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ABSTRACT

The central nervous system (CNS) is susceptible to several disorders that can affect the
structure or function of the brain or spinal cord, such as stroke and spinal cord injury (SCI).
CNS disorders are complex, frequently causing failure of cognitive, motor and sensory
functions. Unfortunately, there are only a few care alternatives for patients with CNS disorders,
due to the limited capacity of the CNS to spontaneously regenerate; what expresses the need
to develop innovative solutions, such as scaffolds that also could act as drug delivery systems
to promote tissue and functional repairs in the CNS. To achieve this goal, three main projects
were developed in this thesis. In the first project, a novel drug releasing duraplasty that can be
applied as part of decompressive craniectomy (DC) was designed and tested. While DC can
significantly reduce the risk of death, this procedure does not reverse the stroke damage. Thus,
biosynthesized cellulose (BC) was used to produce a new duraplasty loaded with growth
factors. The in vivo animal studies revealed that our duraplasty had excellent biocompatibility
when implanted onto rodents’ brains. In the second project, BC tubes were prepared and nerve
growth factor was incorporated into the tubes to be used as potential nerve guides to assist with
the reconstitution of nerve tissues across SCI lesion. Physical and mechanical properties of the

drug delivery systems produced were evaluated and compared to the neural native tissue. In
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addition, cell cultures demonstrated that growth factors released from both drug delivery
systems were bioactive for over 7 days. In the third project, linear and 2-branched peptides
were synthesized as potential bioactive molecules to improve tissue regeneration. These
peptides, containing the RGDS sequence, were synthesized through Solid Phase Peptide
Synthesis and characterized by mass spectrometry, high-performance liquid chromatography,
and their conformational structures were analyzed by an energy minimized 3D model. In
summary, this thesis explores the use of BC as drug releasing systems, which are promising
and clinically relevant strategies to enhance nerve regeneration for many patients facing
physical, mental and financial strains due to stroke, SCI or other difficult-to-cure injuries to

the CNS.
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CHAPTER 1 - INTRODUCTION & HYPOTHESIS



1.1. General Introduction

The central nervous system (CNS) has a reduced capacity to spontaneously regenerate after
disease or injury, demanding innovative approaches to promote tissue and functional repairs
[1]. Providing a tissue engineering scaffold that also acts as a drug delivery system has a great
potential to increase nerve regeneration and enhance functional recoveries in the CNS.
Therefore, in this thesis, projects were developed focusing on the production and
characterization of two different drug delivery systems based on biosynthesized cellulose (BC)
for stroke and spinal cord injury (SCI) regeneration and on the synthesis and optimization of
linear and two-branched “RGDS” peptides as potential molecules to enhance cell-biomaterial
interaction.

Tissue engineering devices, particularly those to be used as implantable scaffolds, are
generally made from biomaterials that offer a variety of structures and properties. To this end,
many biomaterials — both synthetic and naturally occurring — have been used for CNS
applications, where additional modifications to the scaffold material are usually required. One
approach that is well recognized for that is anchoring biologically active entities into the
biomaterial, such as growth factors (GFs) and peptides. Recently, naturally occurring materials
such as cellulose, chitosan, hyaluronic acid, and collagen have attracted significant interests as
potential biomaterials for applications in tissue engineering (TE) [2]. Among these materials,
cellulose is perhaps the most common naturally occurring polymer on earth. It is an important
structural component found in cell walls of green plants, algae, oomycetes and some cellulose-
producing strains (i.e. biosynthesized cellulose, BC) in biofilm form [3]. While it is necessary
to employ different chemical treatments to obtain pure cellulose from plants [4], BC is readily
produced more pure than plant cellulose and does not contain any other compound present in

the plant pulp or from animal origin [5].



In the first project, presented in Chapter 3, a novel BC-based drug releasing duraplasty
that can be applied as part of decompressive craniectomy (DC) after stroke was designed and
tested (Figure 1.1). Stroke is a CNS disorder consisting of the sudden death of brain cells due
to a lack of oxygen and nutrients [6]. It is the second leading cause of death [7] and the third
leading cause of disability [8] around the world. In Canada, between 2012-2013, there were
741,800 stroke survivors [9]. Unfortunately, the treatment options for stroke are very limited
and the neurological damage cannot be completely repaired [10-12]. Usually, after a stroke,
extensive portions of the brain are damaged, causing significant brain swelling. DC is a
standard surgical procedure performed on stroke patients to alleviate the increased intracranial
pressure by temporarily removing a portion of the skull, opening the dura and then applying a
duraplasty (i.e. membrane patch) onto the exposed brain [13-15]. While DC can significantly
reduce the risk of death, this procedure with the duraplasty implantation does not reverse the
stroke damage [13, 16]. Thus, BC was used to produce the new duraplasty, and GFs were
loaded into the membrane. The use of GFs have shown promising results to stimulate neural
stem/progenitor cells (NSPCs) proliferation and migration from the subventricular zone (SVZ)
to the injury site and consequently tissue regeneration [17, 18]. Figure 1.1 shows a schematic
representation of this process. Physical and mechanical properties of the resulting duraplasty
were studied. In addition, the bioactivity of the GFs released from the BC-based duraplasty
were evaluated in primary rodent NSPCs for 1 and 2 weeks. Lastly, the in vivo biocompatibility
of the drug releasing BC duraplasty was demonstrated in animal models and inflammatory

changes associated with the biomaterial were evaluated.
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Figure 1.1 — Schematic representation of biosynthesised cellulose (BC)-based duraplasty application. The
growth factors loaded BC duraplasty is locally implanted onto the brain after decompressive craniectomy (DC)
after stroke. The growth factors are released and stimulated the migration and proliferation of post-stroke neural

stem/progenitor cells (NSPCs) from the subventricular zone (SVZ) to the injury site to promote tissue repair.

In the second project, presented in Chapter 4, BC hydrogels were produced in tube-
shape and nerve growth factor (NGF) was incorporated into the BC tubes as a potential nerve
guidance tubes to assist with the reconnection of nerve tissues across SCI lesion. Figure 1.2
shows a schematic representation of the NGF-enriched (i.e. NGF-loaded) nerve guidance tube
for application in SCI. The SCI is another CNS disorder that can result in permanent motor
and sensory damage due to a severed communication pathway [19]. Functional repair of SCI
thus remains one of the most challenging clinical problems. The World Health Organization
(WHO) estimates that every year, between 250,000 and 500,000 people sustain a SCI [20]. In
Canada, it is estimated that there are 4,500 new cases of SCI each year [21].

Recently, TE based approaches have used biomaterials for SCI regeneration [22].
Among the biomaterial approaches, hydrogel tubes can be used as nerve guidance tubes to

reconnect injury gaps by providing structural orientation for the nerve tissue and as vehicles
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for the delivery of bioactive molecules to promote cell growth at the site of the injury [22].
One of the most frequently used bioactive molecule for release into a SCI is NGF, which is
well known to improve neuronal outgrowth and has been applied as a chemo-attractant to
promote axon guidance [23, 24]. In this study, Gluconacetobacter hansenii was cultivated
during several time points in a specific bioreactor to produce biosynthesized cellulose tubes
(BCTs). Different cultivation parameters were measured, BCTs physical and mechanical
properties were evaluated and compared to the native tissue. In addition, the drug delivery

behavior of the enriched nerve guidance tube was studied, as well as the NGF bioactivity

against PC12 cells.
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Figure 1.2 — Schematic representation of biosynthesized cellulose tubes (BCTs) for SCI application. BCTs
were produced and enriched with nerve growth factor (NGF) to serve as nerve guidance tubes for SCI
regeneration.



As third project, Chapter 5, linear and 2-branched peptides were synthesized as
potential bioactive molecules to improve tissue regeneration. Peptides are involved on a
variety of physiological functions and biochemical processes. Specially, the tetrapeptide
arginine-glycine-aspartic acid-serine (RGDS) is the most efficient and most often used peptide
moiety to stimulate cell adhesion on synthetic surfaces, due to its ability to address more than
one cell adhesion receptor and its biological impact on cell anchoring, behavior and survival
[25]. In addition, the building of branched peptides (i.e. multiple antigen peptide (MAP)
system) containing RGDS moiety and the immobilization of such peptides in biomaterials has
represented an attractive approach to improve cell-biomaterial interactions in TE [26-31].
MAPs have shown higher cellular uptake than their similar linear counterparts, since they
present higher density of functional binding sites and consequently much lower concentrations
can be used [32-39]. Therefore, Chapter 5, linear and 2-branched peptides containing the
RGDS sequence were synthesized through solid-phase peptide synthesis and characterized by
mass spectrometry, high-performance liquid chromatography, and their conformational
structures were analyzed by a theoretical energy-minimized 3D model. Peptides synthesized
can be loaded into drug delivery systems, such as the BCT systems, to improve cell—

biomaterial interactions.

1.2. Hypothesis

e It is hypothesized that blending the original biosynthesized cellulose is an effective
approach to produce duraplasty membranes and to modify its properties, such as
cellulose mass, swelling capacity and mechanical. In addition, it is believed that using

this fabrication technique the duraplasty could easily be loaded with bioactive
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molecules and that delivered would be effective to stimulate neural stem/progenitor
cell migration, proliferation and differentiation.

It is hypothesized that culturing G. Hansenii for different time length in a bioreactor
containing a silicone tubing would produce biosynthesized cellulose tubes with
different cellulose mass and thickness and that would influence in the tubes properties.
Besides, it is hypnotized that these tubes could be used as drug delivery systems to
stimulate PC12 cells differentiation.

It is hypothesized that using Solid Phase Peptide Synthesis chemistry peptides
containing the RGDS peptide moiety with different configurations, e.g. linear and
branch, could be synthesized. And, the peptides chemical structures could be confirmed

by HPLC and MALDI.

1.3. Specific Aims

Produce blended biosynthesized cellulose (BBC) for drug releasing duraplasty
applications in stroke;

Generate biosynthesized cellulose tubes (BCTs) as nerve guidance delivery systems;
Characterize physically and mechanically the two drug delivery systems (BCT and
BBC);

Enrich both systems with growth factors;

Evaluate the drug delivery profile of enriched-BBC and BCT;

Analyse the in vitro activity and effect of the growth factors delivered from the
systems;

Determine the in vivo biocompatibility of BBC duraplasty;



viii.  Synthesize and characterize different peptides with RGDS sequence in linear or

branched configurations.

1.4. Thesis Overview
This thesis contains 8 chapters. Chapter 1 introduces the research, its main hypothesis,
specific objectives and the thesis structure. Chapter 2 provides a review of the current
literature on central nervous system (CNS), biosynthesized cellulose (BC), peptides and
describes the state-of-the-art biomaterials available for CNS disorders, specifically for stroke
and spinal cord injury. Chapter 3 of this thesis describes the development and analysis of a
novel BC-based drug releasing duraplasty for stroke application. In Chapter 4 is demonstrated
the production and in vitro study of a BC-based nerve guidance drug delivery tube for spinal
cord injury treatment. Chapter S shows the synthesis and characterization of peptides as
potential therapeutic molecules. Chapter 6 of this thesis, provides a general discussion of the
results obtained in this thesis. In Chapter 7 an overall summary and final conclusions on the
work contained in this thesis are presented. Finally, the recommendations for further work

based on this thesis are discussed in Chapter 8.

1.5. Statement of Novelty
In this thesis, for the first time, a blending fabrication technique was used to produce
biosynthesized cellulose-based duraplasties as drug delivery systems to be applied as part of a
standard decompressive craniectomy after stroke. In addition, several biosynthesized cellulose
tubes were prepared and their physical and mechanical characteristics evaluated and compared.
These tubes were enriched with nerve growth factor and their activity was tested for the first

time as potential nerve guidance drug delivery systems for SCI.
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2.1. Central Nervous System (CNS)
The brain and spinal cord are what anatomically make up the central nervous system (CNS).
The CNS along with the peripheral system (nerves and ganglia) form the nervous system,
which has an essential function in the body control. The CNS receives the information related
to the senses (sight, hearing, taste, smell, and touch) and sends out orders to move muscles and
control glands.

The CNS is susceptible to various diseases, also known as central nervous system
disorders. These disorders can affect the structure or function of the brain or spinal cord and
can be caused by several different origins including diseases and traumas. Among the many
CNS disorders, this thesis will focus on stroke (Section 2.2) and spinal cord injury (SCI,
Section 2.3). CNS disorders are complicated, often resulting in the loss of motor, sensory, and
cognitive functions. Unfortunately, there are few treatment options for patients with CNS
disorders, due to the limited capacity of the CNS to spontaneously regenerate [1]. This lack of
regeneration capability is due to the absence of growth factors (GFs) and extracellular matrix
(ECM) proteins that can promote the axon growth, the presence of molecules that inhibit the
axonal growth, and the formation of a glial scar - a chemical and physical barrier - at and
around the injury area [2]. Research is ongoing to improve the CNS regeneration ability by
delivering bioactive molecules to the CNS through a variety of different methodologies. The
aim of these molecules is to stimulate neuroprotection and promote the proliferation and
migration of endogenous neural stem/progenitor cells (NSPCs) to the lesion site [3].
Furthermore, the blood-brain and spinal cord barriers (BBB and BSCB, respectively) are

protective barriers in the CNS, protecting the brain and the spinal cord against harmful and
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hazard agents, but also impeding the efficacy of systemic drug delivery methods (i.e. oral and
intravenous) [4].

Considering the special structure of the BBB/BSCB, new therapeutic designs or the
elaborations of efficient delivery methods are required for CNS drug delivery [5]. Most drugs
used to treat CNS disorders are administrated intravenously or orally; however only a few
bioactive molecules can bypass the BBB/BSCB and achieve the injured tissue in efficacious
doses [6, 7]. Therefore, for the effective drug amount to reach the target site, it is necessary to
increase the drug dose or to extend the administration time, which increases the risk of toxicity.
In the case of SCI, serial injections or continuous osmotic mini-pump infusion have been used
to deliver high concentrations of molecules to the spinal cord intrathecal space. However, these
methods present several limitations, such as uneven distribution of the released molecule (with
serial injection) or increased risk of infection or obstruction of the used device (with external
minipump infusion) [4]. To bypass the BBB, intraventricular injection into the brain has been
used, but this technique is very invasive and can result in substantial tissue damage due to the
insertion of a catheter through the brain tissue [8]. Therefore, approaches involving
biomaterials and bioactive molecules have been proposed to both improve cell survival and

enhance drug concentration at the injured site [9, 10].

2.2. Stroke
Cerebrovascular accident or stroke is a CNS disorder and it is the sudden death of brain cells
due to a lack of oxygen and nutrients, usually because of a blood vessel burst (hemorrhagic
stroke) or blockage (ischemic stroke, 87 % of all strokes) [11]. Roughly 10 % of ischemic
strokes are classified as malignant or massive because of the presence of space-occupying

cerebral edema that is severe enough to produce brain tissue shifts and herniation. Patients
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with this syndrome have a mortality rate as high as 78 %. The most common symptoms of a
stroke include loss of sensation or weakness on one side of the body, confusion, difficulty in
speaking, seeing and/or walking, headaches, dizziness and/or fainting. Generally, these
symptoms are abrupt and may vary depending on the gravity of the brain injury. When the
brain injury is very severe it can be fatal. Worldwide, stroke is the second leading cause of
death [12] and the third leading cause of disability [13]. 15 million people experience stroke
every year, among those, 5 million die and 5 million are permanently disabled. Canadian data
shows that between 2012—2013 there were 741,800 stroke survivors aged 20+ -- an increased
of ~41 % in 10 years -- and the number of deaths was 57,000 [14]. Unfortunately, treatment
options for stroke are very limited and the neurological damage cannot be completely repaired

[10, 15, 16].

2.2.1. Overview of Treatment Strategies

After a stroke, the current clinical therapy is limited in promoting circulation, restoring
perfusion of the occluded vessels (normally includes surgical clot retrieval or thrombolytic
treatment), and protecting ischemic cells from death. It has been shown that the administration
of intravenous thrombolysis within 4.5 hours from a stroke event can significantly improve
patients' outcome [17]. However, only a minority of patients (up to 25% in well-organized
stroke centers) receive intravenous thrombolysis, and its benefit in large vessel occlusion is
limited by an overall low recanalization rate of approximately 20 % [17].

Recent research has focused on developing strategies to stimulate endogenous
neurogenesis. Usually, post-stroke NSPCs proliferate in a higher rate in the subventricular
zone (SVZ), and some precursor cells are redirected to the damaged site [18, 19]. For in vitro

studies, the activation time of NSPCs ranges from 5 to 7 days after ischemic injury [20], and
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2 to 6 weeks after middle cerebral artery occlusion (MCAOQO) injury [21]. Because of the
absence of ECM and the occurrence of cytotoxic factors, many of the new NSPCs do not
survive long enough to mature and to incorporate into the neural system. In fact, it is estimated
that only 0.2 % of NSPCs became mature neurons in MCAO models [22], showing the limited
repair ability of the damaged tissue [22-25].

NSPCs are multipotent cells and can proliferate and create multiple cell lineages, such
as oligodendrocytes, neurons, and astrocytes both in vitro and in vivo. The use of GFs to
stimulate NSPCs proliferation and migration to the injury region and consequently tissue
regeneration has shown promising results with an enhanced efficacy when two combined GFs
are applied [26, 27] (see Figure 1.1 above). Epidermal growth factor (EGF), fibroblast growth
factor-2 (FGF2), erythropoietin (EPO), vascular endothelial growth factor (VEGF), brain-
derived neurotrophic factor (BDNF), and others have been shown, in pre-clinical studies, to
stimulate axonal propagation, neurogenesis, and other features of neural repair [3, 28-32].
Specifically EGF, a neural regeneration factor that enhances neural stem cell growth by acting
as a mitogen for NSPCs [33], and FGF2 have been shown to promote neurogenesis by
increasing adult NSPC proliferation [28, 34]. The use of EGF and FGF2 together have resulted
in increased NSPC proliferation [26] and therefore were used in the study presented in Chapter

3.

2.2.1.1.  Decompressive Craniectomy (DC) and Duraplasty
Strokes frequently damage large portions of the brain, causing significant brain swelling with

secondary injuries in the surrounding brain tissue. Medication is often not effective to relieve
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the intracranial pressure and therefore surgical procedures are often required. Decompressive
craniectomy (DC) is a typical surgical procedure performed on stroke patients when cerebral
ischemia leads to cerebral edema and increased intracranial pressure. Two main groups of
stroke patients may benefit from craniectomy: (1) patients with large cerebellar infarction and
subsequent suboccipital craniectomy; (2) patients with large infarction of the middle cerebral
artery territory, also called malignant middle cerebral artery infarction [17]. It is estimated that
from the ischemic stroke patients only 0.3 % are potentially eligible for a DC procedure [35].
Patients with middle cerebral artery infarction who are eligible for DC should receive surgery
within 48 h from symptom onset [17].

The DC alleviates the increased intracranial pressure by temporarily removing a
portion of the skull and opening the dura as shown in Figure 2.1 [36-38]. A duraplasty material
is then applied onto the exposed brain [38]. Despite documented invasiveness of this
procedure, randomized controlled trials have shown that the DC significantly reduces mortality
in patients suffering from acute ischemic stroke [38-40]. Unfortunately, the DC procedure with

the duraplasty implantation does not lead to any improvement in brain function [36, 41].
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Skull L—pura

Figure 2.1 — Decompressive craniectomy (DC) procedure, where a portion of the skull is temporarily removed
and the dura is opened to exposure the brain. Adapted from an image by Cancer Research UK; license: CC BY-
SA4 4.0.

Several types of plain duraplasty options have been developed for implantation during
DC procedure over the years. For example, Codman Duraform® Dural Graft (Johnson &
Johnson, New Brunswick, NJ) is a currently commercially available duraplasty. It is composed
of type I collagen [42]. It has been shown to cause no inflammatory reaction, exhibits
manageable handling qualities, and prevents cerebrospinal fluid (CSF) leakage [42]. Some
other examples of duraplasties on the market are: NeoDura™ based on poly(L-lactic acid)
(PLA) and porcine gelatin from Medprin Biotech GmbH (Frankfurt, Germany) [43];
TissuePatchDural™ from Tissuemed, composed of poly(lactide-co-glycolide) (Leeds, UK)

[44]; DuraGen®Plus made of collagen by Integra LifeSciences Corporation (Plainsboro, NJ,

USA) [45]; Gelfoam® made from porcine skin gelatin (Pfizer, New York, NY, USA) [46].
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Another example of a commercial duraplasty is SyntheCel® Dura Replacement
(DePuySynthes — Johnsons&Johnsons, New Brunswick, NJ) based on naturally occurring
biosynthesized cellulose (BC). Rosen et al. studied SyntheCel in a human controlled trial for
6 months and compared it with other commercially available duraplasties including
Duraform®, DuraGen®, and Preclude® (product was discontinued) [47]. Using a
noninferiority design, the authors concluded that the safety and efficacy of the BC duraplasty
were comparable to the other commercial products [47]. However, SyntheCel Dura
Replacement has not been loaded with any therapeutic ingredients, likely due to the difficulty
in incorporating bioactive molecules into the duraplasty fabrication process while maintaining
sterility. As a result, while proven clinically important in saving patient lives, none of the

current commercially available duraplasties lead to any improvement in functional outcome.

2.3. Spinal Cord Injury (SCI)
The spinal column consists of 33 vertebrae stacked one on top of the other, which together
with the supporting muscles, exert functions of balance and movement. In the center of the
vertebrae there is a spinal canal whose function is to accommodate and protect the spinal cord.
The spinal cord is a bundle of nerve tissue situated within the spinal canal (Figure 2.2) [48].
It measures about 45 cm in an adult human and extends from the brain to the second lumbar
vertebra (L1-L2) and ends tapering and forming a tail (cauda equina or “horse’s tail””). The
spinal cord makes connections between the brain and the body, and from it come the spinal
nerves, which have the function of conducting sensory and motor nerve impulses, and are

responsible for innervations of the trunk, arms, legs and part of the head.
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Figure 2.2 — Organization of the spinal column and the spinal cord pathways [46]. Reproduced with permission
from Springer Nature.

When the spinal cord is damaged, there are symptoms depending on the extent and
location of the injury: they can include loss of sensory or motor control and loss of involuntary
regulation of the body. The effects and level of the injury are determined by the neurological
segmental level, e.g. a lesion in the eighth thoracic vertebra undertakes from the ninth thoracic
nerve root. Usually, the higher up to the spinal cord the lesion occurs, the greater the loss of
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sensory or motor control will be. A spinal cord injury (SCI) can be classified according to the
extent and severity of the sensory-motor impairment, which depends on whether the spinal
cord is partially or fully affected. It can be classified as complete if there is no motor or sensory
function at the sacral segment (S4-S5) and incomplete if some motor and/or sensory functions
are preserved below the level of injury.

SCI presents a great complexity of factors and can occur at various levels [49].
Tetraplegia or a cervical SCI indicates that there is sensory and motor loss in the four limbs of
the body. Paraplegia or a thoracic SCI commonly causes sensory and/or motor loss in the trunk
and legs. The cause of the damage to the spinal cord can be non-traumatic (NTSCI) or
traumatic (TSCI). NTSCI usually involves a pathology — including infectious diseases, tumors,
musculoskeletal diseases, and congenital problems. TSCI, on the other hand, can result from
many different causes — such as traffic accidents, injury with weapons (sharp objects and fire
arms), falls, and sports injuries. Canadian data shows that 85,500 people were living with SCI
in 2010, and 44,000 of those cases were from a TSCI. Estimates of age-specific cases of SCI
in Canada indicate that TSCI is mostly observed in younger populations, while NTSCI is
typically diagnosed in older age groups. In addition, there are an estimated of 4,529 new cases
of SCI each year in Canada [50]. While extensive studies are being done to overcome the SCI,
there is still no widely accepted therapeutic modality bearing positive neurological outcome

[48, 51].

