as well as subventricular zone is detected, which
verified our assumption that our BBC duraplasty can deliver bio-active protein to the
subventricular zone in the stroke brain after implantation during the DC procedure. To the 7 days
and 14 days of post-implantation, the EGF concentration in each site were all maintained low. The
concentration of both 7 days and 14 days of five sites are around 10 ng/ml. The main reason of
lower concentration was mainly caused by the half-time of protein itself. The half-life of EGF was
only 0.74 h in the uninjured brain and 1.69 h in the injured brain, respectively based on the previous
study [165]. Hence, some EGF molecules were denatured and then could not be conjugated with
ELISA kit after longer time in in vivo environment. According to the foregoing research, the
suggested recovery therapy period for stroke recovery is to have the release of EGF for the first 7
days and then EPO for the next 7 days[317]. Obviously, the current duraplasty cannot release EGF

within an effective concentration up to 7 days to achieve best proliferation outcome of stem cells.
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Figure 15. Concentration of human EGF concentration in stroke brains after delivery from implanted
BBC duraplasty, the diffusion profiles of EGF at difference site is assessed. (A) At 1 day of post-
implantation; (B) At 3 days of post-implantation; (C) At 7 days of post-implantation; (D) At 14 days of

post-implantation. (Error bar are mean + s.e.m)

The above finding suggests that our BBC duraplasty can release the growth factors and
then deliver them to the targeted area (SVZ1) at least 3 days after implantation. Although the
current BBC duraplasty cannot met the ideal release profile of real stroke recovery therapy since

the release profile should match the cells activity period exactly. It is still showing the potential
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prospection to be a clinical-applicable duraplasty to replace the traditional commercial duraplasty

in the future stroke recovery therapy.

6. Conclusions and Future work

In this article, we determined if the BBC duraplasty that can be implanted as part of DC
procedure in stroke patient to delivery growth factors so that they can stimulate neural stem cell
proliferation. First, the fabrication procedure of BBC duraplasty was optimized, the mass
relationship of BBC between each step was investigated and the equation obtained from data
analysis was added to the fabrication procedure as a standard step. The introduction of this equation
can control the mass and other parameters of the final duraplasty and hence made the
commercialization of BBC duraplasty possible. In addition, the characterization of different BBC
duraplasty samples were performed. The series of tests were used to identify the appropriate
parameters of BBC duraplasty to be a drug-delivery system. Furthermore, the BSA release profile
indicated that the BBC duraplasty can sustained release BSA up to 10 days, confirmed the potential
of the BBC duraplasty to be a drug-delivery implant on the stroke recovery. Second, the
biocompatibility of the BBC duraplasty was verified. Part of the rat skull was removed and the
BBC duraplasty was then implanted over the removed area to mimic the DC procedure performed
in the stroke patients. The results of pathological comparison and assessments of each study groups
at short-term and long-term (no surgery, DC only, implantation and inflammatory) was promising,
The H&E tissue sectioning images of implantation group did not find any obvious inflammatory
symptom when compared to the images from DC only and implantation group of brain tissue. In
addition, no necrosis and atrophy of brain was detected at both actual and chronic stage as well.
The above findings suggest that the BBC duraplasty is in vivo biocompatible and can be used as a

drug-delivery implant to the further animal study. Furthermore, an appropriate animal stroke
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model is a key component of pre-clinical research. The constant stroke pathological environment
is necessary otherwise the further in vivo drug penetration would not reflect the real distribution
and penetration of loaded drug due to the spontaneous recovery. Hence, the ideal occlusion time
of MCAo rat model was then studied. The differences of 60 minutes and 90 minutes occlusion
time was analyzed through the motor functional performance of five behavioral tests: (1) Montoya
Staircase test; (2) Beam traversal test; (3) Ladder rung test; (4) Tape removal test; (5) Cylinder
test; The performances and their differences between time and groups were analyzed. All five
results confirmed that both 60- and 90-minutes occlusion time length can induce significant motor
functional impairment after 4 weeks and 8 weeks of stroke. The motor functional differences of
two occlusion times were also compared, only two of five behavioral tests were detected the
obvious significant. And, surprise, the beam and ladder test showed the unexpected results that 60
minutes occlusion time groups showed worse performance data compared to the longer time length
(90 minutes) at some post-stroke timepoints. Even though the main reason of this situation was
caused by the individual variability, to a certain extent, the results suggest that 90 minutes
occlusion time would not induce worse motor functional damage to the rats. Based on the results
of the pre-trial rat stroke model and the concern of the time cost, we hence selected 60 minutes as
the standard occlusion time length to induce stroke in the further in vivo study. After the above
three antecedent experiments, the feasibility of BBC duraplasty as a drug-loaded implantation has
been verified as well as the standard procedure of animal stroke model has been established. We
performed in vivo protein penetration study in the end of the whole project. This procedure of the
experiment was designed to simulate the real circumstances of human stroke patients. Stroke and
DC was performed step by step while the BBC duraplasty incorporated with EGF & EPO growth

factors was implanted over the swollen brain area. Several pieces of brain tissue from swollen

67



hemisphere were collected and their supernatant was analyzed through the ELISA kit. The
penetration results of day 1 and day 3 of post-implantation was promising that the substantial dose
of EGF is existed in the subventricular zone where is the nest of eNSPCs. It provided the higher
possibility of stimulation of proliferation and differentiation of those undifferentiated cells, which
indicated the idea of BBC drug-loaded duraplasty is viable.

Although the results of above experiments are promising, there are still several works need
to be completed. The first one is the development of the dual step releasing drug delivery system.
In the current study, only BBC duraplasty was used to be the drug carrier to release and delivery
therapeutic molecules. The single stage release profile was not enough for the stimulation of
eNSPCs proliferation and differentiation since the time period of these two activities are different.
In order to match these time periods, two or more release profiles should be achieved through the
multicomponent biomaterial. Therefore, our lab is developing the biodegradable microsphere
which can combine with the current BBC duraplasty. We assumed that the multicomponent
biomaterial can load and release more than one therapeutic molecule during different time periods.
The second matter need to be faced is the appropriate dose of therapeutic molecules. During the
above study, we only detected the concentration of EGF in designated area. However, the efficacy
of growth factor was not tested such as the performances of neurogenesis and functional recovery
after post-implantation. The behavioral assessment of the treatment group needs to be tested to
determine if the significant improvement is achieved when compared to the non-treatment group.
Also, the differences of neurological environment should be characterized as well through the
bromodeoxyuridine or other labeled material. The third issue is the exploration of new therapeutic
substance. Currently, we have used the EGF and EPO as the therapeutic drugs to study the recovery

of stroke. However, the outcomes of growth factors were limited based on the previous
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studies[318]. Therefore, the development of new therapeutic drug is necessary. Exosomes are
produced in the endosomal compartment of most eukaryotic cells and it has shown promising
potential for the recovery of traumatic brain injury [319]. We are planning to optimize the storage
condition of exosomes and then load them to the BBC duraplasty or/and microsphere. We
hypothesize that the dual-stage exosome-loaded drug delivery could meet the requirement of

stroke recovery and be applied to the human clinical application in the future soon.
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