2.3.1. Overview of Treatment Strategies
SCI is a medical condition necessitating urgent treatment to decrease the long-term effects. No

two injuries are the same and an injury could occur to anyone, at any time. SCI neurological
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deficits can be very debilitating as they are caused by damaging nerve fibers (axons) and cells
that allow the transmission of signals along the spinal cord. The conventional clinical therapy
is based on stabilization, controlling the inflammation, preventing secondary cell death,
rehabilitation, and medication to treat complications, which are largely ineffective in tissue
regeneration and restitution of function [52]. To this end, new therapeutic approaches have
been developed, including neuroprotection to minimize the loss of secondary tissue after the
injury [53, 54], stimulation of axonal regeneration by administration of GFs or various types
of stem and progenitor cells [55, 56], neutralization of axonal growth inhibitory factors [49,

57], and providing alternative paths for the regeneration [58, 59].

2.4. Biomaterials
The study of cell-biomaterial interactions is of the upmost importance to determine the
biological properties of a future implant. The diversity of cellular responses to different
materials demonstrates the capacity of cells to chemically recognize and to adapt or not to a
biomaterial [60]. Biomaterials can be defined as “materials (synthetic or natural; solid or
liquid) applied in or as medical devices in contact with biological systems” [61] or as “part of
a system which treat, increase or substitute any tissue, organ or body function” [62]. In other
words, biomaterials are materials designed to substitute body parts and allow recovery of
biological functions from diseases or accidents. To encourage regeneration, overall, an ideal
biomaterial should be biocompatible, biofunctional, sterile, permeable and porous. The
permeability is important for the transport of nutrients and gas exchange and the porosity to
allow cell penetration and tissue formation. In addition, the biomaterial should promote the

production of ECM, and allow the transport and transmission of biomolecular signals [63, 64].
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In addition, an ideal biomaterial should encourage cell adhesion, growth and differentiation as
well as having suitable mechanical properties comparable to the native tissue.

For example, collagen and chitosan are biodegradable biomaterials and have been
shown to be biocompatible; however, their application is limited because of their poor
mechanical characteristics [1, 65]. The choice of biomaterial is based on the different
regeneration strategies between using a non-degradable versus a biodegradable implant. A
balance must be achieved between the rate of degradation and regeneration; fast degradation
can lead to a loss of stability, distortion and loss of tissue and therefore a lack of regeneration.
It is also crucial to understand the toxicity of the degradation products. From the application
point of view, many natural or naturally derived polymers, such as fibrin, collagen, chitosan,
hyaluronic acid, hyaluronan—methylcellulose (HAMC) blend, alginate, and agarose have been
studied to deliver molecules to the CNS [10, 15, 28, 66-75].

Among the numerous categories of biomaterials, hydrogels have shown potential
because of their porosity and their inherent flexibility [76]. Hydrogels can be easily adjusted
to be as malleable as soft neural tissue, minimizing the possibility of irritation of the
surrounding native tissue after the implantation in the CNS and they can also be molded easily
into different shapes [77]. In addition, hydrogel biomaterials are preferable to solid
biomaterials since they allow for sufficient permeability to transport oxygen and other
nutrients in a soluble state [78]. Hydrogels have naturally high porosity and have been shown
to lead to increased cellular viability compared to solid biomaterials [78]. Lately, investigators
have designed more complex hydrogels that address characteristics such as topography,
mechanical strength, cell adhesion, and degradation [68, 79, 80]. Some examples of hydrogels

that have been applied for tissue engineering (TE) are alginate, collagen, hyaluronic acid,
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chitosan, agarose, and BC [10]. Several reports have suggested that hydrogels can promote
cell adhesion and axon regeneration in CNS injury both in vitro and in vivo [1, 79, 81].

Due to the lack of biofunctionality of some hydrogels, additional surface modifications
may be necessary to provide an environment that more efficiently promotes cell regeneration.
Because of the complexity of CNS injuries, the appropriate drug incorporation technique and
release profile depend on the injured tissue. To promote cell adhesion and proliferation, cell
adhesion peptides derived from fibronectin or laminin have been incorporated into hydrogels
[82]. For example, since its discovery, in 1984, arginine—glycine—aspartate (RGD) tripeptide
sequence was immobilized into different hydrogels, e.g. gellan-gum [83], agarose [84],
hyaluronan [85], methylcellulose [86], hyaluronic acid [87], poly-N-(2-hydroxypropyl)
methacrylamide (pHPMA) [88, 89], and have shown to improve adhesion and proliferation of
NSPCs.

Biomaterials, such as polymer-based hydrogels, may provide a useful medium through
which bioactive molecules can be delivered directly into the CNS injury site, as they have a
3D network of hydrophilic polymers that allows diffusion of molecules out of the system while
maintaining physical structure [15, 69, 81]. The incorporation of bioactive molecules, such as
GFs, into hydrogels have provided successful neural regeneration systems [90]. There are
various reasons why hydrogel based systems are ideal GFs release platforms for repair of
neural tissue. First, this technique does not involve living tissue, thereby decreasing the
chances for rejections and adverse responses. Second, drug delivery systems made of
hydrogels normally eliminate the use of devices that can fail, such as catheters and pumps.
Furthermore, hydrogels can provide local specific delivery of one or more bioactive molecules,
which is advantageous due to the short in vivo half-time of GFs [10, 90]. In addition, the

properties of hydrogels can be modified to adjust the release rate of the GF into the desired
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location. Finally, GFs can be incorporated into hydrogels through different techniques, e.g.
directly during manufacturing, covalently attached, or encapsulated into microspheres [91].
These reasons allow hydrogels to play important roles as drug delivery systems. However,
their great potential has been hampered by two major challenges: the difficulty to produce
hydrogels with adequate mechanical properties [10, 15, 92] and the sterilization process of
hydrogels [93] without affecting the bioactivity of incorporated drugs.

The GFs are endogenous proteins capable of motivating the differentiation and
proliferation of cells, due to their ability to direct cellular activities and to bind to cell receptors
[94]. Integrating GFs into biomaterials may ensure cellular viability, adhesion and stimulation
of neurite growth [95, 96]. Some examples of GFs that have been incorporated into drug
delivery hydrogels with their respective CNS applications are shown in Table 2.1. Also, the
flexibility of hydrogels has allowed the production of different shapes of drug loaded-
hydrogels, which can be injected or implanted at the injury site. Injectable hydrogels are
normally applied to chemically support axonal regeneration through the delivery of GFs,
however this technique fails to hold the GFs at the lesion site and the GFs may rapidly degrade
after injection. On the other hand, using implanted hydrogels as exogenous GF vehicles it may
be advantageous to also physically support cellular function and growing axons at a specific

local [97].

Table 2.1 — Exogenous growth factors (GFs) used to enrich (load) different types of hydrogels (natural and
synthetic) for central nervous system (CNS) applications (spinal cord injury (SCI) and stroke) and technique of
implantation.
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Growth

. . I K
Factor Biomaterial Type SC Stroke
Injectabl
Agarose Natural [191_]86]C able
Multi-
BDNF Hyaluronic acid Natural channels
[99]
Injectabl
Hyaluronic acid / collagen Natural [131jle]c able
Injectabl
BDNF Hyaluronic acid / collagen Natural [Illjoe(;:] able
Injectabl
Poly-¢&-caprolactone (PCL) Synthetic [111J061<:] able
BDNF and ol ool
PE
GDNF Polyet y‘ene gyeo ( G.)/ . Membrane  Injectable
poly(lactic-co-glycolic acid) Synthetic
. . [102] [103, 104]
(PLGA) microparticles
GDNF Alginat Natural Injectable
ginate atu [105]
PLGA / ' Multi-
L Mixture channels
fibronectin / lipoplexes [106]
Collagen / Matrigel Natural Tube [107]
Cylind
Agarose / collagen / laminin Natural yunder
[108]
F A Natural Cylinder
r
NG garose atura [109]
Poly(2-hydroxyethyl Multi-
methacrylate) (HEMA) / methyl  Synthetic channels
methacrylate (MMA) [110]
Cylind
PEG / Polylactic acid (PLA) Synthetic [ 1}1 ir]l °r
Mesoporous silica nanoparticles Mixture Injectable
/ collagen [112]
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NGF and
BDNF

NGF,
BDNF and
NT-3

NGF and
NT-3

NT-3

NT-3 and
FGF1

EGF and
FGF1

EGF

FGF2

PLGA / ethylene-vinyl acetate
(EVA)

Hyaluronic acid / laminin /
retinoic acid

Fibronectin

EVA

HEMA / poly(L-lysine) (PLL)

Collagen

Collagen /

Chitosan microparticles

Gelatin
PLGA

PEG/PLA

HEMA / MMA

Collagen

HAMC / PEG

Chitosan / chitin / PLGA
microspheres

Collagen

Synthetic

Mixture

Natural

Synthetic

Synthetic

Natural

Natural

Natural
Synthetic

Synthetic

Synthetic

Natural

Synthetic

Mixture

Natural

Multi-
channels
[114]

Membrane
[115]
Cylinder
[116]
Cylinder
[117,118]

Injectable
[119]

Tube [121]

Cylinder
[122, 123]

Tube [124]

Multi-
channels
[125]

Injectable
[126, 127]

Multi-
channels
[129]

Injectable
[130]

Epi-cortical
implants
[113]

Injectable
[120]

Epi-cortical
(injectable)
[26, 28,
128]
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Gelatin

Natural

Injectable

[131]
HEMA / [2-
thacryloyl thyl Inj 1
(ITle acryloy oxy)e yl] ' Synthetic njectable
trimethylammonium chloride [132]
(MOETACL)
Multi-
VEGF and  Hyaluronic acid / . uit Injectable
) Synthetic channels
BDNF PLGA microspheres [75]
[133]
. Injectable Injectable
Al
ginate Natural [134] [135]
VEGF Poly(dimethylsiloxane—
oly(dime y sroxane . Injectable
tetraethoxysilane) (PDMS- Synthetic
TEOS) [136, 137]
. Epi-cortical
VEGF and Hyaluronic acid / PLGA . .
Angl microspheres Mixture implant
[138]
Injectabl
rPDGF-A  Hyaluronan / methylcellulose Natural [II]J;;, ? 4 g]
PDGF-BB  Methylcellulose / collagen / .
and IGF-1  laminin i AL
IGF-1 and .. Injectabl
HGF an Gelatin microspheres Natural [r11J462c] able

Abbreviations. BDNF: brain-derived neurotrophic factor; GDNF': glial derived neurotrophic factor; NGF:
nerve growth factor; NT-3: neurotrophin-3; FGF1: fibroblast growth factorl; EGF: epidermal growth factor;
FGF?2: fibroblast growth factor2; VEGF': vascular endothelial growth factor; Angl: angiopoietin-1; rPDGF-A:
recombinant rat platelet-derived growth factor-A; PDGF- BB: platelet derived growth factor-BB; IGF-1:
insulin-like growth factor-1; HGF': hepatocyte growth factor.

2.4.1. Biomaterials for Stroke
The brain tissue is very delicate and soft, with a Young’s Modulus (i.e. elastic modulus)
between 1-14 kPa in humans [143], and 0.1-500 Pa in rodents [144]. The brain is
heterogeneous and its physical and mechanical properties vary depending on the region and
within the same anatomical structure as well [145]. For example, the stiffness and the diffusion
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parameters of the brain tissue will depend on the cellular composition of the tissue. The brain
1s mainly constituted by ECM, which consists primarily of hyaluronic acid, collagen type IV,
laminin, fibronectin, and proteoglycans [146]. The injury response in the brain ECM is
different from most tissues of the body; in the brain the glial scar is softer than the surrounding
healthy tissue, while the scar tissue in other parts of the body is usually stiffer than the healthy
tissue. This may be partially due to the lack of fibrous collagen type I in the brain [147].

When designing a biomaterial for brain application it is important to consider the
delicate brain tissue and the restricted space of the skull. The exceptional set of design
principles for biomaterial depend on the therapeutic approach; however, some characteristics
are universal. Some of the characteristics of biomaterials that are significant to consider after
injury are the porosity, chemical composition and mechanical properties. The porosity is
important to stabilize the damaged tissue by permitting the diffusion of nutrients. Porosity also
affects the biomaterial swelling behaviour. Due to the restricted space of the skull the
biomaterial must also have a low swelling capacity to avoid increasing intracranial pressure
and compressing the brain tissue. Biomaterial interaction with brain tissue is also dependent
of the biomaterial’ chemical and mechanical compatibility. Mechanically, biomaterials with
similar mechanical properties to surrounding environment have been the most successful,
showing greater biocompatibility since they are able to mimic the native brain tissue [148-
150]. Biomaterials stiffer than the brain tissue stimulated gliosis, while softer ones lead to
reduced material stability [68, 151]. Since finding a crude biomaterial with all these desired
properties is challenging, physical, mechanical and chemical properties of the biomaterial can
be modified to achieved that.

Biomaterials can be fabricated from both natural and synthetic materials. Natural

polymers have improved biocompatibility due to similarities with ECM in the body [152].
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Naturally derived polymers can have intrinsic bioactivity, eliminating the necessity for
biofunctionalization. However, due to their biological origins, natural polymers are also
vulnerable to biodegradation, which may compromise the physical and mechanical stability.
The most used natural polymers in neural TE are collagen, hyaluronic acid, fibrin, laminin,
methylcellulose, chitosan, and alginate [28, 71, 74, 75, 153]. Typically, synthetic biomaterials
are biologically inert and consequently have weak cell adherence. However, synthetic
biomaterials are generally chemically stable and can easily be adjusted (e.g. mechanical
properties) for stroke applications. Several synthetic biomaterials for the brain have been
studied, such as pHPMA, pHEMA, PEG, PLA, polyglycolic acid (PGA), PLGA, poly(d-
lysine), and PCL [69, 154].

Overall, biomaterials can be used in stroke treatments to: (1) bypass the BBB, (2)
provide localized and controlled drug delivery, (3) increase drug stability, (4) support and
protect NSPCs, and (5) create a suitable environment for new neural tissue formation. Several
strategies have been investigated involving the direct delivery of drugs, mainly GFs, and the
development of drug carriers, such as biomaterials, to promote neural regeneration after stroke
[30, 155]. The two main strategies for the drug delivery to the brain are the intracranial and
epi-cortical direct delivery (Figure 2.3). In order to bypass the BBB, in the intracranial or
intracerebroventricular delivery a needle is used to inject the drug delivery biomaterial directly
or closer to the brain injury site (Figure 2.3A). While by the intracranial injection a higher
concentration of molecules can be reached, this approach is limited by the risk of infections
and further tissue damage due to the insertion of needles, catheters and minipumps.
Meanwhile, epi-cortical delivery has been investigated as an alternative strategy to delivery
drugs to the brain [28, 156]. To avoid further tissue damage, in the epi-cortical delivery a drug-

loaded biomaterial is inserted or injected onto the surface of the brain (Figure 2.3B). The
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biomaterial would release the drugs, which would diffuse through the brain tissue to reach the
NSPCs located in the SVZ. One possible limitation of this strategy is the limited range of the
bioactive molecule penetration into the brain tissue [157, 158]. However, some studies have
shown that drugs delivered epi-cortically were able to penetrate the post-stroke area and
stimulate NSPC proliferation [26, 156]. Some examples of biomaterials used for direct

delivery of bioactive molecules into the brain are shown on Table 2.1 (above).

A Intracranial Delivery B Epi-cortical Delivery

4 4
\ Injectable drug _ Drug-loaded
- delivery " biomaterial
biomaterial ‘
Brain Brain

Figure 2.3 — Two techniques to delivery drug to the brain: intracranial delivery (A) and epi-cortical delivery
(B).

Ju et al. recently reported local delivery of vascular endothelial growth factor (VEGF)
and angiopoietin-1 (Angl) incorporated into PLGA microspheres, that were mixed with
modified hyaluronic acid (HA) hydrogel [138]. The HA hydrogel was further modified by
binding with the antibody of Nogo receptor (NgR-Ab) to promote neural regeneration. The
modified hydrogel containing the GFs-loaded microspheres presented good responses for the
survival and proliferation of human umbilical artery endothelial cells (HUAECs) and NSPCs,
when cultivated in vitro. In addition, when the drug-loaded biomaterial was implanted in
mouse stroke model showed to have good biocompatibility, promoted angiogenesis, and

inhibited gliosis and inflammation [138].
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In another study to delivery drugs to the NSPC site, Cook et al. produced hyaluronan
and methylcellulose (HAMC) hydrogels and incorporated EGF or modified poly(ethylene
glycol)-modified EGF (PEG-EGF) into the hydrogels. The loaded hydrogel was epi-cortically
implanted on mouse brains after stroke. Interestingly, the EGF modified with PEG showed a
higher tissue penetration depth, while maintaining bioactivity, relative to EGF alone [28, 128].
Moreover, Cooke et al. and Wang et al. demonstrated that EGF [28] and EPO [159],
respectively, were able to penetrate brain tissue, to stimulate NSPCs proliferation and
migration, and to promote tissue regeneration in stroke animal models. In a similar strategy,
PEG-EGF and EPO were first encapsulated in PLGA nanoparticles and then EPO-PLGA was
coated with poly(sebacic acid). These enriched particles were incorporated in HAMC hydrogel
and were able to sequential delivery the EGF-PEG and EPO, which promoted tissue repair in
a mouse stroke model [26]. These minimally-invasive systems for the epi-cortically delivery
of drugs to the brain show the potential of biomaterial-based local drug delivery systems to

bypass the BBB and provide sustained delivery to the SVZ in the brain.

2.4.1. Biomaterials for Spinal Cord Injury (SCI)
Even with recent advances in medicine, spinal trauma remains one of the most tragic traumatic
injuries [48]. Lately, several biomaterials, natural and synthetic, both degradable and non-
degradable, were explored for supporting the repair of SCI [59, 160]. The most researched
natural biomaterials include agarose, alginate, chitosan, collagen, fibrin, fibronectin, gellan-
gum, hyaluronan, hyaluronic acid, matrigel, methylcellulose and other proteins derived from

the ECM [161]. Common synthetic polymers include calcium sulfate cement,
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oligo[poly(ethylene glycol) fumarate] (OPF), PCL, PEG, poly-b-hydroxybutyrate (PHB),
poly(2-hydroxyethyl methacrylate) (pHEMA), pHPMA, PLA, PLGA, PGA [59, 82, 162, 163],
degradable copolymer of PHEMA-b-PLA [164], and self-assembling peptides (SAPs) [165].

The effectiveness of the biomaterial implantation at the SCI site is a great challenge
due to the complex geometry. In a complete SCI, neural cells encounter an inhibitory
environment as well as a physical gap. For the development of implanted hydrogels (i.e. nerve
guidance scaffolds) different morphologies have been used, including tubes, channels and
cylinders in shapes Figure 2.4. While the nerve guidance tubes are hollow tubular bridging
scaffolds, the nerve guidance channels are tubes consisting of internal multi-channels, and the
nerve guidance cylinders are solid filled cylinders, as can be seen in Figure 2.4. Specifically,
nerve guidance tubes are used to provide physical support and orientation for the reconnection
of the nerve tissue across the lesion. Several different natural and synthetic polymers have
been used to prepare neve guidance tubes such as poly(acrylonitrile)(PAN)-poly(vinyl
chloride)(PVC) [166], PHEMA [167, 168], poly(a-hydroxy acids) [169], chitosan [170-173],
collagen [174, 175], alginate [176], agarose [177], PHB [178, 179], polyvinylidene fluoride

(PVDF) [180], and polypyrrole (PP) [181, 182].

Figure 2.4 — Schematic representation of the cross-section of nerve guidance scaffolds. A) Nerve guidance
tubes. B) and C) Nerve guidance channels. D) Nerve guidance cylinder.
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The physical and chemical structure of these biomaterials affects the regenerative
capacity of the implant. Several materials based on type I collagen (NeuroMatrix™,
Neuroflex™, NeuraGen® and NeuraWrap™ Nerve Protector), PGA (GEM Neurotube®),
poly(L-lactide-co-g-caprolactone) (PLCL) (Neurolac®), and poly-vinyl alcohol hydrogel
(SaluBridge™, nondegradable) have already been approved by the US Food and Drug
Administration (FDA) for use in short gap nerve repair [183]. The main application of these
materials is in human peripheral nerves, however that increased the interest to apply these
nerve guidance tubes to CNS nerve regeneration such as SCI repair [65, 111, 116].
Nonetheless, there is a large necessity for new biomaterials, since no specific biomaterial has
established itself as a perfect choice for nervous system regeneration.

Frequently, after a SCI occurs there is a significant loss of neural tissue. Nerve guidance
scaffolds can serve as a vehicle for the delivery of cells and other bioactive molecules [52].
For example, the use of exogenous GFs by direct administration or by delivery from scaffolds
have been previously studied [184, 185]. Another strategy is the direct implantation of cells to
the injury site. The big disadvantages of this strategy are the low cell survival, the uncontrolled
differentiation and the short permanency of the cells at the lesion site since they prefer to
migrate to neighboring sites [163]. Therefore, a promising strategy to promote neural
regeneration after a SCI is the implantation of nerve guidance scaffolds enriched (i.e. loaded)
with GFs to promote cell growth at the site of the injury. The most frequently used bioactive
molecules for release into a SCI include chondroitinase ABC [186], neurotrophins (BDNF,
NT-3, and NGF), and the anti-inflammatory drugs dexamethasone and methylprednisolone

[91, 97].
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NGF is well known to improve neuronal outgrowth and has been applied as a chemo-
attractant to promote axon growth [94, 187]. For example, Lee et al. incorporated NGF into
mesoporous silica nanoparticles, which was then combined into collagen hydrogel as an
injectable biomaterial. The NGF release was sustained over one week and improved neurite
outgrowth of PC12 cells, confirming the effectiveness for neural tissue engineering [112].
Using a different approach, Stokols et al. synthesized nerve guidance cylinders of agarose
containing NGF. The system was characterized and the release and bioactive of NGF were
studied. NGF was bioactive and stimulated neurite outgrowth of PC12 cells [109, 177]. In both
cases, NGF interacted with the biomaterials mainly through electrostatic interactions. In
another study, nerve guidance tube made of collagen and Matrigel was loaded with NGF and
covered by living dorsal root ganglia (DRG) axons. The scaffold was implanted in a rodent
SCI model and after 4 weeks the DRG axons extended out of the scaffold into the host spinal
cord tissue [107]. These studies demonstrate the promise of biomaterials constructs containing
NGF to promote neural outgrowth and axon guidance for SCI applications; and it was the
approached studied in Chapter 4.

Many papers have addressed TE strategies and offered a comprehensive list of
biomaterials for SCI repair [52, 77, 160, 162, 188-192] even clinical trial studies [193, 194];
however there have been no reports in the literature about the application of GF-loaded
biosynthesized cellulose tubes (BCTs) for the treatment of SCI as can be seen in Table 2.1

(above).

2.4.1. Drug Delivery Mechanisms for Hydrogels
Hydrogels are soft tissue biocompatible polymers and may provide a valuable vehicle for drug

delivery since bioactive molecules can be easily dispersed within the hydrogel network [15,
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69, 81]. Drug delivery systems can be engineered and studied in a variety of mechanisms.
Langer et al. categorized the mechanisms of the drug delivery systems into diffusion-
controlled, chemically controlled, and swelling-controlled [195]. Among these, diffusion-
controlled and swelling-controlled systems have been widely studied experimentally and also
mathematically. However, significantly absent from most of the models is the ability to predict
burst release [196].

Burst release is a nonstady-state and high-rate release of molecules that mostly is seen
at the beginning of the controlled release process, immediately upon placement in the release
media [197]. Burst release has been attributed to a variety of physical, chemical and processing
parameters. Some of the reasons that can cause burst release are: desorption of the drugs
entrapped on the surface of gels [198], poor distribution of drugs within the hydrogel network
during formation, drying, or storage [199], heterogeneous nature of polymer network [200] or
percolation-limited diffusion of entrapped materials [201].

Because burst release happens in a very short time compared to the entire release, it has
not been specifically investigated in most published results, and it has been ignored in most
mathematical models. The burst effect can be viewed from two perspectives: it is often
considered as a negative phenomenon due to the initial high release rates that may lead to
toxicity or tissue irritation in the human body [197, 202] or, in certain situations, rapid release
or high initial rates of delivery may be desirable. Huang and Brazel have shown that dry
samples can magnified burst effects, but prolonged the release process [197]. Zero order
sustained release is often the target of drug delivery and many researchers have taken novel
methods to design drug delivery vehicles in order to achieve the sustained release profile [203,
204].

Zero order model [204]: Defines the process of constant drug release from a drug
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delivery system and drug level in the media. It investigates the concentration-independent drug
release rate from the formulation. Zero order model can be represented by the equations:
Qo — Q¢ = Kot (1)
Q¢ = Qo + Kot (2)
Q is the amount of drug released at time t,
Qo is the initial amount of drug in solution, usually equal zero,
Koy is the zero order release constant.

In diffusion-controlled systems, a substance is released from a device by permeation
from its interior to the surrounding medium [205]. In these systems of polymeric matrices drug
diffusion is the rate-limiting step. A variety of models have been developed to predict release
profiles in these systems [195, 205]. Release behavior from monolithic dispersion systems
consisting of dispersed solid release agent was modeled by Higuchi [206-208].

Higuchi model [206, 207]: This simple and classic model is considered one of the
widely used and the most well-known controlled-release equation, but the burst stage is usually

not explicitly defined. The classical basic Higuchi equation is represented by

Q = AJD(2C, — C)Cit 3)
where Q is the cumulative amount of drug released in time t per unit area, Cy is the initial drug
concentration, Cs is the drug solubility in the matrix and D is the diffusion coefficient of the
drug molecule in the matrix.

This relation is valid until total depletion of the drug in the dosage form is achieved.
To study the dissolution from a planar heterogeneous matrix system, where the drug
concentration in the matrix is lower than its solubility and the release occurs through porous

system, the expression can be given by equation (4).
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Q =+/(D3/7)(2C — 8C,)Cit (4)
where D is the diffusion coefficient of the drug molecule in the solvent; d is the porosity of the
matrix; T is the tortuosity of the matrix and Q, A, Cs and t have the meaning described above.

Tortuosity is defined as the dimensions of radius and branching of the pores and canals
in the matrix. After simplifying the above equation, Higuchi equation can be represented in
the simplified form

Q = Kyt'/? (5)
where, Ky 1s the Higuchi dissolution constant.

Higuchi model is used to investigate the drug release from the matrix based on Fickian
diffusion. It is important to note that a few assumptions are made in this Higuchi model. These
assumptions are:

1. The initial drug concentration in the system is much higher than the matrix solubility
i1.  Perfect sink conditions are maintained
iii.  The diffusivity of the drug is constant
iv.  The swelling of the polymer is negligible.

In the strictest interpretations for diffusion-controlled systems, most models assume
that the polymeric membranes or matrices do not change during the release process. However,
for the swelling-controlled systems, absorption of solvent (water) leads to polymer expansion
and thus different release kinetics [205], where convective transport of water is combined with
Fickian diffusion to determine the overall release profile. The release rate is determined by the
rate of diffusion of fluid in the polymer and its macromolecular relaxation [209]. The drug
release in a swelling-controlled system is typically non-Fickian in nature, which is frequently

expressed by the classic equation for fractional release, Korsmeyer-Peppas model, Eq. (6)
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[210-213]. The value of n in this equation describes the relative importance of Fickian, a value
of n < 0.5/0.45/0.43 for a slab/cylinder/sphere indicates a diffusion controlled drug release.
When n > 1/0.89/0.85 for a slab/cylinder/sphere, the drug release behavior is called case-II
transport. In contrast, when 0.5/0.45/0.43 < n < 1/0.89/0.85, the drug release behavior is
classified as a combination of both phenomenon and is referred to anomalous transport.
However, current models for swelling controlled release are not capable of accounting for
burst release beyond simplistic equations.

Korsmeyer-Peppas model [212, 213]: A simple relationship which described the drug
release from a polymeric system follow which type of dissolution and it is represented by the
equation:

My

ﬁ = Kkptn (6)

My/M,, is a fraction of drug released at time t,
M, is the amount of drug released in time t,
M, is the amount of drug released after time o,
n is the diffusional exponent or drug release exponent,
Kip 1s the Korsmeyer release rate constant.

2.5. Biosynthesized Cellulose (BC)
The following section mainly consists of parts of the review paper entitled “/n Situ and Ex Situ
Modifications of Bacterial Cellulose for Applications in Tissue Engineering” by Stumpf et al.
[214], published in Materials Science and Engineering: C. Formatting, updates (e.g. Figure
2.6) and minor modifications (such as figure numbers and labels) were made. A new section

(2.5.2.1. In Situ Modification of Biosynthesized Cellulose — 3D Structures) was added to

provide relevant information to this thesis.
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Cellulose (CsH10Os), 1s a naturally occurring homopolysaccharide formed by a linear
chain of monosaccharide -D-glucose linked by f(1—4) bond. The repeating unit is cellobiose
formed by the union of two glucose molecules (Figure 2.5A). Cellulose is the most widespread
naturally occurring material on earth, with a biomass production estimated to be about
1.5%10" tons annually [215]. It is an important structural component found in cell walls of
green plants and some species of bacteria also produce cellulose (i.e. biosynthesized cellulose
or bacterial cellulose, BC) in the form of biofilm [215]. While it is necessary to employ
different chemical treatments to obtain pure cellulose from plants [216], BC is readily
produced in pure form and does not contain any other compound present in the plant pulp or
from animal origin [217].

BC was originally discovered in the 1880s by A. J. Brown [218, 219] and it is produced
by a few genus of bacteria, such as Agrobacterium, Alcaligenes, Pseudomonas, Rhizobium,
Sarcina, and Gluconacetobacter [217, 220]. The bacteria secret the cellulose chains outside of
the cells, which form elementary sub-fibers, subsequently the sub-fibers are then linked
together by hydrogen bonding to form microfibrils. Ultimately microfibrils are organized
together to form ribbons [221]. BC biosynthesis has been extensively documented by Ross et
al., who presented an account on BC synthesis "machinery", genetics and its regulatory
mechanism in a model organism (Acetobacter xylinum), a non-pathogenic bacteria [222, 223].
Recently, many other publications provided overviews of genetic modifications of cellulose
producing bacteria, focusing mainly on BC production yields [221, 224-226]; interested
readers are referred to consult other excellent studies for examples of genetic engineering

approaches to produce BC [227-232].
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BC membrane is formed in a structure with asymmetrical layers at the air/liquid
interface, resulting in a denser surface where it is in contact with air and a more gelatinous
network on the other side where it is in contact with the liquid as illustrate in Figure 2.5B
[233-237]. After BC synthesis, the membrane is further processed to remove bacterial cells,
organic acids, salts as well as residual sugars and other components of the culture media, which
could be integrated within the cellulose network. This purification process can be
accomplished by various methods, including washing, centrifugation, filtration, and chemical
extraction. Among these methods, washing BC with hot and diluted sodium hydroxide
solution, rinsing with distilled water, and finally sterilizing the BC by autoclaving is commonly
used [234, 238-240]. Figure 2.5C shows a BC membrane obtained by washing with 0.1M
NaOH at 50 °C followed by extensive washing with distilled water. It should be noted that
there are no reports in the literature concerning the presence of pathogen-associated molecular
patterns in the purified BC; in fact, it will become clear later in this thesis that BC has been
shown to be biocompatible. It is believed that bacteria produce cellulose biofilms in order to
protect the organisms from ultraviolet radiation and other chemical or mechanical insults to

the bacteria [222], as well as to improve nutrient transport [241].
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Figure 2.5 — Biosynthesized cellulose (BC) structure and morphology. A) Chemical structure of cellulose. B)

SEM micrographs of BC membrane showing the difference of fibers density depending on surface contact (e.g.
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Unmodified BC has unique physical and mechanical properties not displayed by other
biomaterials, such as high purity, ultrafine fibrous network structure with a variable pore
geometry [242, 243], high water holding capacity (absorbing over 100 times of its own weight
in water) [244-246], high degree of crystallinity (i.e. 84-89%) [247], broad chemical and
physical modifying ability [248, 249], and the ability to be molded into different structures
[250]. Moreover, BC membranes and fibers have Young’s modulus of 15-18 GPa and 78 GPa,

respectively [241, 251].

2.5.1. Biosynthesized Cellulose in Tissue Engineering
The first documented BC applications in biomedical were reported by a Brazilian company in
1986, 1989, and 1990 in a series of patents (see patents WO 08602095, WO 08908148 and US
4912049) that discussed the applications of Biofill® in different TE applications, such as skin
substitutes for burns and ulcers [252]. In parallel, Johnson & Johnson explored the use of BC
as a liquid loaded pad for wound care in 1986 and 1987 (see patents US 4588400 and US
4655758). Subsequent studies investigated biocompatibilities of BC using 1.929 cells (mouse
fibroblasts cells) [253] and in rats [234]. Recently more extensive studies on BC have been
conducted, and its full potentials in TE applications have started to be gradually realised [254-
256]. However, its potential as a biomaterial in TE applications has not yet been fully explored.
As shown in Figure 2.6, there is a significant difference between the number of annual
publications when “bacterial cellulose” was used as a keyword and those when “bacterial
cellulose” + "tissue engineering" were used (data obtained from Web of Science in February
2019). A closer look at the publications of BC with TE applications reveals that the majority

of these papers mainly deal with investigations to modify BC scaffold porosities, introducing
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functional groups and/or antimicrobial molecules, increasing BC degradation rates, and

enhancing BC biocompatibilities.
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Figure 2.6 — Annual publications on biosynthesized cellulose (BC) and BC with tissue engineering applications
from 1990 to February 2019. Search engine used Web of Science™, search term “bacterial cellulose” and
“bacterial cellulose” with refined topic "tissue engineering". Adapted from [214].

Due to its structural similarities to ECM components, BC has been reported to show
good biocompatibilities. For example, using MTT assay and confocal imaging, Recouvreux et
al. showed that human vein endothelial cells proliferated and migrated vertically into a BC
hydrogel [250]. In addition, Zang et al. studied the differentiation of human adipose-derived
mesenchymal stem cells (HASCs) cultured on BC, and showed that the HASCs were
successfully differentiated into osteoblasts and formed a consistent layer of osteoblasts on the

BC [257]. Moreover, BC scaffolds seeded with the HASCs were implanted into ulna defects

of rabbits, and significant mineralization was observed in the defects after 8 weeks when
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compared with the control group; the researchers also noted that there were no signs of any
inflammation responses [257].

Furthermore, BC has been used in many other in vivo studies. In a meticulously
designed study, Helenius et al. subcutaneously implanted BC membranes on the back of Wistar
rats, and subsequently evaluated host responses to the implanted BC material in terms of
foreign body reactions, chronic inflammation, angiogenesis, and cell growth for a period of 12
weeks. The study showed that BC was fully integrated within the host tissue and did not induce
any inflammation or rejection during the course of the study. Table A.1 (Appendix A)
summarizes findings described above. Indeed, many studies have demonstrated that BC can
be well integrated with host tissues for many different TE applications, as can be seen in Table
A.2 (Appendix A). Figure 2.7 shows the applications of BC biomaterials as soft and hard

tissues.

45



E« n En/ea Soft Tissue

Urethra

Biosynthesized
Cellulose (BC)

Hard Tissue

Figure 2.7 — Examples of tissue engineering applications of biosynthesized cellulose (BC) biomaterials as both
hard (dark grey) and soft tissues (light grey).
2.5.2. Modified Biosynthesized Cellulose for Applications in Tissue
Engineering

Despite recent advances, there are still many challenges to overcome before the full potentials
of BC can be completely realized as a choice of material in TE applications. These challenges
include optimizing culture conditions to control porosities of BC scaffold, introducing
functional groups to BC matrix, and increasing BC degradation rate for specific applications
[258-260]. To achieve these goals, BC has been modified using different methods, such as
chemical modifications: modification of the chemical structures and functionalities, and
physical modifications: modification of the 3D structures, porosities, crystallinities, and fiber
densities. In general, there are two main strategies to implement these modifications: in situ
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and ex situ methods (Figure 2.8). In situ modification is to modify BC during bacterial cell
culture by varying the culture conditions (e.g. static or agitated condition), adding additional
materials such as additives or reinforcement materials to the culture, or changing the carbon
source and fermentation containers, which may or may not cause chemical changes in the
resulting BC (see Figure 2.8A). In contrast, ex situ modification of BC is carried out after the

BC has been formed, and it is done by either chemical or physical methods (see Figure 2.8B).

A %\ Additive material

Modified
BC

Unmodified Modified Production of
culture media culture media modified BC

Unmodified BC

= X3 Preparation of BC/Material Composite
BC + material
Additive material
Figure 2.8 — Schematic representation of biosynthesized cellulose (BC) modification methods. A) In situ
modification of BC, in which the culture media composition is changed, usually with the addition of other
materials, i.e. additive/reinforcement material. B) Ex situ modification, in which BC is modified by chemical
treatment or absorption of others materials after the BC membrane has been formed in culture. From [214].



There are many studies describing in situ [246, 261-265] and ex situ [246, 247, 266-
278] modifications of BC; however there are few research focusing on TE applications of these
new composites. In the following sections, in situ modifications for preparation of different
3D structures and ex situ modification by physical methods for applications in TE are

discussed.

2.5.2.1. In Situ Modification of Biosynthesized Cellulose — 3D
Structures

In situ modification represents a common and important modification method of BC. This
modification method can change mechanical properties as well as micro- and macro-
structures, which are influenced by bacterial culture conditions [221, 279-282]. BC is
traditionally produced in static culture using cellulose-producing strains, which produce a
cellulose membrane on the media surface as shown in Figure 2.5 (above). The production
process is simple, inexpensive, and widely used [283, 284]. BC produced in static culture has
various biomedical applications, such as in the regeneration of periodontal tissues [285], in the
repair of abdominal defects [286], as a replacement for dura mater [287], and in the treatment
of chronic wounds and burns [252, 288].

Biosynthesized cellulose can be produced in different shapes and molded into 3D
structures during in vitro culture, depending on the production method chosen (e.g. static
culture, agitated culture or airlift reactor) [235, 250, 289, 290]. For example, when the
cellulose-producing bacteria is cultivated under agitated conditions, it produces a network of

cellulose fibers with different characteristics and forms compared to those produced under
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static conditions [291-293]. Furthermore, when cultivated statically the BC membrane (Figure
2.9A) is accumulated on the surface of the culture media (Figure 2.5B, above), otherwise
when in agitated culture 3D BC structures are formed inside the media, probably result from
the shear force produced during agitation culture, which cause the intertwine of cellulose
ribbons [258, 294, 295]. Examples of forms obtained in the agitated culture are the spherical

(Figure 2.9B) [294, 296] and cocoons — large 3D hydrogels of BC (Figure 2.9C) [250, 297].
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Figure 2.9 — Different shapes of biosynthesized cellulose (BC). A) BC membrane. B) Spherical BC. C) BC
cocoon-like — large 3D hydrogel of BC. D) BC tube (BCT).

Another structural modification of BC which has been studied for biomedical
applications is the tubular form (biosynthesized cellulose tubes — BCTs, Figure 2.9D). This
form has been suggested for use as a blood vessel substitute [234, 298, 299], vascular grafts
[300-304], biofiltration [305], and nerve regeneration [215, 306, 307]. For the formation of
BCT, Bodin et al. developed a vertical bioreactor where silicone tubing was used as a shape
template [302, 308]. The silicone tubing allows for oxygen diffusion to the bacteria inside the
media. Studies of the structure revealed that the outer side of BCT was more porous than the
inner side, and the cross-section revealed that the biomaterial was composed of layers. The
number of BCT layers and the cellulose yield increased with an increase in the concentration
of oxygen in the media. In addition, Bodin et al. studied the in vitro biocompatibility of BCTs
with endothelial cells, which formed a confluent layer on the surface of the tube after 7

cultivation days [302]. In another study, BCTs have shown good biocompatibility when they
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were cultured with primary Schwann cells and were implanted in a sciatic nerve injury model
in Sprague Dawley rats for 6 weeks [307]. Moreover, to evaluate BCT as a potential substitute
for small-diameter blood vessels, BCTs were used to replace carotid arteries in Texel sheep
for a period of 12 weeks [298]. It was observed that a confluent endothelial cell layer without
any signs of inflammation was formed along the BCTs and that vascular smooth muscle cells
migrated into the BCT matrix [298]. Similar results were also observed in a study by
Kowalska-Ludwicka et al. who used BCTs for peripheral nerve regeneration for a period of 6

months [306].

2.5.2.1.  Ex Situ Modification of Biosynthesized Cellulose — Physical
Modification

Biosynthesized cellulose is a biopolymer that can be subjected to almost all techniques used
for polymer modifications [280]. In ex situ modifications, BC polymer matrix is impregnated
with different materials to modify BC membranes (Figure 2.9A, above), and this usually
happens after the BC purification process. Physical ex situ modification is commonly done
through physical absorption — porous BC matrix can be filled with solutions or particle
suspensions — the presence of hydroxyl groups in the cellulose chains often results in strong
hydrogen bonding between the BC molecules and absorbed molecules [221]. The ex situ
modification through absorption is much simpler and more versatile than the in situ

modification method [249].
In order to enhance BC cell-biomaterial interactions, BC and silk fibroin (SF) were
prepared using a physical ex situ modification method by Barud et al. [309]. More specifically,

BC membranes were soaked into different SF solutions of 25 %, 50 %, and 75 %, after 24 h
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the BC composites were removed and freeze-dried. SEM results revealed a well inter-
connected porous network structure. The best result achieved was with 50 % fibroin content
(BC/SF50), where the equal ratio offered a synergistic effect while preserving individual
properties of BC and SF. It was further demonstrated that BC/SF50 scaffolds improved cell
adhesion and proliferation in comparison with pure BC. Furthermore, cytotoxicity and
genotoxicity tests showed that the BC/SF50 composite was non-cytotoxic and non-genotoxic,
suggesting its potential applications in biomedical applications [309]. Similarly, Gao et al.
investigated poly(ethylene glycol) 400 (PEG400) absorbed into BC sponge [310]. The
resulting sponge exhibited high surface area, high porosity, and excellent biocompatibility as
shown by MTT assays with mesenchymal stem cells [310].

To incorporate antibacterial properties into BC, sodium alginate (SA) and silver
sulfadiazine (AgSD) were used to prepare BC films [311]. Biosynthesized cellulose was
synthesized in a static Acetobacter xylinum culture. Subsequently, the BC membranes were
sliced and compressed to form BC slurry. The BC/SA was prepared by mixing BC slurry with
SA solution (2.0 %, w/v), to which AgSD was added; finally, the mixture was crosslinked by
calcium chloride (CaCl). The resulting BC/SA-AgSD composites showed excellent
antimicrobial performances against Escherichia coli, Staphylococcus aureus and Candida
albicans while MTT assays suggested good biocompatibility with human embryonic kidney
cells. These results demonstrated that BC/SA—AgSD composites could potentially be used as
a wound dressing material [311]. Similarly, benzalkonium chloride [312] and polyvinyl
alcohol (PVA) with potassium sorbate [313] were absorbed into BC film to introduce
antimicrobial activities to BC [312]. In another study, PVA was used to produce BC/PVA
composite, which was used to further produce an antimicrobial composite comprising

potassium sorbate. The antimicrobial properties of the composite was tested against
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Escherichia coli and showed antimicrobial activities that positively correlated to the
concentration of potassium sorbate used in the BC composite [313].

Nanostructures of BC membranes can act as a template in the synthesis of a variety of
nanomaterials, such as silver nanoparticles (AgNPs), which have been known to introduce
antimicrobial properties to BC through ex situ modifications. These nanostructures of BC
membranes play a crucial role in the formation of AgNPs by acting as both nano-reactors for
nanoparticle nucleation/growth and particle-size restrictor to limit out-of-control growth of the
particles, producing small size nanoparticles with a well-controlled narrow particle size
distribution. For example, Yang et al. prepared a BC membrane impregnated with AgNPs
(BC/AgNPs) by initially immersing the BC membrane in silver nitrate (AgNO3) solution after
which the impregnated silver ions (Ag™) were reduced to Ag” particles [314]. Antimicrobial
properties of the BC/AgNPs was tested against Escherichia coli and Staphylococcus aureus.
The results showed that the BC/AgNPs composite exhibited clear inhibition zones against both
model bacteria tested (i.e. 2 mm for E. coli. and 9 mm for S. aureus), while no inhibition zone
was observed for native BC [314]. Similar methods were described in others studies which
showed comparable antimicrobial results [315-317].

In order to better disperse nanoparticles inside of 3D BC matrix, ultrasonic sound has
recently been used to assist BC ex situ modifications. For example, ultrasound has been used
to prepare zinc oxide (ZnO) nanoparticle loaded BC nanocomposite for antimicrobial
applications [318, 319]. In a study by Katepetch and colleagues, ZnO nanoparticles were
synthesized and simultaneously incorporated into a 3D BC matrix by ultrasound treatement
that was believed to deliver activation energy to convert zinc ion precursor (i.e. Zn(OH),) to
ZnO nanoparticles [318]. In a separate study, Jebel et al. used ultrasound to evenly and more

effectively incorporate ZnO nanoparticle dispersion into BC membranes [319]. While this
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study was mainly targeted for BC application in packaging industry, similar methodology
could have been used to prepare BC scaffold with antimicrobial properties for TE applications.
In fact, Luan et al. used ultrasonication-assisted process to synthesize silver sulfadiazine
impregnated BC membrane, in an attempt to prepare an antimicrobial dressing material for
wound treatment [320].

Growth factors have also been incorporated into BC scaffolds. In an interesting study
to promote bone regeneration, Shi et al. loaded BC scaffold with bone morphogenetic protein-
2 (BMP-2) to study the possibility of using BC scaffold as a localized GF delivery system for
bone TE [321]. The data showed that BC scaffolds loaded with BMP-2 induced in vitro
differentiation of mouse fibroblast-like C2C12 cells into osteoblasts and that the osteogenic
activity of induced osteoblasts was positively correlated to BMP-2 concentrations used to
prepare the BC scaffolds, as demonstrated by alkaline phosphatase (ALP) activity assays. In
addition, in vivo data further suggested that BC scaffolds with BMP-2 showed more bone
formation and higher calcium concentration than blank BC scaffolds 2 and 4 weeks post
implantations [321]. Similarly, attachment of RGD-containing peptides to BC hydrogels have
shown to greatly improve endothelial cell adhesion and growth in tissue scaffolding
applications [285, 322-329]. These studies suggest that once properly designed, BC scaffolds

can also be used as drug delivery vehicles for GFs and peptides in TE applications.

2.6. Peptides
Peptides are molecules that contain two to tens of amino acids. A large diversity of biochemical
processes and physiological functions depend on them. Synthetic peptides are used to mimic

the biological functions of natural peptides, which are short chains of amino acid monomers
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(i.e. non-repeating unit) linked by peptide bonds. The carboxyl group (-C(=O)OH) of one
amino acid (1) reacts with the amine group (-NH;) of another amino acid (2) forming a
covalent chemical bond called peptide bond (3) (Figure 2.10). The 20 different amino acids
differ in their side-chain functionalities and own different polarities that are essential for their
biological function [330].

C-terminus

R! 0

H,N \‘/J\OH

o) R2
3

Figure 2.10 — Formation of a peptide (3). Reaction of the carboxyl group of amino acid (1) with the amine

ZT

N-terminus

group of amino acid (2) resulting in a peptide bond (in red, 3).

Peptides have diverse biological functions, one of which is cell signaling role aiming
to deliver and translate the biochemical “message” that activates molecular, structural, cellular,
and biological outcomes. Many peptides act as hormones and neurotransmitters, while others
act as neuropeptides, toxins, or as natural antibiotics [331]. These peptides have a large variety
of sizes, for example, the neurotransmitter leu-enkephalin has 5 amino acids residues, the
antibiotic gomesin 18 and the hormone calcitonin has 32 residues, what characterize the
extensive variety of functions of peptides. Because the broad range of functions, peptides are
promising biomolecules for the medicinal market [332]. In fact, several endogenous peptides
are commonly used as therapeutics, for example: insulin (diabetes treatment), oxytocin (labor
and lactation induction) and calcitonin (osteoporosis and hypercalcaemia).

In 1963, Merrifield [333] developed a novel solid phase peptide synthesis technique,
which was based on the employment of coupling reagents as well as the mixture of temporary

protecting groups (TPGs) and permanent protecting groups (PPGs) to control the peptide
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formation. Each peptide sequence was generated in steps on an insoluble polymeric solid
support, called resin, involving the sequential addition of protected amino acids [334]. When
an amino acid is incorporated into a peptide for the formation of the peptide bond the amino
acid releases either a hydrogen ion from the amine end, or a hydroxyl ion from the carboxyl
end, or both together as a water molecule. This method was called Solid Phase Peptide
Synthesis (SPPS), since the peptide is synthesized in two phases, an insoluble solid support
and liquid soluble reagents. Table 2.2 shows the amino acids and their respective protective

groups that were used in Chapter 5.

Table 2.2 — Chemical structures, codes and side chain protection groups of amino acids.

(0]
HZN\el\
R OH
Ry
Three- | One- Perrtnaltl.ent Temtpo:.ary
Amino acid letter | letter Side-chain (R) profecting | protecting
code code group group
(PPG) (TPG)
Glycine Gly G H- -
Aspartic Acid  Asp D HOOC-CHx- OrBu
Lysine Lys K H,N-CH,CH,CH,CH,- Fmoc
HN
Arginine Arg R . N NH-CH,CH,CH,- Pbf
2
Serine Ser S HO-CH,- Bu
Tet Fmoc
. or
Cysteine Cys C HS-CHa,- Acm
(0]
B-Alanine  p-Ala  BA m)k i
H,N OH
8-Amino-3,6- 0
dioxaoctanoic Adoa - N o QJ\ -
acid’ NN OH

The stereochemistry of all a-amino acids is L-form. 'Unnatural amino acid. OrBu = fert-butyloxycarbonyl,
Fmoc = 9-fluorenylmethoxycarbonyl, Pbf = 2,2,4,6,7-pentamethyldihydrobenzofuran-5-sulfonyl, /Bu = fert-
butyl, Trt = trityl, Acm = acetamidomethyl.
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The principles of SPPS are illustrated in Figure 2.11. The amine group of one amino
acid (1) is linked to the carboxyl group of the other (2). However, a single product can be
formed only if one amine group and one carboxyl group are available for reaction. Therefore,
it is necessary to protect some groups and activate others to avoid undesirable reactions [333].
The carboxyl group of the amino acid (1) is activated by a reaction with a coupling reagent,
and then is coupled to a resin - polymer particles that protects the amino acid C-terminus from
side reactions. The a-amine group of the amino acid (1) is protected by a temporary protecting
group (TPG;) that can be easily removed, and its side-chain functional groups must be masked
with permanent protecting groups (PPG), which are stable under the reaction conditions used
during peptide synthesis. The TPG, of the amino acid (1) is removed, then the free amine
group attacks the activated carboxyl group of the other amino acid (2), leading to a peptide
bond. After coupling, the excess reactants are removed through filtration and washings. These
processes (deprotection, activation and coupling) are repeated until the desired peptide chain
is obtained. In a final step, the peptide is released from the resin and the side-chain PPG is
removed [333]. The SPPS approach is advantageous due to the use of a solid phase (resin),
which can be washed several times after each reaction step removing any impurity or reagent
excess. The crude product can be purified using standard analytical methods such as

chromatographic techniques, and can be identified using mass spectrometry (MS) [330, 335].
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Figure 2.11 — Schematic diagram showing general principles of Solid Phase Peptide Synthesis (SPPS). Inspired
by [314].

2.6.1. Branched Peptides
The building of multi-substituted chemical identities (branched peptides) has attracted interest

in modern biomedicine since they imitate the conformational structures of functional protein
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domains involved in biological molecular detection, such as antigen—antibody, ligand—
receptor, substrate—enzyme, and others protein—protein interactions. Branched peptides were
introduced by J. P. Tam in the 1980s [306] and have been found to be useful for the
development of new therapeutic agents, such as vaccines, antibodies, and antimicrobial and
antitumor drugs [252, 287, 293, 298, 300, 336]. The peptide conformation is fundamental to
its binding with the corresponding integrin receptor. Therefore, branched peptides have been
immobilized into biomaterial surfaces to improve cell-biomaterial interactions [337].
Currently, most branched peptides are based on the multiple antigen peptide (MAP) system,
with the configuration shown in Figure 2.12. MAPs are a cascade-type peptide dendrimer with
a wide size distribution. Lysine (Lys, K) is the most commonly used amino acid in the core
matrix, because it has two ends, the a- and e-amine side chain groups, available for branching

reactions onto which epitope peptide sequences can be attached [338, 339].
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Figure 2.12 — Representation of a multiple antigen peptide (MAP). MAP incorporating four peptide monomers.
An increase in the number of Lysine (Lys) branching units increases the number of surface amine groups.
Inspired by [339].

A variety of synthetic methods have been described for the formulation of branched

peptides. The standard approach is to employ the selective protection and deprotection on the
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side-chain acid or on the amine group of the branch-site amino acid, then to couple them to a
N-terminus amine or C-terminus acid of another protected peptide [340], for this SPPS is

extensively applied [299, 341].

2.6.1. Branched versus Linear Peptides

The detection of a target molecule is the foundation of biological processes. However, it is not
necessary to synthesize the entire molecule, the use of pharmacophore molecules (i.e. part of
a molecule that is bioactive) can have the desired activity [342, 343]. Peptides can imitate the
specific conformational binding site of natural proteins and therefore represent a promising
approach for the study of protein structure and function [344]. The reduced immunogenicity
of short peptides requires a conjugation of transporter proteins or highly branched ligands to
obtain strong immune response and to improve the binding affinity.

MAPs are well-defined, hyper branched polymers with a high density of functional
binding sites. They consist of a lysine central core with surface functional groups and
branching units linked to it [345, 346]. MAPs have shown great promise compared to their
similar linear proteins in different biomedical fields, such as hepatitis A [347], antimicrobial
activity [348, 349], and antigenicity [350], etc. It is important to note that multi-branched
peptides have shown higher cellular uptake compared to their parent monomers [351-358].
Due to the improved uptake of the branched designs much lower concentrations can be used
[351].

2.6.2. RGD-Containing Peptides
The most common amino acid sequences used to mimic the in vivo environment are the cell—
adhesive domains derived from laminin (IKVAV, RGD, YIGSR), collagen (DGEA, RGD),

and fibronectin (REDV, RGDS) [359]. In particular, arginine-glycine-aspartic acid (RGD)-
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containing peptides are often used peptides to enhance cell adhesion on biomaterial surfaces.
This is due to their use throughout the organism, their ability to address more than one cell
adhesion receptor, and their biological impact on cell anchoring, behavior and survival [325].
Therefore, developing biomaterials modified with RGD-containing peptides represents an
attractive research avenue to optimize cell-biomaterial interactions in TE [360-367]. For
example, RGD was immobilized into elastin hydrogels and showed to affect the in vitro neurite
outgrowth from dorsal root ganglia. The authors reported that increasing the density of RGD
increased the length and density of neurites [368]. Silva et al. functionalized a modified gellan
gum hydrogel with the glycine-arginine-glycine-aspartic acid-serine (GRGDS) peptide, which
demonstrated superior cell adhesion and viability of NSPCs when co-cultured in vitro. The
researchers suggested that the GRGDS-modified hydrogel may have therapeutic benefits for
SCI treatment. [83]. In another study, arginine-glycine-aspartic acid-serine (RGDS) peptides
were bonded to a titanium surface. The surface modification showed to improve osteoblasts
attachment and survival, having the potential to promote osseointegration in vivo [369]. These
studies showed the relevance of incorporating RGD-containing peptides into biomaterials to
improve cell-biomaterial interactions and neural outcomes.

Improve cell-biomaterial interactions through the incorporations of RGD or RGDS sequences
into biomaterial surfaces is known to change the epitope density [370]. MAP systems
containing such peptides moieties can increase the density and accessibility of binding sites on
the biomaterial surface and therefore influencing cell behavior [370-375]. It is suggested that
RGD-containing branched-peptides would have more conformational flexibility than linear
peptides, what would improve the accessibility and, potentially, its recognition by integrin.
Therefore, MAP systems containing RGDS moieties were synthesized in the study presented

in Chapter 5.
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CHAPTER 3 - DESIGN AND EVALUATION OF BIOSYNTHESIZED
CELLULOSE DURAPLASTY TO STIMULATE NEURAL STEM CELL
PROLIFERATION
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3.1. Introduction

A cerebrovascular accident or stroke, occurs as the result of lack of perfusion to regions of the
brain leading to death of the brain cells. Strokes are classified into two types: hemorrhagic,
caused by a ruptured vessel, and ischemic, caused by blockage of an artery due to a thrombus.
Worldwide, stroke is the second leading cause of death [1] and the third leading cause of
disability [2]. Every year, there are fifteen million new stroke patients, of whom five million
die and five million are permanently disabled. Unfortunately, the options to treat stroke are
very limited, and the neurological damage cannot be completely repaired [3]. Decompressive
craniectomy (DC) is typically performed in stroke patients where cerebral ischemia leads to
cerebral edema and increased intracranial pressure. The DC alleviates the increased
intracranial pressure by removing a portion of the skull and opening the dura. A duraplasty
material will then be applied onto the exposed brain [4]. Despite the relative invasiveness of
this procedure, randomized controlled trials have shown that the use of DC significantly
reduces mortality in patients suffering from acute ischemic stroke [4, 5]. Unfortunately, the
DC procedure with the duraplasty implantation does not lead to significant improvement in
brain functional recovery [6].

Several types of plain duraplasty options have been developed for this purpose over the
years. For example, Codman Duraform® Dural Graft (Johnson & Johnson, New Brunswick,
NJ) is a currently commercially available duraplasty that is composed of type I collagen [7].
It has shown to cause a minimal inflammatory reaction, having manageable handling qualities,
and was able to prevent cerebrospinal fluid (CSF) leakage [7]. Another example of a
commercial duraplasty is SyntheCel® Dura Replacement (DePuySynthes -

Johnsons&Johnsons, New Brunswick, NJ) made of biosynthesized cellulose (BC). Rosen et
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al. studied SyntheCel in a human controlled trial for 6 months and compared it with other
commercially available duraplasties including Duraform®, DuraGen®, and Preclude®
(product was discontinued) [8]. Using a noninferiority design, the authors concluded that the
safety and efficacy of the BC duraplasty were comparable to the other commercial products
on the market [8]. However, SyntheCel Dura Replacement is not loaded with any therapeutic
ingredients, likely because the loading of bioactive molecules into the duraplasty cannot be
easily incorporated into the duraplasty fabrication process. As a result, while proven clinically
important in saving patient lives, none of the current commercially available duraplasties will
lead to any improvement in functional outcome.

Biosynthesized cellulose (BC) can be produced by Gluconoacetobacter hansenii and
has several remarkable properties, such as high purity and unique morphology, characterized
by an ultrafine nanofibrous network structure [9]. Due to its porosity and hydrophilicity, BC
has high swelling capacity [10, 11] and permeability [12]. In addition, BC is a biocompatible
material, not showing chronic inflammatory reactions when implanted subcutaneously in rats
[13] and exhibiting low foreign body reactions, absence of cortical adhesion, as well as the
property of malleability when implanted in the brain of mongrel dogs [14] — one of the few
reports showing BC as a suitable substitute for dura mater in animal studies. Other advantage
of BC is that its physical structure (e.g. thickness, homogeneity, and density of the network)
may be readily modified according to the desired application [15, 16]. Moreover, BC can be
sterilized by heat treatment (e.g. steam sterilization), an effective, fast, and simple technique,
leaving no toxic residues [17]. These valuable qualities make BC an attractive biomaterial for

the fabrication of a drug releasing duraplasty.
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Growth factors (GFs) can be loaded into a BC duraplasty to improve the ability of the
implant to promote post-stroke neurogenesis and eventually functional neurological recovery.
Recently, GFs have been demonstrated to stimulate endogenous neural stem/progenitor cells
(NSPCs) proliferation and migration to the site of injury thus resulting in enhanced tissue
regeneration and functional neurological recovery [18-21]. It is known that post-stroke
endogenous NSPCs proliferate at a higher rate in the subventricular zone (SVZ), and some
precursor cells migrate to the injury site; unfortunately most of the endogenous NSPCs do not
survive long enough to mature and incorporate into the nervous system, making the repair of
the damaged tissue very limited [22, 23]. In pre-clinical studies, GFs such as epidermal growth
factor (EGF), fibroblast growth factor-2 (FGF2), erythropoietin, and vascular endothelial
growth factor, have shown to stimulate axonal re-growth, neurogenesis, and other features of
neural repair [18-20]. Particularly, EGF is a neural regeneration factor that enhances neural
stem cell growth by acting as a mitogen for NSPCs [19] and FGF2 promotes neurogenesis by
increasing adult NSPCs proliferation [24]. Moreover, the combination of some GFs showed
synergistic effects by enhancing tissue regeneration [21]. Specifically, the incorporation of
both EGF and FGF2 has been demonstrated to increase NSPC proliferation [25] and EGF has
been shown to have these beneficial effects after stroke when applied topically [21].

Therefore, in this study, EGF and FGF2 were selected to be loaded into the
biosynthesized cellulose (BC) based duraplasty. BC was physically modified and drug
releasing duraplasties at several cellulose ratios were produced. The GFs-enriched BC drug
releasing duraplasty can be applied as permanent implant during DC procedure in patients with
severe stroke, preventing the necessity for a second intervention. After fabrication, the physical
and mechanical characterization of the drug releasing duraplasty were performed to investigate

the structure, strength, and elasticity of the new duraplasty. In addition, by using the fabrication
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technique proposed here, GFs were sterilely incorporated into the BC duraplasty in a reliable
and effective way. Swelling and in vitro drug release were studied to evaluate the overall
potential of our material as a drug releasing duraplasty. Lastly, as proof of concept, the novel
drug releasing duraplasty was tested in vitro, where NSPCs proliferation and differentiation

were analyzed, and in vivo biocompatibility was evaluated.

3.2. Materials and Methods
3.2.1. Materials
Biosynthesized cellulose producing bacteria G. hansenii were obtained from American Type
Culture Collection (ATCC®) (Manassas, VA). Recombinant human fibroblast growth factor-
2 (FGF2), recombinant human epidermal growth factor (EGF), and ELISA detection kits for
FGF2 and EGF were obtained from PeproTech Inc. (Rocky Hill, NJ). All other chemicals were
purchased from Sigma-Aldrich (St. Louis, MO) and used as received unless indicated

otherwise.

3.2.1.1.  Production of Blended Biosynthesized Cellulose (BBC)

Membranes
Biosynthesized cellulose (BC) was obtained from Gluconacetobacter hansenii cultures in a
modified Hestrin-Schramm culture media containing glucose (20.0 g/L), peptone (5.0 g/L),
yeast extract (5.0 g/L), disodium phosphate (2.7 g/L), and citric acid (1.5 g/L) [26]. Original
BC membranes were produced in a static cell culture at 26 °C for 7 days, after which the
membranes were collected, washed with 0.1 M NaOH at 50 °C under agitation for 24 h, and

extensively rinsed with distilled water. To produce blended BC membranes (BBC), never-
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dried BC membranes were blended (Oster®, Brampton, ON) to produce a homogenous pulp.
The resulting pulp was subsequently filtered using a Buchner fritted disc filter (Rockwood,
TN) to form a thin paper-like membrane (i.e. BBC membrane), which was subsequently
lyophilized. Five different types of BBC membranes in order of dry cellulose mass were
prepared, with BBC1 group containing the lowest amount of cellulose while BBC5 group
containing the highest. All resulting BBC membranes were sterilized by autoclave before

further use [17].

3.2.2. Characterization of Blended Biosynthesized Cellulose (BBC) Membranes

3.2.2.1.  Swelling Ratio (SR)
The swelling ratio (SR) of BBC was determined by a gravimetric method. In brief, dried BBC
membranes were weighed (Wgry) and subsequently immersed into PBS (pH 7.4) at 37 °C for
96 hours; subsequently the swollen membranes were retrieved and weighed again (Wgy,). The

SR of the BBC membranes was determined by the following equation.

3.2.2.2. Mechanical Properties
To characterize the mechanical properties of the BBC membranes, tensile tests were conducted
on swollen BBC membranes. The measurements were carried out at 25 £ 2 °C and relative
humidity of 45 = 5 % on Instron ElectroPuls™ E3000 All-Electric Dynamic Test Instrument
(Norwood, MA) equipped with Instron® Bluehill® Software (Norwood, MA). Rectangular

BBC membranes (15 mm x 10 mm) were used in the tensile test. The crosshead speed was set
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at 5 mm/min and a load cell dynamic rating of = 250 N was used. The samples were tested for

Young’s modulus and ultimate tensile strength (UTS).

3.2.2.3.  Scanning Electron Microscope (SEM) Analysis
To study the microstructures of the resulting BBCs, a Phenom Pro scanning electron
microscope (SEM) (Phoenix, AZ) was used. Both dry BBC1 and BBC5 membranes were

investigated.

3.2.3. Drug Delivery Study
Recombinant human fibroblast growth factor-2 (FGF2) and recombinant human epidermal
growth factor (EGF) were used as model drugs to be delivered, and BBC5 membrane was
studied as the drug delivery system. The dried BBCS5 membrane was cut into the shape of a rat
cerebral hemisphere. Subsequently, dried and autoclaved BBC5 was added in a 24-well plate,
and 70 uL FGF2 and EGF sterile solution was pipetted on the top of the membrane (referred
to as BBC5GF). The membrane was kept static for 2 hours until the FGF2/EGF solution was
completely absorbed by the membrane. To study the drug delivery performance of the
membrane, the resulting BBCSGF was completely submerged in 2 mL of PBS (pH 7.4) at 37
°C; at predetermined time intervals, 0.32 mL of the releasing buffer was collected and
replenished with the same volume of fresh buffer. Concentrations of both FGF2 and EGF from
the collected samples were determined by both FGF2 and EGF ELISAs using vendor’s

protocols.

3.2.4. InVitro Analyses
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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. For the
harvesting of human spinal cord tissue, ethics approval for the study was obtained from the
Ottawa Health Science Network Research Ethics Board and from the Trillium-Gift of Life
Foundation which oversees organ donation in Ontario. Informed written consent was obtained

from the family of the deceased organ donor.

3.2.4.1. Primary Neural Stem/Progenitor Cell Culture
To analyze whether the growth factors delivered by the BBC5 drug releasing duraplasty could
stimulate proliferation of NSPCs, primary NSPCs from the SVZ of SD rats were isolated and
cultured as previously described [27]. Specifically, the cells were seeded into 6-well plates
(ultra-low attachment, BD Biosciences Inc., Franklin Lakes, NJ) at a concentration of 20,000
cells/mL and cultured at 37 °C, 5 % CO,, and 20 % O, (normoxia). The NSPCs were cultured
in serum-free medium (SFM) consisting of DMEM/F-12 (1:1) and supplemented with B27
neural supplement, 2 mM L-glutamine, and 100 pg/mL penicillin-streptomycin (Invitrogen
Inc., Waltham, MA). To deliver the GFs to the cell culture, BBC5GF membranes were placed
in PET inserts, pore size of 0.4 um (EMD Millipore, Burlington, MA), that in turn were placed
inside of the NSPC cell culture containing the SFM media for up to two weeks. Neurospheres
were photograph Nikon Ti-Eclipse microscope (Mississauga, ON) and their neurosphere
diameters, cross-section area and quantities were examined using Imagel] software.
Additionally, NSPCs were cultured in pure SFM media and with nude BBCS5, as negative
controls. As positive control, NSPCs were also cultured in the growth factor matched media

(GFM) constituted of SFM supplemented with 110 ng/mL EGF and 110 ng/mL FGF2.
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To test the multipotency of the NSPCs treated with BBC5GF, individual neurospheres
collected from BBCS5GF treated cultures (as described above) were transferred into the wells
of 96-well plates pre-coated with Matrigel and the cells were induced to differentiate for 7
days by adding 1 % FBS into the SFM. In addition, BrdU (4ug/mL, EMD Millipore,
Burlington, MA) was used in the cell culture media from Day 1 to track cell proliferation.
Finally, the cells were fixed with 4 % paraformaldehyde after 7 days of culture and were
immunostained as described below. In parallel, neurospheres treated with GFM were also

similarly processed for comparison.

3.2.4.2. Immunostaining
To identify cell differentiation, the cells that were processed as described above were
immunostained for markers of NSPCs and differentiated progeny. Briefly, the fixed cells were
blocked with 10 % normal goat serum (NGS) and permeabilized with 0.3 % Triton-X 100
(Invitrogen Inc., Waltham, MA) for 1 hour at room temperature, and subsequently incubated
with the primary antibody in 10 % NGS at 4 °C overnight. The following primary antibodies

were used: Nestin (1:500) (Santa Cruz Biotechnology, Dallas, TX) for neural progenitor cells;
BrdU (1:300) (EMD Millipore, Burlington, MA) for proliferating cells; Sox2 (1:200) (EMD
Millipore, Burlington, MA) for neural stem cells; O4 (1:300) for oligodendrocytes; glial
fibrillary acidic protein (GFAP) (1:500) (EMD Millipore, Burlington, MA) for astrocytes; and
BIII-tubulin (1:300) (Santa Cruz Biotechnology, Dallas, TX) for neurons. After extensive

washes with PBS (pH 7.4), the samples were incubated with appropriate Alexa 488 or Alexa

568 labelled secondary antibodies (Invitrogen Inc., Waltham, MA) in 2 % NGS at room
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temperature for 2 hours, washed again with PBS (pH 7.4) and finally counterstained with

Hoechst (1:2000).

3.2.5. Blended Biosynthesized Cellulose (BBC) Membrane as Duraplasty
To investigate the feasibility of the BBC membrane as duraplasty, growth factor loaded
BBC5GF membranes were implanted in a rodent as part of a DC procedure. In brief, adult
female SD rats, 9-10 weeks of age (Charles River Laboratories, Senneville, QC) were
anesthetized by isoflurane inhalation, and the right cerebral hemisphere was surgically
decompressed by craniectomy, where the posterior third of the frontal, parietal and anterior
third of the occipital bone were removed and the dura mater was finely resected and excised.
Subsequently, the BBC5SGF membrane was applied onto the surface of the craniectomy, and
skin was stapled closed on top. After the procedure the animals received a single dose of
Ceftriaxone 2 g/kg (Sandoz, Boucherville, QC), as antibiotic prophylaxis, for the first 24 hours.
Also, to maintain analgesia for 72 hours post-DC, 1 mg/kg of Buprenorphine (Champion
Alstoe, Whitby, ON) was administered. Rats were sacrificed 1 week and 4 weeks after the DC
and the brains were carefully dissected, fixed in 4 % paraformaldehyde for 24 hours, and
subsequently cryoprotected in 30 % sucrose. The prepared tissues were embedded in paraftin
and coronally sectioned into 5 um sections for H&E staining. Finally, the H&E stained
sections were mounted on coverslips using Permount (Fisher Scientific, Waltham, MA) and
analyzed by Nikon Ti-Eclipse microscope. Additionally, as controls, three groups of SD rats
were allocated to the implantation of nude BBCS5, to the no surgical group, and to

decompression alone for each time point.

3.2.6. Statistical Analysis
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All statistical analyses were carried out using one-way and two-way ANOVA, followed by
post hoc Tukey’s analysis, using GraphPad Prism 6 Data (GraphPad Software, La Jolla, CA).

P values < 0.05 were considered statistically significant.

3.3. Results
3.3.1. Production and Characterization of Blended Biosynthesized Cellulose
(BBC) Membranes

This study investigated the potential of BBC duraplasty as drug delivery systems to stimulate
brain tissue regeneration after stroke. As shown in Figure 3.1, BBC membranes were produced
by blending BC membranes originally obtained from bacterial cultures. To investigate the
characteristics of BBC samples, five different initial cellulose pulp concentrations were used
to obtain five different BBCs in crescent order of cellulose mass: BBC1, BBC2, BBC3, BBC4
and BBCS (see Figure 3.1D). As shown in Figure 3.1E and Figure 3.1F, from BBCI to
BBCS, there was a descending trend for SR with BBC1 exhibiting the highest SR while BBCS
the lowest among all samples. It should be mentioned that the SR for all BBC membranes

rapidly increased within 5 hours and remained roughly constant after 48 hours.
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Sample Cellulose Pulp (g/L) Dry Cellulose (g)
BBCl1 1.6348 + 0.0096**** 0.1243 £ 0.0008****
BBC2 2.6050 £ 0.0 1 2**** 0.1775 £ 0.0008****
BBC3 3.4064 £ 0.0006%*** 0.2130 £ 0.0005%***
BBC4 39141+ 0.1571%** 0.2413 £ 0.0005%***
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Figure 3.1 — Production and physical properties of the resulting BBC membranes. (A) Flask of inoculum
containing a BC membrane. (B) Original BC membrane after purification. (C) BBC membrane after filtration
and lyophilization. (D) Table showing the different concentrations of the initial cellulose pulp used to produce

BBC1-5 membranes and their respective dry cellulose mass; n = 6. (E) Swelling ratios of BBC1-5 in PBS at 37
°C in different time points, n = 7. (F) Swelling ratios after 96 hours. (One-way ANOVA followed by multiple-
comparisons test (Tukey’s) were 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 BBCS).

The mechanical properties of the BBCs were studied. As shown in Figure 3.2, BBCS,
the membrane prepared with the highest cellulose content, exhibited greater Young’s Modulus
and tensile strength when compared to those with lesser mass (i.e. BBC1-4). Specifically, the

BBCS5 demonstrated a Young’s modulus of 0.37 + 0.02 MPa and an ultimate tensile strength

(UTS) of 0.96 &+ 0.02 MPa, values that are respectively about 9 and 6 times higher than BBC1

(Figure 3.2B and Figure 3.2C, respectively).
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Figure 3.2 — Mechanical properties of blended biosynthesized cellulose (BBC) membranes. (A) Representative
stress-strain curves for BBC1-5; (B) Young’s Modulus of different BBC membranes; (C) Ultimate tensile
strength (UTS). The mechanical properties were measured using swollen BBC membranes. (One-way ANOVA
followed by a multiple-comparisons test (Tukey’s) were used for statistical analysis. Data obtained from two
independent experiments in triplicate and is presented as mean £ s.e.m. *p < (.05, ¥***p < 0.001, ****p <
0.0001 from BBCS).

In addition, the microstructures of the prepared BBC1 and BBCS5 membranes were
evaluated using SEM for comparison, as shown in Figure 3.3. When the cellulose-producing
bacteria are statically cultured, they produce BC biomass as a heterogeneous membrane at the
air-liquid interface, as shown in Figure 3.1A. This original biomass membrane is composed
of highly entangled cellulose fibers networks, which are denser at the membrane/air interface
(Figure 3.3A) than at the membrane/liquid interface on the opposite side, as shown in Figure

3.3A and Figure 3.3D. For the BBC membranes, SEM images show that the increased in

cellulose content, BBC1 (Figure 3.3B, Figure 3.3E and Figure 3.3H) to BBC5 (Figure 3.3C,
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Figure 3.3F and Figure 3.3I), resulted in a denser fiber network and less porous

microstructure on both sides of the membranes, and thicker but less entangled inner layers.
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Figure 3.3 — Scanning electron microscopy micrographs of dried biosynthesized cellulose (BC, original),
blended biosynthesized cellulose (BBC1, membrane with lowest dry cellulose mass), and BBC5 (membrane
with highest dry cellulose mass): upper side (air contact), bottom side (liquid contact for BC and filter contact
for BBC) with 300x magnification, and cross-section views with 2000x magnification. Three samples were
assayed in duplicate by SEM analysis.

3.3.2. Drug Delivery Studies
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The blended biosynthesized cellulose samples form malleable membranes that can be loaded
with drugs and applied to the apical of the brain during DC surgery. Because of the structural
and mechanical properties, BBC5 was selected to be used for the rest of the studies unless
indicated otherwise. The membranes were cut into shape and size to cover the craniotomy
defect overlying the rat cerebral hemisphere (length of 12.5 + 0.1 mm, width of 8.0 + 0.1 mm,
and weight of 22.1 + 0.1 mg) as shown in Figure 3.4A and Figure 3.4B. The thickness of
BBCS increased from 0.57 £ 0.01 mm to 1.11 £ 0.18 mm after being fully rehydrated. It is
also noted that the GFs were successfully loaded into BBCS, where the average FGF2/EGF
entrapment efficiency was 99.5 %. As shown in Figure 3.4C, the BBC5GF drug releasing
duraplasty had a similar sustained release for both FGF2 and EGF, featuring an initial burst
release at the first 8 hours and an almost linear release until Day 10, after which the amount of
drug in solution did not changed significantly (Figure 3.4C). It is noted that after ten days of
release, the cumulative amount released of FGF2 was 397.4 + 6.9 ng and for EGF was 393.6
+ 9.2 ng, 94 % of the total amount of growth factors that were initially loaded in the

membranes.

109



A Mass

Dry cellulose (mg) 22.1+0.1
Dimensions

Dry thickness (mm) 0.57+0.01

Wet thickness (mm) 1.11+0.18

Length (mm) 12.5+0.1

Width (mm) 8.0+£0.1

Drug Release Characteristic

FGF2 EGF

Entrapment efficiency (%) 99.5+0.5 99.6+0.3
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Figure 3.4 — FGF2 and EGF release profile from BBC5GF. (A) Table of physical characteristics and drug
entrapment efficiency of BBC5GF. (B) Image of the final BBC5GF - rat cerebral hemisphere. (C) Cumulative
amount of FGF2 (orange) and EGF (dark blue) over 14 days as determined by ELISA. (Two-way ANOVA was

used for statistical analysis. Values are presented as mean + s.e.m., n = 5).
3.3.3. Blended Biosynthesized Cellulose (BBC) as a Drug Delivery Vehicle for
Growth Factors

The bioactivities of the growth factors released from the BBC5GF were evaluated by culturing

NSPCs derived from SVZ of rodent brains. As shown in Figure 3.5A, NSPCs formed
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neurospheres when they were co-cultured with BBC5GF membranes, a similar performance
as when they were cultured in cell culture media containing EGF and FGF2 (i.e. GFM). It is
also evident from Figure 3.5B that in the first week of culture, the number of NSPCs
neurospheres when co-cultured with BBCSGF was significantly higher than that of
neurospheres when co-cultured with SFM and BBCS, the two negative controls (p < 0.01).
Interestingly, no significant difference in the number of neurosphere was observed between
BBC5GF and the positive control GFM after one week of culture, demonstrating that growth
factors released from the BBCSGF were bioactive. Despite both BBCSGF and GFM had
formed more neurospheres in comparison with the negative controls (Figure 3.5B), the
diameter and estimated cross-section area of the formed neurospheres were not statistically
different amongst all samples after one week (Figure 3.5C and Figure 3.5D). In the second
week, the general trend among the samples was similar as the first week; however GFM culture
produced significantly more neurospheres than BBC5GF (p < 0.05; Figure 3.5B), and the
neurosphere diameters were also statistically larger than those from the BBC5GF culture (p <
0.01; Figure 3.5C). Besides, after two weeks, the diameter of BBC5GF formed neurospheres
was statistically different from SFM (p < 0.05; Figure 3.5C), however there was no statistical
difference for the estimated cross-section area of formed neurospheres at Week 2 (Figure

3.5D).
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Figure 3.5 — BBC5GF stimulates rodent SVZ neural stem/progenitor cell proliferation for a period of one
week. (A) Images of neurospheres taken at 20x magnification. Left image: BBC5GF neurospheres; right image:
GFM neurospheres; after 2 weeks. NSPCs were treated for one and two weeks and assessed for (B) the number
of neurospheres formed, (C) the diameter of neurospheres, and (D) their estimated cross-section area. Estimated
cross-section area of neurospheres were calculated using measured diameters. (Two-way ANOVA followed by a
multiple-comparisons test (Tukey’s) in (B), (C) and (D) were used for statistical analysis. Values are presented

as mean £ s.e.m; n =10. Only comparisons related to BBC5GF are shown, *p<0.05, *¥p<0.01).

To elucidate whether cells from the growth factor treated neurospheres were
multipotent, individual neurospheres were transferred onto an adherent substrate and allowed
to differentiate in the presence of 1% FBS. It was observed that the proliferative capacity of
BBCS5GF and positive control derived neurospheres was the same over one and two weeks of
respective treatments (Figure 3.6A). In particular, it is noted that after one and two weeks of
treatments, the percentage of Sox2 and Nestin cells remained ~40-60 %, strongly suggesting
the presence of stem and progenitor cells (Figure 3.6B, Figure 3.6C and Figure 3.6D) in the
neurospheres that were initially treated with either BBC5GF and the positive control (i.e.

GFM). To further assess whether NSPCs derived from the BBC5GF were capable of

differentiating into three main lineages of the CNS: oligodendrocytes, astrocytes and neurons,
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immunostaining was used. Fluorescent microscopy showed cells stained positive for: O4 for
oligodendrocytes (Figure 3.7A), GFAP for astrocytes (Figure 3.7B), and BIII-tubulin for
neurons (Figure 3.7C). It was observed that the differentiated NSPCs favored astrogenesis
over neurogenesis and oligodendrogenesis and that no statistically significant differences were
observed in the percentage of each differentiated cell type between BBC5GF and positive
control (GFM) treatments for either one or two weeks (Figure 3.7). Altogether, it was
observed that NSPCs treated with BBC5GF were multipotent and that the duraplasty

biomaterial did not alter NSPC differentiation behavior in vitro.
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Figure 3.6 — Multipotent analysis of neural stem/progenitor cells derived from Week 1 and Week 2;
neurospheres have proliferative capacity and maintain stemness after one week under differentiation conditions.
On the left column, representative fluorescent images of BBC5GF stained cells from Week 1. On the right
column, quantitative comparison for BBC5GF (blue), and GFM (pink) treatments. (A) Left: BrdU (red) is
expressed in nuclei of dividing cells and Hoechst (blue). Right: quantitative results for levels of BrdU. (B) Left:
Sox2 (red) is expressed in nuclei of neural precursor cells. Right: graph showing the levels of Sox2. (C) Left:
Nestin (green) is expressed in cytoskeleton of neural stem/progenitor cells and Hoechst (blue). Right: graph
showing the levels of Nestin. (D) Left: Overlay of Sox2 (red) and Nestin (green) expression in differentiated
cells. Right: graph showing the co-expression levels of Sox2 and Nestin. (Two-way ANOVA was used for
statistical analysis. Data presented as mean + s.e.m., n = 4.)
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Figure 3.7 — Neural stem/progenitor cells derived from Week 1 and 2; neurospheres differentiate into
oligodendrocytes, astrocytes and neurons. On the left column, representative images of stained BBC5GF
differentiated cells from Week 1. On the right column, quantitative comparison showing no significant different
between BBC5GF (blue) and GFM (pink) treatments. (A) Left: O4 (red) is expressed on the cell surface of
oligodendrocytes. Right: expression levels of O4. (B) Left: GFAP (green) is expressed in the cytoskeleton of
astrocytes. Right: expression levels of GFAP. (C) Left: BIII-tubulin (green) is expressed in the cytoskeleton of
neurons. Right: expression levels of BIII-tubulin over one or two weeks. All nuclei were counter stained with
Hoechst (blue). (Two-way ANOVA was used for statistical analysis. Data presented as mean £ s.e.m., n = 4.)
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3.3.4. Biocompatibility of Growth Factor-Enriched Blended Biosynthesized
Cellulose (BBC5GF) as a Duraplasty

To test BBCSGF drug releasing duraplasty biocompatibility, BBC5SGF membranes were
placed over the decompressed brains and inflammatory changes associated with the
biomaterial were evaluated by H&E staining. Representative coronal sections are shown in
Figure 3.8. As shown in Figure 3.8A and Figure 3.8B, samples from no surgery and DC only
demonstrated normal histology of the brain, as expected. In the brains where BBC5GF and
BBCS5 membranes were implanted, at 1 week and 4 weeks there were no signs of macrophage
invasion at the apical surface of the brain (Figure 3.8C and Figure 3.8D). Furthermore, there
were no evidences of neutrophils or eosinophils, suggesting that there were no infection,
abscess or foreign body response (Figure 3.8C and Figure 3.8D). Finally, no laminar necrosis
or cortical atrophy were observed in the specimens (Figure 3.8C and Figure 3.8D). All the

above findings suggest that BBC5GF drug releasing duraplasty is biocompatible in vivo.
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Figure 3.8 — Biocompatibility study of BBC5GF. Hematoxylin and eosin staining of representative coronal
brain sections over the decompression region and BBC5GF duraplasty (if applicable) after one and four weeks.
Sprague-Dawley brain with (A) no surgery, (B) decompressive craniectomy, (C) nude BBCS implanted, and
(D) BBC5GF implanted. Two left columns: 4x and 20x magnification images of rat brains after 1week of
surgery (n = 5). Two right columns: 4x and 20x magnification images of rat brains from 4 weeks post-surgery

(n=5).
3.4. Discussion
The standard methods of dura mater repair consist of the application of sealants and the use of
dura mater replacement materials (duraplasty) to expand or replace the resected dura mater
during a neurosurgical procedure [4, 6]. An ideal duraplasty biomaterial for brain repair should
have a combination of biophysical and biochemical characteristics, including: (1) be readily
available and sterilized without compromising its properties; (2) appropriate size -- it should

fit the defected area; (3) suitable mechanical properties for easy implantation and suturability
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(i.e. suitable for suture); (4) perform as a drug delivery vehicle, and (5) good in vivo
biocompatibility without causing inflammation [17, 28, 29]. In this study, BC-based drug
delivery system to be used as duraplasty for DC were produced and characterized. Unlike
conventional hydrogel fabrication methods [30] BBC production method is free of organic
solvents or any other additives, resulting in a highly purified cellulose membrane in an
approach that protects the essential biocompatibility of the material. In addition, this
fabrication method gives the possibility to control/modify BC physical characteristics, such as
fiber density, porosity, SR and mechanical properties. The blending protocol appeared to have
reduced the difference between upper and bottom surfaces seen in the original BC (Figure
3.3); besides being a reproducible fabrication process batch-to-batch. What is important for
drug delivery applications so that the release is both consistent and predictable [31, 32].
Furthermore, the fabrication technique allowed a much easier incorporation of therapeutic
drugs into the membranes, as the prepared BBC can simply be sterilized by autoclaving, in
comparison with other BC-based drug delivery systems, where the incorporation of additives
makes the sterilization process a challenge [15, 17].

The thickness and SR were both tested to ensure that the BBC had the potential to
perform the role of duraplasty while demonstrating a suitable drug release profile. The
duraplasty is implanted into the brain post-DC; therefore, the duraplasty thickness must not
cause increased pressure in the area it is important that it cause no further damage to an already
injured area. Besides BBCS thickness doubled after being fully rehydrated still significant less
thick than the commercially available Duraform® (4.02 £ 0.07 mm, p < 0.0001) and within
the range of human dura mater in different locations of 0.53 to 1.88 mm [33]. Therefore, the

thickness of the BBC5 should not cause any complications when this duraplasty is implanted.
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The SR of a biomaterial is important as it impacts on the release behavior [31, 34]. The
faster a biomaterial swells and allows liquid into the matrix, the faster the drug can diffuse out
[35]. The biomaterial SR is based primarily on its pore size and the formation of hydrogen
bonds between the material and the water molecules [10]. The SR for the five samples
decreased with the increased in the dry cellulose mass, where BBCS5 presented the lowest SR
(Figure 3.1E and Figure 3.1F) among the samples. The increase in the dry cellulose mass
resulted in the construction of a more rigid structure with lower porosity as shown on SEM
micrographs (Figure 3.3), which impeded the penetration of water molecules. Consequently,
the percentage of water absorbed decreased, which led to a reduction in the SR [10]. These
results demonstrated that BBC samples after sterilization kept their ability to reabsorb water,
showing that this procedure did not affect the samples’ physical structure. In addition, it is
possible that the increased dry cellulose mass resulted in an increase in the number of hydrogen
bonds formed within the membrane, resulting in a denser membrane and lower influx of water.
This suggests that the higher the cellulose mass in the membranes, the lower it would be the
initial drug burst. Therefore, BBC5 was considered being the best candidate to be used as
duraplasty. In addition, BBC5” SR (496 £ 27 %) was 13 times lower than to the commercial
available duraplastly Duraform® (6500 + 146 %), what indicates that Duraform® was not
designed as a drug delivery system and probably would present a high initial drug burst.

An ideal duraplasty should be moldable so that it is able to conform to the shape of the
brain, but strong enough to withstand the surgical procedures for implantation [36]. For the
BBC samples, the higher cellulose mass BBC (BBCS5) presented a higher UTS and Young’s
Modulus than the lower cellulose mass BBC (BBC1). This is expected since an increased

amount of cellulose means a higher number of hydrogen bonds and that results in a higher
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strength and stiffness. The UTS and Young’s modulus for BBC5 were 0.96 + 0.02 MPa and
0.37 £0.02 MPa (Figure 3.2), in comparison to Duraform® they were 0.020 + 0.003 MP and
0.034 £ 0.004 MPa, respectively, suggesting that BBCS5 membranes are mechanically stronger
than the commercial product.

To improve the regenerative potential of our new BBC duraplasty, EGF and FGF2 were
incorporated into the BBC5 membranes (BBC5GF), and their release profiles were studied. In
this work, FGF2 and EGF were loaded directly on the top of the BBC5 samples by physical
adsorption which resulted in a high entrapment efficiency (Figure 3.4A). The in vitro drug
release profiles demonstrated an initial burst release in the first 8 hours, which was likely due
to the presence GFs on the surface of the membranes (Figure 3.4C). This initial release phase
was followed by a more gradual and almost linear release until ten days, due to the diffusion
of GFs. The maximum cumulative percentage released of FGF2 (94.3 + 3.7 %) and EGF (93.4
+ 3.1 %) from BBC5GF was achieved in ten days, period that it’s consider essential for the
activation time of NSPCs after injury [37].

To further evaluate the potential of BBCSGF duraplasty, NSPC culture was used to
investigate if BBC5SGF will enhance the proliferation of the NSPCs. Our results showed that
there was an increase in the number of neurospheres after one week of cultivation when
BBCS5GF was used (Figure 3.5), strongly suggesting that BBC5GF was able to stimulate
NSPC proliferation. Similar results were observed for porcine brain cells (Figure B.1 in
Appendix B) and for human spinal cord cells (Figure B.2 in Appendix B). It should be noted
that while these human cells were collected from a single human spinal cord donor, given the
difficulty of the procuring such tissue and obtaining suitable donors, the data from these in

vitro studies significantly strengthens the arguments for the clinical relevance of the BBC5GF.
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NSPCs have been previously shown to differentiate to neurons, oligodendrocytes and
astrocytes when cultured in 1% FBS supplemented media [38]. To ensure that NSPCs maintain
this differentiation capacity when cultured with BBC5GF, the cells were characterized by
immunohistochemistry after one and two weeks of culture. BBC5GF impacts neither the
differentiation capacity of NSPCs to neurons, astrocytes and oligodendrocytes, nor the
presence of the precursor population (Figure 3.6 and Figure 3.7). It was observed that NSPCs
derived from the BBCSGF treatment group were indeed multipotent (Figure 3.6) and
displayed a dominant astrocyte phenotype upon differentiation for one and two weeks,
similarly as the positive control (Figure 3.7). In addition, as shown in Figure 3.6, the
percentage of Sox2 and Nestin of NSPCs grown in GFM media and BBC5GF were similar
and high. This is consistent with previous studies that showed EGF/FGF2 promoted
proliferation of precursor cells vs. differentiation [19, 24]. Further, the H&E staining

confirmed the biocompatibility of the BBC5GF (Figure 3.8).

3.5. Conclusion
We presented a novel BC-based drug releasing duraplasty that can be applied as part of
decompression craniectomy procedure in stroke patients to stimulate neural stem cell
proliferation. By using a new fabrication technique as proposed herein, drug releasing
duraplasties with different cellulose amounts were produced, and we showed that the BBCS
(i.e. highest cellulose mass) demonstrated the lowest swelling ratio capacity, mechanically
stronger and a promising candidate as drug releasing duraplasty. In addition, EGF/FGF2 were
sterilely incorporated into the BBCS duraplasty in a reliable and effective way. The in vitro
drug release study of the growth factors-enriched BBC5 (BBC5GF) suggests that BBC5GF

could be exploited as scaffold in a controlled delivery system for protein-based drugs to the
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brain. The dosage of growth factors proved sufficient to stimulate primary rodent neural
stem/progenitor cell (NSPC) proliferation in vitro for a period of one week. This trend of NSPC
proliferation continued into the second week, but this effect was only moderate. The BBC5GF
did not affect the differentiation profile and capacity of NSPCs to oligodendrocytes, astrocytes
and neurons, nor the presence of the precursor population. Indeed, the NSPCs derived from
the BBC5GF treatment were multipotent and displayed a dominant astrocyte phenotype upon
differentiation for one and two weeks. Finally, the in vivo post-decompression implantation of
BBCS5GF in adult rats demonstrated BBCSGF excellent biocompatibility. These findings
indicate that a BBC loaded with growth factors is a promising and clinically relevant drug
releasing duraplasty to stimulate neural stem cell proliferation for treatment of acute ischemic

stroke and other central nervous disorders such as spinal cord injury.
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CHAPTER 4 - PRODUCTION AND EVALUATION OF
BIOSYNTHESIZED CELLULOSE TUBE (BCT) AS PROMISING
NERVE GUIDANCE DRUG DELIVERY TUBE FOR SPINAL CORD
INJURIES TREATMENT
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4.1. Introduction

Spinal cord injury (SCI) is a central nervous system (CNS) condition that often results in
permanent sensory and motor dysfunctions. The restricted ability of the CNS to regenerate is
mostly attributed to the hostile inhibitory environment across the injury site and to the growth
of scar tissue that prejudice axonal regeneration and recovery of spinal cord [1]. As a result,
functional recovery after SCI remains one of the most perplexing clinical problems. Currently,
clinical treatments of the SCI are usually limited to the decrease of swelling and pain and the
prevention of secondary injuries through the administration of anti-inflammatory drugs [2].

Although there have been great efforts to explore the optimal combination of strategies
necessary for effective repair of the spinal cord, new factors that affect this repair continue to
be identified [3-5]. SCI is a multifaceted clinical condition and in recent years, regenerative
medicine and tissue engineering based approaches have been proposed as options for SCI
repair [6], especially those using biomaterials [7]. Biomaterials can be designed to bridge
extensive damage, to provide physical, directional and mechanical support for axonal
regrowth, to inhibit scar tissue formation and potentially to facilitate repair by serving as a
local release system for growth factors (GFs). Tube-shaped biomaterials, i.e. guidance tubes,
are porous hollow fiber tubes that can be implanted where bridging is necessary [8-11].
Implanted nerve guidance tubes for repair of SCI must stay open long enough for axonal
regeneration (protecting against compression), whether degradable or non-degradable.

Biomaterials selected for construction of nerve guidance tubes for spinal cord repair
should have the following characteristics: proper suturability and swelling properties;
mechanical properties (specifically Young’s modulus) matching to that of the spinal cord;

biocompatibility with the host tissue; and allow for cell adhesion and axonal regrowth [12, 13].
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Integrating GFs into the biomaterial selected ensures cellular viability, adhesion and stimulates
neurite growth [14, 15]. GFs are proteins capable of motivating the differentiation and
proliferation of cells, due to their ability to direct cellular activities and to bind to cell receptors
[16]. Among various GFs found in the body, nerve growth factor (NGF) is well recognized for
stimulating the differentiation and survival of sensory and sympathetic neurons in the CNS.
The NGF has been showed to improve neuronal outgrowth and has been applied as a chemo-
attractant to promote axon guidance [17, 18].

In recent years, progress has been made to design biomaterials as nerve guidance tubes
using natural and/or synthetic polymers such as polyglycolic acid (PGA), type I collagen,
polyvinyl alcohol (PVA), and poly-DL-lactide-co-caprolactone (PLCL) [19-22]. Despite the
fact that some of these materials are approved by the FDA, the clinical reality is that these
biomaterials fail to repair and completely recover the spinal cord function after injury [23].
Therefore, here we proposed the use of biosynthesized cellulose (BC) as a nerve guidance tube
for the regeneration of SCI. BC is produced by various bacterial species, including
Gluconacetobacter, which is an excellent renewable source of pure cellulose. BC was
discovered in the 1880s, however only in the 20th century its biomedical applicability has been
gradually recognized [24, 25]. BC has exceptional properties such as high stability, high
mechanical strength, high porosity, high crystallinity, low toxicity, and good biocompatibility
[26]. Additionally, since the BC is produced only in aerobic condition, their assembly can be
guided to form different shapes depending on the air-liquid interface used, such as membranes,
spheres, cocoons (i.e. large 3D hydrogels), and tubes [27-33]. The purity and biocompatibility
of BC makes it an ideal material in biomedical applications. For example, biosynthesized
cellulose tubes (BCTs) have been studied mainly as blood vessel substitutes, i.e. vascular grafts

[34-38], but not extensively for other applications such as urinary reconstruction [39], bone
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regeneration [40], biofiltration [41], and nerve regeneration [42-44]. Other researchers have
analysed the BCTs properties without addressing specific applications [45-48]. However, none
of the mentioned publications have thoroughly analysed the BCTs produced at several
cultivation times and/or explored the potential of BCTs as nerve guidance drug delivery system
to promote neurite outgrowth.

Thus, the aim of this chapter was to build a bioreactor, to produce BCTs at different
cultivation times, and to characterize the physical, morphological, and mechanical properties
of these potential nerve guidance tubes. In addition, the BCT was loaded with NGF and its
release characteristics and efficacy were studied to determine if BCTs could be suitable as SCI

graft.

4.1. Materials and Methods

4.1.1. Materials
Both  Gluconacetobacter — hansenii  (G.  hansenii) (ATCC® 53582™) and rat
pheochromocytoma cell line, PC12 (ATCC® CRL-1721™) were purchased from American
Type Culture Collection (Manassas, VA). Recombinant human -nerve growth factor (NGF)
and ELISA detection kit for the NGF were obtained from PeproTech Inc. (Rocky Hill, NJ).
All other chemicals were purchased from Sigma-Aldrich (St. Louis, MO) and used as received

unless indicated otherwise.

4.1.2. Production of Biosynthesized Cellulose Tubes (BCTs)

129



For the formation of BCTs, G. hansenii cells were cultivated in a special bioreactor (Figure
4.1). More specifically, the bioreactor was consisted of a 250 mL glass bottle with two pieces
of silicone tubing (2.52 mm inner diameter; 3.53 mm outside diameter; 0.51 mm wall
thickness) (HelixMark®, Freudenberg Medical, Gloucester, MA) connected by a U-shaped
stainless steel tubing, which was used to keep the silicone tubing straight and secured in place.
At both ends of the silicone tubing, additional metal tubing was attached -- one was connected
to an oxygen tank while the other was connected to the next bioreactor (Figure 4.1). Pure
oxygen was injected at 50 kPa into the silicone tubing, allowing the production of BCTs with
3.53 mm of inner diameter. The bioreactors were sterilized by autoclaving and filled with an
average of 1.3x10° CFU-mL" (Day 0) in a modified Hestrin-Schramm culture media
containing glucose (20.0 g-L™), peptone (5.0 g'L™"), yeast extract (5.0 g-L"), disodium
phosphate (2.7 g-L™), and citric acid (1.5 g-L™") [28]. The filled bottles were kept under static
condition at 26 °C for a pre-determined period of time, after which the resulting BCTs were
removed from the silicone tubing and treated with 0.1 M of NaOH at 50 °C for 24 h. The
purified tubes were subsequently washed with distilled water until neutral pH and stored at 4
°C. When required, the processed tubes were further freeze-dried and autoclaved. To
investigate the characteristics of BCT samples, 7 different cultivation times were used to obtain
7 different samples, named BCT3, BCT6, BCT9, BCT12, BCT16, BCT18 and BCT 22, e.g.

the BCT produced after 3 days of cultivation was named BCT3.
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1.3x10° CFU/mL “x” days, 26 °C @- 12 h, 50 °C ©-
Culture media Static condition W 0.1 M NaOH \
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Figure 4.1 — Schematic representation for the biosynthesized cellulose tubes (BCTs) production. 1.3x10°
CFU-mL" of G. hansenii cells were cultivated inside the bioreactor in a glucose-based media for “x” days (x =
3,6,9, 12, 16, 18 and 22 days), then cellulose tubes were collected, the silicone tubing removed and purified to

obtain purified BCTs.

4.1.2.1.  Number of Free Cells and Media pH
To determine the cell number in the cell culture media during the BCT production over time
(characterized by colony forming unit per milliliter of media, CFU-mL™), at pre-determined
cultivation time points, aliquots of the cell culture media were collected and diluted in sterile
growth media (pH 5.5), and 100 pL of the diluted solution was carefully-plated on agar media
for 3 days at 26 °C. Subsequently, the number of colonies that had grown on each plate were
counted. To provide an accurate representation of the bacterial titer, only plates containing
between 25 and 250 colonies were considered. In addition, the pH of the cell culture media
was monitored over time using an Oakton™ PC 700 pH/Conductivity Meter (Oakton

Instruments, Vernon Hills, IL).

4.1.3. Characterization of Biosynthesized Cellulose Tubes (BCTs)
4.1.3.1. Rehydration Ratio (RR)
The rehydration ratio (RR) of BCTs was determined by a gravimetric method using the
equation below:

4
reh dryxloo

RR (O - — 7
(A)) Wwet - Wdry
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where Wyer, Wary, Ween are the mass of the original wet, lyophilized and rehydrated BCT

samples, respectively.

4.1.3.2. Mechanical Properties
To characterize the mechanical properties of the prepared BCTs, rehydrated BCT samples
were subjected to tensile tests. Specifically, rehydrated BCT specimens (15 mm long and
individual thickness), were stretched lengthwise with a crosshead speed at 5 mm-min™ [49].
The measurements were carried out at 25 + 2 °C and relative humidity of 45 £ 5 % on an
Instron ElectroPuls™ E3000 mechanical tester (Norwood, MA) equipped with Instron®
Bluehill® Software (Norwood, MA). The samples were tested for Young’s modulus, ultimate

tensile strength (UTS) and elongation-at-break.

4.1.3.3.  Scanning Electron Microscopy (SEM) Analysis
To compare the microstructures of the resulting BCTs a Phenom Pro SEM (Phoenix, AZ) was
used. Images of inner, outer and cross-section views of the BCTs obtained after 6 and 22 days
of cultivation (i.e. BCT6 and BCT22, respectively) were investigated for comparison. The

samples were produced, froze and freeze-dried before the SEM analyses.

4.1.4. Drug Delivery Study
NGF was used as a model drug to be delivered, and BCT22 was studied as a nerve guidance
drug delivery tube. Briefly, freeze-dried BCT22 tubes were cut into 1 cm in length.
Subsequently the tubes were autoclaved and individually placed into the wells of a 24-well

plate. To each of the tubes, 50 uL of 7000 ng'mL"' NGF sterile solution was added (hereinafter
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referred to as NGF-BCT22). The NGF-loaded tubes were allowed to be air dried for ~2 hours
until the NGF solution was completely absorbed by the tubes. To study the drug delivery
performance of the NGF loaded tubes, the NGF-BCT22 was completely submerged in 2 mL
of PBS (pH 7.4) at 37 °C; at pre-determined time points, 0.32 mL of the buffer was collected
and replenished with the same volume of fresh buffer. The released amount of NGF from the

collected samples were determined by NGF ELISA using vendor’s protocol.

4.1.5. Bioactivity Assessment of Released NGF

PC12 cells, which differentiate into a neuronal phenotype in the presence of bioactive NGF
[50], were used to test whether the NGF delivered from the NGF-BCT22 samples were
bioactive by stimulating the differentiation of PC12 [51]. PC12 cells were routinely maintained
in growth media that consisted of 84 % RPMI 1460 (Gibco Waltham, MA), 10 % heat-
inactivated horse serum (HS), 5 % fetal bovine serum (FBS) and 1 % penicillin/streptomycin
solution (P/S). Cells were incubated at 37 °C in 5 % of CO; in air. All the PC12 cells used in
the bioactivity studies were less than 12 passages and were primed for one week before the
experiment with 50 ng-ml”" of NGF in serum-reduced media (93 % RPMI 1460, 1 % HS, 5 %
FBS and 1 % P/S) as reported previously [52].

To investigate the bioactivity of the released NGF from the BCTs, PC12 cells were co-
cultured with NGF releasing BCTs. Specifically, NGF primed PC12 cells were gently washed
with PBS (pH 7.4) for three times and seeded into the wells of a high adhesion 12-well plate
(Cell”, Sarstedt, North Rhine-Westphalia, Niimbrecht) at a concentration of 1.7x10° cells-well’
' To deliver the NGF to the cell culture, NGF-BCT22 samples were co-cultured with the PC12

cells using PET inserts (1 um pore size, Sarstedt, North Rhine-Westphalia, Niimbrecht), in a
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total of 2.0 mL-well" of cell culture. Every 4 days, a partial cell media change (1 mL) was
performed. In parallel, cell culture media supplemented with 50 ng-ml™ of NGF (NGF media)
was used as a positive control while cell cultures with cell culture media only (Media) and
blank BCT (Nude BCT) were both used as negative controls.

After 2, 4, and 7 days in culture, the morphology of the PC12 cells were observed and
documented using phase-contrast microscopy, and the cell images were analyzed using Image-
Pro Plus 6 software (Media Cybernetics, Inc., Rockville, MD). More than 100 cells from 5
random (and different) fields from each samples were analyzed, and only cells bearing neurites
longer than or equal to one cell body length were considered positive for neurite outgrowth.
MTT assays were also carried out for all the samples. In addition, at Day 4 in culture, the PC12
cells were fluorescently stained for F-actin. In brief, PC12 cells were rinsed with PBS and
fixed with 3.7 % formaldehyde in PBS (pH 7.4) for 30 min, after which the cells were
permeabilized with 0.1 % Triton X-100 solution and blocked with 1 % w/v BSA blocking
solution for 30 min. Finally the preparations were incubated with 0.1 pg-ml™ FTIC-phalloidin
to stain for F-actin in the cytoskeleton of the cells and counterstained for 20 min with 1 pg-ml
" DAPL. The stained PC12 cells were observed with an Olympus IX81 inverted fluorescent

microscope (Mississauga, ON).

4.1.6. Statistical Analysis
All statistical analyses were carried out using one-way and two-way ANOVA, followed by
post hoc Tukey’s analysis, using GraphPad Prism 6 Data (GraphPad Software, La Jolla, CA).
P values < 0.05 were considered statistically significant.

4.2. Results and Discussion
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4.2.1. Preparation and Characterization of Biosynthesized Cellulose Tubes
(BCTs)

This study investigated the potential of BCTs as drug delivery system to stimulate spinal cord
regeneration after SCI. For the BCTs production, a special vertical bioreactor was designed,
where silicone tubing was used as mold and oxygen-semipermeable material to allow G.
hansenii to grow and synthesize BC fibers around the outer surface of the silicone tubing into
a tube shape (Figure 4.2A and Figure 4.2B). The silicone tubing with outside diameter of 3.53
mm was chosen to give a BCT with the inside diameter of 3.53 mm, which corresponds to the
average size of rat spinal cord [53]. It is recognized that culture conditions such as bacteria
concentration, pH of media, cultivation time, carbon source, and the concentration of oxygen
could significantly affect the formation and properties of BC [54-57]. In this study, glucose
was chosen as the sole carbon source, because it has shown high cellulose productivity by
Gluconacetobacter genus [58, 59]. It has also been reported by Watanabe and Yamanaka [55]
and Bodin et al. [36] that a high concentration of oxygen during static cultivation increases the
cellulose yield, density and, subsequently, the toughness of BC. Therefore, 100 % oxygen was
used in this study to increase the amount of cellulose produced around the silicone tubing.

G. hansenii cells are aerobic bacteria and were kept in static culture for different period
of time. The number of free cells in the culture media (Figure 4.2C) and the pH of the media
were measured over time (Figure 4.2D). There was a significant increase in the number of
free bacterial cells in the first 3 days of the culture (p <0.0001) and that number decreased till
Day 9 (p <0.0001), after which remained constant for the rest of the study. The changes of the
cell number in the culture media over time was expected since it is known that the aerobic G.
hansenii cells allocate in areas with higher concentration of oxygen as possible (i.e. around

silicone tubing) [60, 61]. As result, the cell number showed an initial increase in the first 3
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days; however, as the cells started to produce and accumulate cellulose biomass around the
silicone tubing over time, the cells likely got trapped inside of the cellulose network, thereby
resulting in a reduced number of free cells in the culture media. In addition, the pH of the
media at different time points was analyzed (Figure 4.2D). The pH is an essential factor in the
bacteria growth, because it can affect the cell membrane’s permeability and structure, thereby
influencing the microorganism biochemistry activities including the cellulose production [62].
The initial pH of the glucose-based media was 5.5, when G. hansenii solution was added, the
pH decreased to 5.2 + 0.1, which after 22 days of cultivation decreased to 4.8 = 0.1 (p <
0.0001), likely due to the side production of organic acids because of the metabolic activities

of the cells [63].
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Figure 4.2 — Biosynthesized cellulose tubes (BCTs) production and cultivation conditions. A) Bioreactor cap
where a stainless steel tubing was used as oxygen inlet and outlet, and in which a silicone tubing was attached
as a mold for the BCT production. B) BCTs bioreactors containing G. hansenii in a glucose-based media at Day
0 and 26 °C. C) Number of free bacteria as colony formed units per milliliter (CFU-mL™) in the media and the
pH (D) of the media at different time points. (One-way ANOVA followed by multiple-comparisons test
(Tukey’s) were performed for statistical analysis. Data obtained from at least two independent experiments and
presented as mean £ sd; n = 4; ¥**p < 0.001; ****p < 0.0001).

BCTs were produced by culturing G. hansenii around oxygen permeable silicone tubing
inside of a bioreactor (Figure 4.3A). The original BCTs directly produced from the cell culture
were removed from the bioreactor (Figure 4.3B) and were subsequently washed to obtain

white translucent cellulose hydrogel tubes (Figure 4.3C). Figure 4.3F shows the different
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dry cellulose mass and wall thickness for the produced BCTs over time. While it is evident
that increasing the cultivation time inside of the bioreactor would increase the amount of dry
cellulose, significant increase in the tube wall thickness took place only after 12 days of
cultivation. Overall, BCT22 presented the highest mass of dry cellulose (15.5 £ 2.8 mg) and
wall thickness (0.55 £ 0.07 mm). Few studies have shown the relation between the cultivation
time and wall thickness. However, Putra et al. produced BC tubes with orientated cellulose
fibers for 10 days, which had the wall thickness increased with an increase in the cultivation

time [45], similar to the results showed here.
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Figure 4.3 — Production and physical characteristics of biosynthesized cellulose tubes (BCTs). A) Flask of G.
hansenii inoculum containing BCTs after 22 days of cultivation (named BCT22) in static condition at 26 °C.
BCT22 around silicone tubing before (B) and after purification (C). D) BCT22 without silicone tubing, after
purification and lyophilization. E) Cross-section view of BCT22 showing tube format. F) Graph showing the
wall thickness and the dry cellulose mass of the different BCTs samples (BCT3, BCT 6, BCT 9, BCT12,
BCT16, BCT18 and BCT22), e.g. the BCT produced after 3 days of cultivation was named BCT3. G)
Rehydration ratio of BCT6-22 in PBS at 37 °C in different time points. H) Rehydration ratio from (G) after 10
hours. (One-way ANOVA followed by multiple-comparisons test (Tukey’s) were performed for statistical
analysis. Data obtained from two independent experiments and presented as mean = sd;, n = 8; **p < 0.01;
**%p < 0.001; ****p < 0.0001 from BCT22).
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Figure 4.3G and Figure 4.3H show the rehydration ratio (RR) of BCT6 to BCT22
samples. There was an ascending trend for RR, where BCT22 showed the highest RR while
BCT6 demonstrated the lowest RR among the samples. The RRs for all BCTs increased within
the first 8 hours after which they remained roughly constant. The interaction between the BC
network and the water molecules mostly depends on the organization of the BC fiber network.
Increasing the porosity and the pore size increases the amount of water that can penetrate and
be adsorb onto the BC [56]. Therefore, the difference in RR may be caused by the variances
in the fiber network and porosity of BCT samples. The cellulose fibers when arranged in a
looser way interact to the water molecules more strongly due to hydrogen bonding (as in
BCT22) as compared to the tighter fibers structure, what results in a denser cellulose
arrangement with less space to absorb water (as in BCT6). The density and arrangement of BC
fibers varies with the cultivation time due to the secretion of more fibrils. This in turn explains
why the RR of BCTs change along its production time.

The study of BCT microstructures by SEM supports the RR results. SEM images show
that increasing the cultivation time, e.g. 6 to 22 days of cultivation, and cellulose content
resulted in a less dense fiber network and more porous microstructure on the outside of the
tubes. Visually, the outside of BCT22 was more porous with plenty gaps between the cellulose
fibers, as shown in Figure 4.4, which led to a higher RR. On the other hand, BCT6 was denser
with the fibers closer compared to BCT22, this meant a lower ability to reabsorb water, which
resulted in a lower RR. Besides, BCT6 was a weaker tube, not standing its own weight and, as

can be seen in the SEM images, presented fractures in its inner side (Figure 4.4).
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Figure 4.4 — Scanning electron microscopy (SEM) micrographs of freeze-dried biosynthesized cellulose tubes
after 6 (BCT6) and 22 (BCT22) days of cultivation: inner side (silicone contact), outer side (liquid contact), and
cross-sectional views with 1000 and 3000x magnification. Three samples were assayed in duplicate by SEM
analysis for each condition.

When the cellulose-producing bacteria is statically cultured in a flask, they produce BC
biomass as a heterogeneous and layered membrane at the air-liquid interface [64]. This
biomass membrane is composed of highly entangled cellulose fiber networks, which are denser
at the membrane/air interface than at the membrane/liquid interface on the opposite side. This
same phenomena happened when the BC biomass was produced around the silicone tubing;

the inner side of the BCTs that are in contact with the silicone, where there is more oxygen,

was denser than the outer side of the BCTs — in contact with the media, as shown in Figure
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4.4. In addition, BCT22 was composed of a layered structure similar in morphology to BC
membranes produced statically, as seen in the SEM images of the cross-section of BCT22 in
Figure 4.4. BCTs have a high hydrophilicity, being BCT22 more porous and with a higher
RR, what increases its application as drug delivery system in biomedicine [65].

In addition, the mechanical properties of the BCTs were studied. Mechanical properties
are essential for determining the performance of spinal cord grafts [66]. Two of the essential
requirements for a BCT to function as a nerve in the human body are stiffness and mechanical
strength. BCT must not only resist mechanical strain in surgical preparation and the
anastomosis but also be able to withstand the biomechanical forces in the body without
collapsing [34, 67]. In other words, it is important that the biomaterial match the mechanical
properties to that of the spinal cord at the injury site for the effective integration of the
biomaterial into the surrounding tissue [13, 67]. The mismatch of mechanical properties
between the soft spinal cord tissue and the implant may further damage the neural tissue by
compressing the surrounding tissue. Consequently, delaying the tissue repair because of the
formation of cysts or fibrotic tissue between the implant and the surrounding spinal cord tissue
[68, 69]. BCT22 can stand by itself (see Figure 4.3D and Figure 4.3E), demonstrating that it
can support its own weight, without collapsing.

Figure 4.5 shows the results for the rehydrated tubes’ tensile properties. The ultimate
tensile strength (UTS) of BCTs was affected by cultivation time. BCT22, the tube cultivated
for 22 days and with the highest cellulose content, exhibited greater UTS (1.43 £ 0.29 MPa)
when compared to those cultivated for less time (i.e. BCT3-18) (Figure 4.5A). It would be
expected that the Young’s modulus (i.e. elastic modulus) would increase with increasing
cultivation time and consequently cellulose mass. There was, however, no specific trend

among the samples as a result of an increase in the cultivation time; the Young’s modulus was
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approximately 1.6 MPa for all tubes. The layered structure mentioned above makes it difficult
to directly correlate the Young’s modulus among the samples, similar to the observations made
by Bodin et al. [36]. Among all samples, BCT22 demonstrated the lowest Young’s modulus
(1.24 = 0.07 MPa) (Figure 4.5B), matching the Young’s modulus of human spinal cord (0.2
to 1.9 MPa) [70-72]. The value of BCT22 elongation-at-break was 55.1 + 5.5 %, which was
significantly different from BCT6 (p < 0.001), BCT12 (p < 0.001) and BCT16 (p < 0.01)

(Figure 4.5C).
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Figure 4.5 — Mechanical properties of biosynthesized cellulose tubes (BCTs) produced at different cultivation
times. A) Ultimate tensile strength (UTS); B) Young’s Modulus; C) Elongation-at-break. (One-way ANOVA
followed by a multiple-comparisons test (Tukey’s) were used for statistical analysis. Data obtained from two
independent experiments (n = 10) and is presented as mean £ s.d. *p < 0.05; **p < 0.01; ***p < 0.001; ****p
< 0.0001 from BCT22).
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4.2.2. Drug Delivery Study
To improve cell regeneration, BCT was designed as a nerve guidance system to deliver NGF
to the SCI site. Because of the structural and mechanical properties of BCT22 described here,
combined with the various studies that showed the superior mechanical properties of BC over
many synthetic biomaterials [73], BCT22 was the only tube used for the rest of the studies
unless indicated otherwise. Figure 4.6A shows the physical characteristics of BCT22, which
was cut into 1 cm length (inner diameter of 3.53 mm and wall thickness of 0.55 £ 0.07 mm)
and presented a dry cellulose mass of 3.1 + 0.6 mg. It is also noted that 350 ng of NGF was
successfully loaded into BCT22, being the average NGF entrapment efficiency of 91.3 %.
Figure 4.6B exhibits the release profile of NGF from NGF-BCT22 over 1 week. The NGF-
BCT?22 presented a burst release at the first day, then a not pronounced linear increase trend
in the NGF released until 5 days, after the release profile appeared to level off (Figure 4.6B).
After 7 days of release, the cumulative amount released of NGF was 295.3 + 24.2 ng,

representing 92.4 £ 7.6 % of initial NGF loaded into NGF-BCT22.
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A _Masses

Dry mass (mg) 3.1+£0.6

Wet mass (mg) 19.0+3.3
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Figure 4.6 — Nerve growth factor (NGF) release profile from biosynthesized cellulose tubes after 22 days of
cultivation (NGF-BCT22). A) Table of physical and drug release characteristics of NGF-BCT22. B) ELISA
assessment of cumulative amount of NGF over 7 days. Values are presented as mean + s.d., n = 5.

4.2.3. Bioactivity of Released NGF
The bioactivity of the NGF-BCT22 was studied by the differentiation of PC12 cells into
neurons like cells, in the presence of the directly delivered-NGF from the NGF-BCT22. PC12

cells are frequently used in in vitro studies to assess neuronal differentiation [16, 74]. After

NGF exposure, PC12 cells change phenotype and develop characteristics associated with
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sympathetic neuron-like cells, which involves the reduction of proliferation and outgrowth of
neurites [75, 76]. To assess how NGF delivered from NGF-BCT22 affected neural cell growth,
PC12 cells were co-cultured in serum-reduced culture media with NGF-BCT22. PC12 cells in
nude serum-reduced culture media with (Nude BCT) or without BCT (Media) had fewer cells,
with a spherically-shape, and with a few visible neurites (Figure 4.7). Compared to the other
groups, NGF media was the most beneficial to PC12 cells growth as evidenced by the
increased cell number. Importantly, the treatment with NGF-BCT22 significantly promoted
PC12 cells growth, and the elaboration of an extensive network of neurites when compared to

the negative controls after 4 and 7 days (Figure 4.7; p < 0.0001).
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Figure 4.7 — NGF-BCT22 promotes the cell growth of PC12 cells. A) Quantitative analysis of the number of
PC12 cells by MTT assay. B) The morphology of PC12 cells after 2, 4 and 7 days of treatment: negative
controls (Media and Nude BCT); sample (NGF-BCT22); and positive control (NGF media). (One-way ANOVA
followed by a multiple-comparisons test (Tukey’s) were used for statistical analysis. Data are expressed as

mean = s.d (n =35). *p < 0.05; ****p < 0.0001 from NGF-BCT22).
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In the presence of NGF, PC12 cells undertake a distinctive change in which they reduce
the proliferation and start to extend neurites [76]. To quantify PC12 cell differentiation, the
neurites length and the percentage of cells bearing neurites more than one cell body length
were measured, as shown in Figure 4.8. In the absence of NGF, the cells are reasonably more
round, smaller and have few noticeable neurites after 2 days and close to zero after 4 and 7
days of cultivation (Figure 4.8A and Figure 4.8C; Media and Nude BCT). Although, there
was no significantly difference for the neurite length among treatments at Day 2, the
differentiation percentage was significantly lower for the negative controls (~4 %, Nude BCT
and Nude BCT) and positive control (~20 %, NGF media), compared to ~40 % for NGF-
BCT22, p <0.0001 and p < 0.05, respectively (Figure 4.8A and Figure 4.8B). For the culture
condition containing NGF, the neurite length and cell differentiation were time-dependently
increased. The treatment with NGF-BCT22 for 7 days resulted in larger cell bodies and the

formation of a wider network of neurites (Figure 4.8B and Figure 4.8C).
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Figure 4.8 — Directly delivered-NGF from the NGF-BCT22 was bioactive, inducing PC12 cells differentiation
and neurite outgrowth. A) Comparison of the neurite length of PC12 cells among the treatment groups. B)
Differentiation percentage of cells bearing neurites more than one cell body length. C) Differentiation of PC12
cells based on morphology; fluorescence images of PC12 cells cultured on Day 4. Green fluorescence, FTIC for
actin cytoskeleton; blue fluorescence, DAPI DNA stain for cell nuclei. Treatment groups: negative controls
(Media and Nude BCT), sample (NGF-BCT22), and positive control (NGF media). (One-way ANOVA followed
by a multiple-comparisons test (Tukey’s) were used for statistical analysis. Data are presented as mean £ s.d (n
=35). *p < 0.05; **p < 0.01; ¥****p < 0.0001 from NGF-BCT22).

The neurite length gradually increased with passing time after exposure to NGF
delivered from NGF-BCT22, with the maximal extent of neurite outgrowth achieved by Day
7, 100.1 £ 9.7 um. This was statistically different from the negative and positive controls, p <
0.0001 and p < 0.05, respectively (Figure 4.8A). Similarly, the number of differentiated cells
for the NGF-BCT22 treatment gradually increased, with greater than 90 % of the cells
differentiated by Day 7 (Figure 4.8B). The differentiation of PC12 cells is dependent of the
NGF dose [77]. There was a burst release of NGF from NGF-BCT22 of ~130 ng-ml'l until

Day 2, as determined by ELISA. The amount of released NGF added to the PC12 culture at
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the time points 4 and 7 days was around 8 and 11 ng-ml”, respectively. These amounts were
enough to stimulate and keep more PC12 differentiated and reduce the cell proliferation
compared to the positive control containing fresh NGF. NGF media (50 ng-ml™") was able to
differentiate 65 % (Figure 4.8C) of the cells and demonstrated greater cell growth after 7days
(Figure 4.7A), similar to the observations made by others [52, 74, 77]. In summary, this study
indicated that the NGF released from the NGF-BCT22 preserved excellent bioactivity for at
least 7 days. Such release of NGF is useful for drug delivery applications, as NGF is known to
promote an appropriate environment for nerve regeneration as well as stem cells neurogenesis

[15, 78].

4.3. Conclusion
Biosynthesized cellulose hydrogels were produced in a special bioreactor in tube-shape
(BCTs) and nerve growth factor (NGF) was incorporated into the tubes as a potential nerve
guidance drug delivery tube to assist with the reconnection of nerve tissues across the spinal
cord lesion. The physical and mechanical properties of the BCTs changed with the passage of
time. Among the tubes, BCT formed at Day 22 of cultivation (BCT22) presented the highest
amount of cellulose and the highest rehydration ratio. Besides, BCT22 showed appropriate
mechanical properties with an ultimate tensile strength of 1.43 + 0.29 MPa and Young’
Modulus of 1.24 £ 0.07 MPa, value similar to the human spinal cord. In addition, NGF was
incorporated into the BCT22 nerve guidance tube in an effective way while ensuring sterility.
The dosage of NGF released from the BCT22 was bioactive and proved to be sufficient to

stimulate PC12 cell differentiation in vitro for a period of one week. Overall, this study
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explored the use of BCTs as drug releasing systems, which are relevant strategies to enhance

nerve regeneration for many patients facing physical strains due to SCI.
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CHAPTER 5 - SYNTHESIS, OPTIMIZATION AND
CHARACTERIZATION OF RGDS-PEPTIDES
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5.1. Introduction

Peptides are a key component on transmitting the cell signal, targeting the deliver and
translation of the biochemical “message” that activates molecular, structural, cellular, and
biological outcomes [1]. Synthetic peptides can be used to mimic the biological functions of
natural peptides. The peptide conformation is fundamental to its binding to the corresponding
integrin receptor. The engineering of multi-substituted chemical identities (branched peptides)
has attracted interest in modern biomedicine [2]. Branched peptides mimic the conformational
features of functional protein domains involved in biological molecular detection, such as
antigen—antibody, ligand—receptor, substrate—enzyme, and others protein—protein interactions.
Thus, branched peptides have been developed as new therapeutic agents, such as vaccines,
antibodies, and antimicrobial and antitumor drugs [3-8].

Currently, most branched peptides are based on the multiple antigen peptide (MAP)
system, which is a cascade-type peptide dendrimer with a wide size distribution [9, 10]. MAPs
are well-defined, hyper branched polymers with a high density of functional binding sites.
They consist of a central core with surface functional groups and branching units that link
these together [11]. A variety of synthetic approaches have been reported for the preparation
of MPAs [12, 13]. The most used strategy is based on the combination of temporary and
permanent protecting groups as well as the employment of efficient coupling reagents for the
controlled formation of peptide chains [14]. One standard method used is called Solid Phase
Peptide Synthesis (SPPS), where the peptide is synthesized in two phases, an insoluble solid
support and liquid soluble reagents [15].

MAPs have shown great promise compared to their similar linear peptides in different

biomedical fields, such as hepatitis A [16], antimicrobial activity [17, 18], and antigenicity
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[19]. In addition, multi-branched peptides have shown higher cellular uptake compared to their
parent monomers [20-27]. Due to the improved uptake of the branched designs, much lower
concentrations can be used [20]. MAP systems can present a specific chemical functionality
with spatial selectivity. Known bioactive sequences such as arginine-glycine-aspartic acid
(RGD) or arginine-glycine-aspartic acid-serine (RGDS) have been used in these systems to act
as identifiable epitopes to influence cell behavior [28-33]. The RGD sequence and its peptide-
mimics (i.e. RGDS) are, consequently, considered as the minimum recognizable biomolecular
segments in peptides [34].

The tetrapeptide RGDS is particularly well known to stimulate cell adhesion on
biomaterials surfaces [32, 35]. This is due to its widespread distribution and use throughout
the organism, its ability to address more than one cell adhesion receptor, and its biological
impact on cell anchoring, behavior and survival [36]. Thus, the development of hybrid
biomaterials equipped with RGDS has been an attractive research avenue to optimize cellular
interactions in tissue engineering [35, 37-40]. For example, Silva et al. functionalized a
modified gellan gum hydrogel with the GRGDS peptide, which demonstrated superior cell
adhesion and viability of NSPCs [41]. Similarly, RGD was immobilized into elastin hydrogels
and showed increased neurite outgrowth in dorsal root ganglia [42]. Therefore, producing
MAPs containing the RGDS sequence is significant for several structural/biological activity
relationships and drug design considerations.

In such context, the aim of this study was to synthesize and optimize the synthesis of
linear and two-branched peptides having in their composition the RGDS sequence as potential

bioactive molecules to enhance or create specific cell binding properties in biomaterials.

5.2. Materials and Methods
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5.2.1. Materials
The permanent side-chain protecting groups (PPGs) and the temporary protecting groups
(TPGs) for the amino acids are listed in Table 2.2 (Chapter 2). The protected amino acids
Fmoc-BAla-OH, Fmoc-Arg(Pbf)-OH, Fmoc-Asp(OtBu)-OH, Fmoc-Cys(Acm)-OH, Fmoc-
Adoa, and the coupling reagent O-(7-Azabenzotriazol-1-yl)-N,N,N’,N’-
tetramethyluroniumhexafluorophosphate (HATU) were purchased from ChemPep Inc.
(Wellington, FL). The remain protected amino acids Fmoc-Cys(Trt)-OH, Fmoc-Lys(Fmoc)-
OH, Fmoc-Ser(tBu)-OH, Fmoc-Gly-OH, and the coupling reagent O-(Benzotriazol-1-yl)-
N,N,N’,N’-tetramethyluroniumhexafluorophosphate (HBTU) were ordered from Peptides
International, Inc. (Louisville, KY). The tetra-branched MAP resin ([Fmoc-Lys(Fmoc)],-Lys-
Cys(Acm)-BAla-Wang Resin; mesh size: 100-200 mesh; substitution capacity: 0.42 mmol-g’
") was purchased from Advanced Chemtech (Louisville, KY), and the TentaGel amide resin
(TG, substitution capacity: 0.24 mmol-g") was purchased from Intavis Inc. (Chicago, IL). All
other chemicals were obtained from Sigma-Aldrich (Oakville, ON) and used as received unless

otherwise indicated.

5.2.2. Peptide Synthesis and Optimization
Linear and 2-branched peptides containing the RGDS sequence in their configurations were
synthesized. Figure 5.1 shows the schematic representation for the design of the peptides and
the chemical structures for the monomer and dimer peptides. All peptides were synthesized in
a 96-well plate Intavis Biochem automatic peptide synthesizer (AG, Germany). The Fmoc (9-
fluorenylmethoxycarbonyl) solid phase peptide synthesis (Fmoc-SPPS) protocol was used at
2 pumol scale (per well), with all the side-chain functional groups protected. First, 8.33 mg of

TG resin in 833 uL of dimethylformamide (DMF) was added into each well. For the MAP
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resin, 4.76 mg in 833 puL of DMF was used when required. After, the peptide syntheses were

conducted in three main steps:

i)

iii)

Deprotection: The Fmoc-protected groups were removed by suspending the resins
or amino acids in 50 pL. of 20 % piperidine in DMF for 5 min.

Coupling: For the linear peptide, amino acid couplings were carried out with 5
equivalents excess (10 umol) of Fmoc-protected amino acid (17.5 uL of 0.6 M of
amino acid stock solution) using 17 pL of the coupling agents HBTU or HATU
(0.6 M), in the presence of 2 pL. of N-methylpyrrolidinone (NMP, 4 M) in DMF
for 10 min. The peptide chain was built up from the B-alanine on the resin to the
final arginine residue to obtain the desired linear peptide sequence: RGDS-Adoa-
CBA. Then, the coupled resin was washed 8 times with 100 uL of DMF. Branching
was achieved by the coupling of Fmoc-Lys(Fmoc)-OH at appropriate point, and
was followed by incorporation of a derivatizing moiety of each amino acid. For the
tetra branched peptide two different resins were tested, the TG resin and the tetra-
branched MAP resin.

Cleavage: After automated synthesis (~ 20 hours) all peptides were cleaved from
the resin. The peptides were treated with a solution of trifluoroacetic acid (TFA),
water, phenol and triisopropylsilane (TIPS) (88:5:5:2, named Reagent B) for
different time periods (for optimization). Then, the excess of Reagent B was
removed and the remaining viscous peptide solution was precipitated and washed

3 times with 10 mL of cold ethyl ether (-20° C).
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Figure 5.1 — Peptides design. Schematic representation of the (A) linear peptide, RGDS-Adoa-C-BA, and (B)
2-branched peptide, [RGDS-Adoa],-K-C-BA. Chemical structure, formula, and molecular weight of (C) linear
peptide, (E) its dimer form, and (D) 2-branched peptide and its (F) dimer form. Disulfide bond is showed in
bold for the dimeric peptides (E and F).

The resulting products were freeze-dried, purified by high performance liquid
chromatography (HPLC, see Section 5.2.3 below), and analyzed by matrix-assisted laser
desorption/ionization mass spectrometry (MALDI-MS, see Section 5.2.4 below). To ensure
the yield and purity of the peptides, the following synthesis parameters were tested: two
different coupling reagents; two different protecting groups for cysteine; number of
deprotection and coupling repetitions; and the duration of time for the cleavage reaction with

Reagent B. Table 5.1 shows the summary of the parameters evaluated.
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Table 5.1 — Parameters evaluated for the optimization of the synthesis protocol of the linear and branched

peptides.
Optimizati
Parameter Description P .1mlza ton
options
Resin Two different solid 'resins were used to synthesize TG or MAP
the 4-branched peptide
Coupling reagent Two different coupling reagents were used HBTU or HATU
Cys PPG Two differ'ent pe'rmanen't protecting groups (PPG) Acm or Tt
for the amino acid cysteine were used
) How many times the deprotection step was .
Deprotection x 3 to 5 times
repeated
Coupling x How many times the coupling step was repeated 3 to 5 times

Cleavage reaction How long the peptides were exposed to the

25t04.5h
time Reagent B © ours

Abbreviations: TentaGel amide resin (TG); MAP resin ([Fmoc-Lys(Fmoc)],-Lys-Cys(Acm)-BAla-Wang
Resin); O-(Benzotriazol-1-yl)-N,N,N’ N’-tetramethyluroniumhexafluorophosphate (HBTU); O-(7-
Azabenzotriazol-1-yl)-N,N,N’ N’-tetramethyluroniumhexafluorophosphate (HATU); Cysteine (Cys);
permanent protecting groups (PPQ); trityl (Trt); acetamidomethyl (Acm).

5.2.3. Reversed-Phase High Performance Liquid Chromatography (RP-
HPLC)

The purification of the peptides was accomplished by semi-preparative Reversed-Phase High
Performance Liquid Chromatography (RP-HPLC) in a VarianProStar 325 chromatograph
(Palo Alto, CA). A Phenomenex Gemini® C-18 column (250 x 10 mm, particle size of 10 pm;
pore size of 110 A) was used in a gradient of solvent A (0.1% TFA in water, v/v) and solvent
B (0.1% TFA in acetonitrile, v/v), from 10% to 60% of solvent B in 55 min, and then up to
90% in 66 min. The flow rate applied was 2 mL-min"' and the UV detection wavelength was

fixed at 260 nm. Then, the fractions were collected, freeze-dried and analyzed by MS.

5.2.4. Mass Spectrometry (MS)
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To confirm the chemical structure of the products matrix-assisted laser desorption/ionization
mass spectrometry (MALDI-MS, Bruker MALDI Microflex) was performed, using 2,5-

dihydroxybenzoic acid (DHB) matrix.

5.2.5. Three Dimensional (3D) Molecular Structure
The theoretical 3D model of the energy-minimized peptide structures in vacuum was computed
using HyperChem software, version 11.0 from Hypercube Inc. (Gainesville, FL). The
following parameters were used:
e Algorithm: Polak-Ribiere
e Termination Condition
o Root mean square (RMS) gradient of: 0.1 Kcal/(Amol) or 1485 maximum
cycles
e AMBER, OPLS on Biotforce field
o Dielectric: distance dependent
o Scale factor: 1
o Eletrostatic: 0.833

o Van der Waals: 0.5

5.3. Results and Discussion
Recently, there has been significant interest to apply tissue regeneration concepts for treatment
of damaged tissues and organs [43]. These approaches normally involve biomaterials that can

serve as scaffolds to release cells or recruit them [44]. The purpose of scaffolds may range
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from physically supporting cells to actually signaling cells at the level of receptors to promote
cell proliferation and cell survival [44]. One of the approaches to improve scaffolds
biofunctionality has been the incorporation of peptides that are involved in the cell signaling
[45]. Several studies have previously shown that attaching the RGDS sequence to the surface
of biomaterial scaffolds improve cell adhesion and promote cell proliferation [34, 46, 47]. In
addition, the RGDS sequence is found in several proteins and it is reasonable easy to be
synthesized [48]. For the peptide design, the RGDS sequence was selected to be incorporated
in all the peptides.

The syntheses of linear and branched peptides were accomplished in an automatic
peptide synthesizer running Fmoc-SPPS protocol. The amino acid cysteine (C) was chosen
because its reactive free thiol group can be used to chemically modify different biomaterials
or to generate dimers [49]. In addition, the cysteine lateral thiol group is important for the
stabilization of tertiary structures due to its ability to form disulfide bonds, which can be
formed intra- and intermolecularly by oxidation. The protection of this very reactive group
during the peptide synthesis is mandatory. In SPPS, thiol protection has to be compatible with
the chosen strategy: trityl (Trt) group has become the most frequently used PPG in Fmoc-SPPS
and Acm is usually removed in a separate step [49]. To further improve the applicability of the
peptides, it was chosen to use the Trt PPG for cysteine instead of Acm, since Trt can be cleaved
easily using TFA scavengers compared to Acm that requires Ag(I) or Hg(I) solutions [50].

Yield and purity can be further improved if flexible spacer amino acids such as Adoa,
which adds PEG-like moiety, are inserted at all branching points [51]. It is hypothesized that
the flexibility provoked by Adoa helps maintaining the peptides properly solvated during
synthesis, preventing aggregation and consequently improving the success of growing peptide

sequences. This approach has been verified by Kowalczyk et al. [51], which synthesized
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branched peptides using two different spacers, Adoa and Ahx (6-aminohexanoic acid, residue).
They demonstrated that Adoa besides improving the peptide flexibility, added solubility-
enhancing features to the branched peptides, what resulted in an increased peptide yield [51].
The amino acid alanine was used to mimic the sequence provided by the MAP resin. Finally,
the amino acid lysine (K) was added to form branching on the peptide sequence, altering the
structural presentation of the bioactive peptide sequence after synthesis. The number of

branching is proportional to the number of lysine residues coupled.

5.3.1. Linear Peptide
Linear peptide was successfully synthesized on TentaGel amide resin (TG) by solid phase
Fmoc chemistry after optimization. It was desired to optimize the synthesis protocol since an
efficient synthesis procedure can increase yield and make more viable the use of these
molecules to enrich biomaterials. Table 5.2 shows all the tested parameters for the synthesis
of the linear peptide. After several attempts, the best yield was achieved for the linear peptide
8 (L8, 92.9%) using TG resin, the HATU as coupling reagent, 4 repetitions of the deprotection
step and 5 repetitions of the coupling step. In addition, keeping the peptide in Reagent B for
3.5 hours showed better results for cleaving the peptide from the resin. After synthesis, linear
peptides were purified by HPLC and their chemical structures were confirmed by MS. As an

example, only the results for the sample L8 are presented.

Table 5.2 — Tested parameters to synthesize the linear peptide, RGDS-Adoa-C-BA, and their respective
percentage yield (Yield %). Synthesis repetitions for the linear peptide (L1-L12) using TentaGel amide resin
(TG), two different coupling reagents, two permanent protecting groups (PPG) for cysteine (Cys), different
numbers of deprotection (deprotection x) and coupling (Coupling x) cycles, and time length for the cleavage
reaction using Reagent B are presented.

Coupling Cys Deprotection Coupling Reagent Yield
Reagent PPG X X B (h) (%)

Peptide Resin
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L1 TG HBTU Acm 3 4 4.5 49.7
L2! TG HBTU Acm 3 4 3.5 3.15
L3 TG HBTU Acm 3 4 3.5 84.7
L4 TG HATU Acm 3 4 3 73.4
L5 TG HATU Acm 3 4 4.5 46.3
L6 TG HATU Trt 4 4 2.5 70.3
L7 TG HATU Trt 5 5 3 48.9
L8 TG HATU Trt 4 5 35 92.9
L9 TG HATU Trt 4 5 3.5 64.1
L10 TG HATU Trt 4 5 3.5 81.9

L11> TG HATU Trt 4 5 3.5 0

L12* TG HATU Trt 4 5 3.5 20.1

"*Problem with the resin. “Equipment failed. Abbreviations: O-(Benzotriazol-1-y1)-N,N,N’,N’-
tetramethyluroniumhexafluorophosphate (HBTU); O-(7-Azabenzotriazol-1-yl)-N,N,N’,N’-
tetramethyluroniumhexafluorophosphate (HATU); trityl (Trt); acetamidomethyl (Acm).

The MALDI-MS was recorded for the crude linear peptide, RGDS-Adoa-C-BA (L8),
to confirm its identity, which showed two main peaks (Figure 5.2A). The first peak at m/z
752.1 [M+H]" (indicated by *) corresponds to the calculated molecular weight (752.8 g-mol
" for the linear peptide. The second peak was observed at m/z 1500.3 [M+H]" (indicated by
**) likely being the dimer form of the peptide, which has a calculated molecular weight of
1503.6 g'mol™". The free thiol group (—~SH) in the peptide composition allowed the formation
of a dimer, where a disulfide bond was formed between two cysteine residues of two peptide
chains (showed in bold in Figure 5.1B). The small difference between the theoretical and
experimental values may be due equipment calibration. The peaks at low m/z region are
correspondent to the matrix used for the MS analysis. The crude peptide L8 was purified by

RP-HPLC using a C;3 semi-preparative column. The chromatogram shows two major peaks,
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one intense peak eluting at 30.6 min (indicated by 1), and another at 34.4 min (indicated by 2)

in Figure 5.2B. Most likely, peak 1 corresponds to the linear monomer peptide and peak 2 to

its dimer form.
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Figure 5.2 — Characterization of the crude linear peptide (L8), RGDS-Adoa-C-BA. A) MALDI-MS spectrum
showing the two major peaks at m/z 751.2 and 1500.3 [M+H]" for monomer (*) and dimer peptide (**),
respectively. B) RP-HPLC chromatogram of the crude linear peptide with the detection wavelength at 260 nm.

The portions correspondent to the two peaks showed in Figure 5.2B were separately
collected and analyzed by a second HPLC-injection. Figure 5.3A shows the chromatogram

for the re-injection of peak 1, that eluted at ~34.3 min, and Figure 5.3B shows the
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chromatogram for the peak 2, which still eluted at around 34.8 min. These findings were in
agreement with what has been proposed, peak 1 may be the monomer peptide, which after
storage and a second injection becomes the dimeric peptide, and peak 2 is the original dimer

peptide.
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Figure 5.3 — RP-HPLC chromatograms for the linear peptide (RGDS-Adoa-C-BA) after the second HPLC-
injection, with the detection wavelength at 260 nm. A) Reinjection of the solution correspondent to the peak 1
at 30 min in the first HPLC-run. B) Reinjection of the solution correspondent to the peak 2 at 34 min in the first
HPLC-run.

5.3.2. Two-Branched Peptide
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Two-branched peptide was also synthesized on the solid TentaGel amide resin (TG). To
synthesize the branch peptide, the SPPS protocol was adapted by adding the MAP (multiple-
antigen peptide) system established by Tam et al. [11]. Multiple peptide chains can be bound
to the MAP branching core depending on the number of double Fmoc-protected lysines are
used as branching units. The resulting MAP peptide is usually a large molecule with a 3D
configuration. Two-branched peptide containing the epitope RGDS, which is known to
promote cell adhesion and proliferation [39] was synthesized and the optimizated parameters
are listed in Table 5.3. The best synthesis conditions, related to the yield, obtained for the liner
peptide were also the best set of conditions for the 2-branched peptide, being the maximum
peptide yield of 81.3% for 2-branched peptide number 4 (2B4), which characterization is

shown here.

Table 5.3 — Evaluated parameters to synthesize the 2-branched peptide, [RGDS-Adoa],-K-C-BA, and the
percentage yield (Yield %) for each synthesis. Synthesis repetitions for the 2-branched peptide (2B1-2B7) using
TentaGel amide resin (TG), two different coupling reagents, two permanent protecting groups (PPG) for
cysteine (Cys), different numbers of deprotection (deprotection x) and coupling (Coupling x) cycles, and time
length for the cleavage reaction using Reagent B are shown.

Coupling Cys Deprotection Coupling Reagent Yield
Reagent PPG X X B (h) (%)

Peptide Resin

2B1 TG HBTU Acm 3 4 3.5 75.1
2B2 TG HATU Acm 3 4 3.5 56.5
2B3 TG HATU Acm 4 4 3.5 68.7
2B4 TG HATU Trt 4 5 35 81.3
2B5 TG HATU Trt 4 5 3.5 75.1
2B6' TG HATU Trt 4 5 3.5 -

2B7 TG HATU Trt 4 5 3.5 70.0

'Didn't precipitated. Abbreviations: O-(Benzotriazol-1-y1)-N,N,N’,N’-tetramethyluroniumhexafluorophosphate
(HBTU); O-(7-Azabenzotriazol-1-yl)-N,N,N’ N’-tetramethyluroniumhexafluorophosphate (HATU); trityl (Trt);
acetamidomethyl (Acm); high performance liquid chromatography (HPLC); mass spectroscopy (MS).
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The calculated molecular weight for the 2-branched peptide, [RGDS-Adoa],-K-C-BA,
and its dimer are 1441.5 g-mol™ and 2881.0 g'mol™, respectively. The mass spectrum for the
crude 2-branched peptide (2B4, Figure 5.4A) shows one main peak at m/z 1440.0 [M+H]"
(indicated by *) correspondent to the monomeric 2-branched peptide, and three smaller peaks.
The peak at m/z 2877.9 [M+H]" (indicated by **) corresponds to the 2-branched dimer
peptide. The other two peaks are most likely by-products. The chemical structures and
molecular weights of the suggested by-products are illustrated in Figure D.1 (Appendix D).
The peak at m/z 1618.1 [M+H]" may be corresponding to the 2-branched peptide linked to the
amino acids cysteine and alanine, but in this case the thiol group attacked the carboxyl group
of alanine; calculated molecular weight of 1615.7 g-mol™. Finally, the peak at m/z 2074.8
[M+Na]" may be the 2-branched peptide attached by a disulfide bond to a piece of another 2-
branched peptide, in this case without the RGDS sequence in both branches, plus a sodium;
calculated molecular weight of 2050.2 g'mol'+Na. In comparison to the linear peptide, the
synthesis of the 2-branched peptide was found to be much less clean as demonstrated by the
presence of multiple peaks in the RP-HPLC chromatogram (Figure 5.4B). The major peak 1

at 30.5 min was attributed to the dimeric 2-branched peptide.
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Figure 5.4 — MS and HPLC analyses for the crude 2-branched peptide (2B4), [RGDS-Adoa],-K-C-BA. A)
MALDI-MS spectrum. *Indicates the peak at m/z 1440.0 [M+H]" correspondent to the monomer peptide; **
indicates the peak at m/z 2877.9 [M+H]" correspondent to the dimer form. B) RP-HPLC chromatogram of the

crude 2-branched peptide (2B4) with the detection wavelength at 260 nm.

5.3.1. Energy-minimized 3D model structures
Though completely theoretical and generated under vacuum condition, understanding the
stable structure conformation of a peptide is significant because it allows to comprehend
properties and behaviors based upon structural considerations [52]. Optimized structures often
correspond to a substance as it is found in nature and the geometry of such structures can be
used in a variety of experimental and theoretical investigations. These theoretically derived

structures often provide, at least in part, the explanation for the different cell behaviors in
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presence of different peptide molecular structures. Figure 5.5 and Figure 5.6 shows the 3D
theoretical model structures of the linear and 2-branched peptides, and their dimer forms in
their lowest possible energy state. Hydrogen bonds were displayed and named in figures as
dotted bonds in order to differentiate them. It was observed that there were no hydrogen bonds
formed in the monomeric linear peptide structure (RGDS-Adoa-C-BA, Figure 5.5A), however
there were three potential hydrogen bonds formed in the dimeric linear peptide (Figure 5.5B),
which likely participated in the stabilization of the obtained structure. Otherwise, in the 3D
model structures for the monomeric and dimeric 2-branched peptide ([RGDS-Adoa],-K-C-
BA, Figure 5.6) several hydrogen bonds were observed, 3 and 5, respectively, which possibly

contributed to the stability and conformation of the molecules.
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Figure 5.5 — Energy-minimized theoretical 3D model structures in vacuum of liner peptide and its dimer form
generated using HyperChem software. A) Monomer structure (RGDS-Adoa-C-BA) and B) its correspondent
dimer structure and hydrogen bonds (H1-H3).
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Figure 5.6 — Energy-minimized theoretical 3D model structures in vacuum of 2-branched peptide ((RGDS-
Adoa],-K-C-BA) generated using HyperChem software. A) Monomer structure and and hydrogen bonds (H1-
H3). B) Dimer structure and hydrogen bonds (H1-H5).

It is important to mention that similar Fmoc-SPPS protocol can be used to increase the
number of branches in a peptide. For example, 4-branched peptides can be synthesized
similarly as 2-branced peptides. Data obtained for the optimization of the 4-branced peptide

(RGDS-Adoa]s-K,-K-C-BA) are presented in Table D.1 (Appendix D). In addition, Figure
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D.2 shows the RP-HPLC chromatogram for the crude peptide. Figure D.3 shows the chemical
structure and molecular weight and Figure D.4 shows the energy-minimized theoretical 3D

model structures of the 4-branched peptide and its dimer form.

5.4. Conclusion
We have reported the synthesis optimization of linear and branched peptides, which presented
different densities of bioactive peptide sequences on their structures. The Fmoc-SPPS
chemistry provided a reasonable approach to prepare RGDS peptides in different
configurations. The RGDS cell adhesion epitope was incorporated into the peptides for
potential use as bioactive molecules to be incorporated into biomaterials for tissue engineering
applications. The linear architecture was modified using a MAP strategy for appropriate
introduction of branching. This branched architecture enabled the presentation of several
bioactive groups on the same molecule. Linear and 2-branched peptides were successfully
synthesized and their structures were confirmed by HPLC and MALDI. In addition, their
energy-minimized theoretical 3D model structures were presented. In summary, the best

conditions for the peptide synthesis were:

e TentaGel resin for linear and branched peptides;
e HATU as coupling reagent;

e Trt as the cysteine protecting group;

e 4 repetitions for the deprotection step;

e 5 repetitions for the coupling step;

e 3.5hin Reagent B for the cleavage reaction.
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CHAPTER 6 - GENERAL DISCUSSION
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The motivation for the development of the projects presented in this thesis was to investigate
the use of biosynthesized cellulose (BC) and arginine-glycine-aspartic acid-serine (RGDS)
peptides in treating central nervous system (CNS) disorders. The studies performed towards
that end provided insights into the production, physical and mechanical properties of BC-based
drug release systems, besides the investigation of their in vitro and in vivo behavior, as well
as, into the synthesis and characterization of linear and branched peptides containing the
RGDS peptide moiety as potential therapeutic drugs for CNS disorders. The main aspects

about these projects are presented and discussed here.

6.1. Biosynthesized Cellulose (BC)-Based Drug Releasing Systems for Treatment of
CNS Disorders

Treatment options for CNS disorders are very limited. The development of new biomaterial
approaches could generate new paths for CNS treatment. Therefore, in Chapter 3 and 4 of this
thesis, two different drug releasing systems were produced. Specifically, in Chapter 3 a
duraplasty membrane based on BC was developed to treat stroke. The purpose was to take
advantage of the already standard procedure to decrease intracranial pressure after stroke, the
decompressive craniectomy (DC) [1, 2], to add a new “possibility” of regenerative outcomes,
which otherwise do not exist. In Chapter 4 a drug delivery system in tube shape was produced
to promote cell proliferation and differentiation and hopefully guide axon regeneration of the
spinal cord after a spinal cord injury (SCI). The production of BC tubes has already been
described in the literature; however, these reports are often limited, showing BC tubes
produced in only one-time point of cultivation and the physical and mechanical

characterization are poorly studied [3-7]. In addition, to the best of our knowledge, no previous
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publication suggested the application of BC tubes as nerve guidance drug delivery systems for

SCI treatment.

6.2. Production and Modification of Biosynthesized Cellulose (BC)-Based Drug
Releasing Systems
BC is produced by several genus of bacteria, such as Gluconacetobacter hansenii (G.
hansenii), at the air/liquid interface [8, 9]. The asymmetrical BC membranes are normally
denser on the side in contact with air and more porous on the liquid side due to the difference
in the availability of oxygen [7, 10, 11]. Scanning electron microscopy (SEM) images showed
this same behavior for the native BC membrane produced here (Chapter 3). This characteristic
of the BC bacteria, to produce more cellulose where there is more oxygen, can be used to
produce different shapes of BC hydrogels through in situ modification [12, 13].
In situ modification is achieved during bacterial cell culture [14], and it was performed
in Chapter 4 by cultivating G. hansenii cells in static condition for several time points in a
home-made cultivation bioreactor. In the bioreactor a silicone tubing was used as a tempalte
and since it is permeable to oxygen, it allowed for the production of BC fibers into a tube
shape, named biosynthesized cellulose tubes (BCTs) (Appendix C: Figure C.1). Similar to the
native BC membranes, SEM images in Chapter 4 showed that the inner side of the BCTs (in
contact with the silicone) was denser than the outer side of the BCTs (in contact with the
media). The SEM images of the cross-sectioned BCTs revealed that the BCTs were composed
of a layered structure similarly to the native BC membranes, see Appendix C: Figure C.2 for
additional SEM images. Other researchers have studied the production of BC tubes [6, 7, 15-

22]. For example, Bodin et al. studied the influence of oxygen concentration used for the
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production of BC tubes at Day 5 of cultivation [5, 23], and they concluded that the number of
layers, cellulose yield and wall thickness increased with increasing the oxygen concentration
injected into the mold tube [5, 23].

Ex situ modification of BC is performed after the production of original BC membrane,
and it can be performed by either chemical or physical methods [14]. Chapter 3 of this thesis
demonstrated an ex situ approach to physically modify BC. Figure B.3 in Appendix B shows
the schematic representation of the blending method to produce blended BC (BBC)
membranes containing different amounts of dry cellulose. To produce BBC membranes, no
organic solvents were required [24]. The resulting BBC was highly pure (Figure B.4) and
maintained the original biocompatibility of the BC. This fabrication method provided the
possibility to modify the physical and mechanical properties of BC, as shown in Chapter 3.
Using the blending protocol a more uniform duraplasty membrane was created, which is
important for a more consistent and predictable drug release [25, 26].

BBC was sterilized by autoclaving, what did not have any extensive effect on the fiber
morphology as can be seen by the SEM comparison of BBC before and after autoclaving in
Figure B.5. In addition, BBC production technique allowed a much easier incorporation of
growth factors (GFs) into the membranes while maintaining sterility. This is of note because
the sterilization process is frequently a challenge for the design of biomaterials, as it is difficult
to find a sterilization technique that maintains the original properties of the biomaterial and

does not affect the activity of molecules [14, 27].

6.3. Physical and Mechanical Properties of Biosynthesized Cellulose (BC)-Based

Drug Releasing Systems
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When designing a biomaterial for tissue engineering applications it is important to consider
the nature of the native tissue. Even though the material has intrinsic properties that need to be
considered, such as thickness, microstructure, water-related and mechanical properties, the
design of the biomaterial needs to take in account the therapeutic approach [28, 29]. Finding a
biomaterial with all the desired properties is challenging, therefore engineered biomaterials
represent a promising approach to adjust the biomaterial properties. The main properties
investigated in this thesis are discussed below.

In Chapter 3, the thickness of the BBC membranes was investigated because of the
limited space of the skull. The aim of the BBC membrane is to act as a duraplasty that is
implanted into the brain during a DC procedure after stroke. Thus, it is important for the
biomaterial to fit into the restricted space without causing further damage to the area. Although
the thickness of the BBC membranes doubled after rehydration they were still within the
thickness range of human dura mater [30]. Therefore, the BBC thickness likely would not
cause any problems when implanted. This was confirmed by the in vivo biocompatibility test
performed. In Chapter 4, bacteria cultivation was completed for seven different cultivation
times to obtain seven different BCT samples to investigate and compare their physical and
mechanical properties. Our data suggested that increasing the cultivation time increased the
amount of cellulose, as expected. However, the substantial increase in wall tube thickness took
place only after 12 days of cultivation.

The water-related properties of the BBC and BCT samples were analyzed using the
swelling ratio (SR) and rehydration ratio (RR), respectively. The SR and RR of biomaterials
were dependent largely on the fibers organization and the formation of hydrogen bonds
between the cellulose fibers and water molecules [31]. The water absorbing property is

influenced by how porous the material is, i.e. increasing the porosity increases the volume of
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water that could penetrate into the sample [31, 32]. Thus, the fiber network arrangement and
porosity of the cellulose in the BBC and BCT samples are what will dictate the SR and RR
behavior. The SEM was used to characterize the microstructure and understand the RR/SR
behavior of both drug delivery systems.

In the case of the BBC samples, because of the production method, more cellulose
resulted in more rigid and denser samples as shown by SEM images (Figure B.6), resulting in
a lower SR (Chapter 3). On the other hand, for the BCTs with a longer cultivation time more
cellulose was produced, but as the bacteria excrete the BC fibers in layers, the outer surface of
the BCTs were more porous as shown by the SEM images in Chapter 4 and Figure C.2. This
explains the increase in the RR for the samples cultivated for longer periods of time. In
addition, BCTs cultivated for shorter periods of time tended to be weaker tubes, not standing
their own weight and presenting ruptures in their inner side.

To ensure that the BBC and BCT had the potential to perform the role of duraplasty
and nerve guidance tube, respectively, the Young’s Modulus and the ultimate tensile strength
(UTS) of the materials were evaluated. For stroke applications (Chapter 3), it is important that
the biomaterial presents similar mechanical properties to the brain tissue, where stiffer
biomaterials can result in gliosis, while softer ones can impact the material stability [33, 34].
In addition, an ideal biomaterial to be implanted onto the brain should be able to conform to
the brain shape [35]. For a biomaterial to successfully substitute the spinal cord (Chapter 4),
its stiffness should match the mechanical properties of the spinal cord at the injury site [36,
37]. Additionally, the biomaterial should be strong enough to withstand the biomechanical
forces in the body without collapsing [7, 37].

In Chapter 3, our data suggested that the increase in cellulose mass increased the UTS

and Young’s Modulus. This can be explained by the BBC production method, where an
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increased amount of cellulose meant a more compact and dense membrane and that resulted
in higher strength and stiffness. For the BCT samples, the changes in the amount of cellulose
were proportional to the UTS, similar to the BBC samples. However, that was not the case for
the Young’s Modulus of the BCTs, which varied among the samples. This can be explained
because of the BCTs layered structure which makes it difficult to directly correlate the Young’s
modulus with the change in cellulose mass, similar to the observations made by Bodin et al.
[5]. Nevertheless the average Young’s modulus of the produced BCTs matched the Young’s
modulus of the human spinal cord [38-40].

Because of the structural and mechanical properties of the BBC and BCTs, combined
with the various studies that showed the superior mechanical properties of BC over many other
synthetic biomaterials [41], our platforms — BBC and BCT — were further studied as drug

delivery systems.

6.4. Biosynthesized Cellulose (BC) as Drug Releasing Systems
Hydrogels can be useful vehicles to directly deliver bioactive molecules, such as GFs, into the
damaged CNS site [42-44]. However, their potential has been impeded by two challenges: the
production of hydrogels with suitable mechanical properties [29, 43, 45] and the sterilization
of the hydrogels without altering their properties or the bioactivity of the incorporated
molecules [27]. In this thesis, both drug releasing systems were successfully loaded with GFs
at high entrapment efficiencies. It was demonstrated that GFs (e.g. FGF2, EGF and NGF) can
be sterilely loaded into the BBC and BCT samples without compromising their physical and
mechanical characteristics and mostly important without affecting the bioactivity of the GFs.
It is noted that 93 % of the total amount of GFs that was initially loaded into both drug delivery

systems was detected by ELISA. However, the in vitro drug release profiles were slightly
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different for the BBC and BCT samples. While both presented a burst release at the first hours,
normally due to the presence of GFs on the surface of the samples, BBC membranes had ~61
% of GFs released at 8 hours, while BCT presented ~75 % of NGF released at 9 hours. At Day
1, BBC released ~64 % and BCT ~82 %. This difference in release performance is likely due
to the difference in microstructure and water-related properties of the samples. The BCT
swelled faster and allowed more liquid into its cellulose matrix than BBC membranes, meaning
that the drug can diffuse out of the BCT faster [46].

The various release kinetic models developed are supposed to reason different release
mechanisms [47]. Therefore, in the current study, the zero-order, Higuchi, and Korsemyer-
Peppas models were used to analyze the in vifro released data. The adjusted correlation
coefficients of Zero-order, Higuchi equation, and Korsemyer-Peppas kinetic models used in
the BBC and BCT studies are shown in Table B.1 (Appendix B) and Table C.1 (Appendix
C), respectively. The delivery of FGF2 and EGF from BBC were similar, presenting no
statistical difference. Both drug delivery systems, BBC and BCT, presented a poor correlation
with the Zero-order model. For the Higuchi mechanism the correlation was better, ~0.89 for
BBC and ~0.80 for BCT, but still considered low. However, the in vitro drug release profiles
of BBC and BCT were well-fitted with Korsemyer-Peppas kinetic model, being R 0.9905 for
FGF2 (Figure B.7A), 0.9847 for EGF (Figure B.7.B), and 0.9954 for NGF from BCT (Figure
C.3). According to this model, a value of n<0.5/0.45/0.43 for a slab/cylinder/sphere indicates
a diffusion controlled drug release. When n>1/0.89/0.85 for a slab/cylinder/sphere, the drug
release behavior is called case-II transport. In contrast, when 0.5/0.45/0.43<n<1/0.89/0.85, the
drug release behavior is classified as a combination of both phenomenon and is referred to
anomalous transport. In the current study, BBC samples were prepared in the slab shape while

BCT samples were cylinders. The drug delivery systems presented n-values lower than 0.5
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and 0.45. The results in Table B.1 and Table C.1 suggest that NGF released from BCT was
slightly more diffusion-based (n = 0.113) than FGF2 and EGF released from BBC (n = 0.147
and 0.140, respectively). The releases were more likely to be Fickan diffusion without

impeding or driving forces.

6.5. Bioactivity Studies of the Growth Factors

The desired outcome of differentiation and proliferation of cells can be achieved by stimulating
the cells with GFs to direct cellular activities [48]. GFs can be integrated into biomaterials to
promote cellular viability and adhesion and stimulation of neurite growth [49, 50]. The in vitro
GFs delivery success of BBC duraplasty and BCT nerve guidance tube was tested using
endogenous neural stem/progenitor cells (NSPCs) and PC12 cells, respectively. NSPCs are
multipotent CNS cells capable of differentiating into neurons, oligodendrocytes, and
astrocytes [51]. PC12 cells are well known cells used for in vitro tests to assess neural
differentiation [48, 52], since they change phenotype and develop characteristics of neuron-
like cells after exposure to NGF [53, 54].

After stroke, commonly, NSPCs proliferate more in the subventricular zone (SVZ),
and some precursor cells are directed to the injury site [55, 56]. Thus, it is important to evaluate
the proliferative behavior of NSPCs when co-cultured with the GFs-enriched BBC
membranes. In Chapter 3 of this thesis, in vitro experiments showed that the GFs (EGF and
FGF2) delivered from the BBC membranes were able to stimulate rodent and porcine brain
NSPC (Figure B.1) and human spinal cord NSPC (Figure B.2) proliferation. It was observed
that NSPCs co-cultured with the GFs-enriched BBC membranes maintained their
differentiation capacity and presented a dominant astrocyte phenotype. Furthermore, in

Chapter 3, the biocompatibility of the BBC membranes was shown in vivo in rats through post-
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decompression implantation.

Chapter 4 of this thesis showed the bioactivity of the NGF delivered directly from the
BCTs by studying their influence on the differentiation of PC12 cells. The NGF delivered from
the BCTs promoted PC12 cells growth. It is known that in the presence of a sufficient amount
of NGF, PC12 cells stop proliferating and start differentiating and therefore spreading neurites
[54]. In fact, the neurite length and the percentage of differentiated cells increased with the
passing of time for the groups containing NGF. Importantly, those were greater for the group
co-cultured with the NGF-enriched BCT than for the positive control. The percentage of
differentiated PC12 cells is dependent on the NGF dose [57]. This explains why more cells
differentiated with the passing of time for the BCTs samples, since higher concentration of
bioactive NGF was presented. The delivered NGF concentration proved sufficient to cease
proliferation and stimulate differentiation. Such NGF release is known to be useful for nerve

regeneration as well as stem NSPC neurogenesis [50, 58].

6.6. Peptides Synthesis, Optimization and Characterization
Recently, tissue regeneration approaches have been used for the treatment of damaged tissues
and organs [59]. These approaches normally involve biomaterials that can serve not only as
scaffold to physically support cells, but also to signal cells at the level of receptors to promote
cell proliferation [29]. Therefore, the incorporation of peptides that are involved in the cell
signaling can improve the scaffold biofunctionality [60]. In Chapter 5, linear and two-branched
peptides, containing in their composition the arginine-glycine-aspartic acid-serine (RGDS)
sequence, were synthesize as potential therapeutic molecules to improve cell binding
properties in biomaterials. The syntheses of linear and branched peptides was performed in an

automatic peptide synthesizer running 9-fluorenylmethoxycarbonyl (Fmoc) - Solid Phase
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Peptide Synthesis (SPPS) protocol. For the peptide design in Chapter 5, the following sequence
and amino acids were selected:

e  RGDS sequence: 1t is well known for promoting cell adhesion and proliferation [61].
Additionally, many studies have shown the tissue engineering applications of
biomaterials containing the RGDS sequence [62-64].

e 8-Amino-3,6-dioxaoctanoic acid (Adoa): To improve the yield and purity of the
peptide by providing flexibility and enhancing the solubility features of the peptides
[65].

e (ysteine: To incorporate a free thiol group (-SH) that can be used to chemically
modify different biomaterials or to generate dimers [66].

e Lysine: To form branching on the peptide sequence [67].

Alanine: Spacer, since first amino acid coupling is more difficult.

It was important to optimize the peptide synthesis protocols since an efficient synthesis
procedure can increase yield and purity, making the peptides more attractive for tissue
engineering applications. In Chapter 5 of this thesis several synthesis parameters were tested
including: two different coupling reagents, two different protecting groups for cysteine, the
number of deprotection and coupling repetitions, and the duration of time for the cleavage
reaction with Reagent B. Using the optimized protocol, linear and 2-branched peptides were
successfully synthesized. Then they were -characterized by matrix-assisted laser
desorption/ionization mass spectrometry (MALDI-MS) and purified by high performance
liquid chromatography (HPLC). It was demonstrated that both peptides presented a mixture of

their respective monomer and dimer forms. The free —SH group in the peptide allowed for the
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formation of a dimer, where a disulfide bond was formed between two cysteine residues of
two peptide chains.

The best yield for the linear peptide and the 2-branched peptide were 92.9% and 81.3%,
respectively. The synthesis of the 2-branched peptide was found to be less clean than the linear
one, as demonstrated by the presence of additional peaks in the HPLC and MADI-MS analyses
(Chapter 5). A similar Fmoc-SPPS protocol can be used for increasing the number of branches
in a peptide. For example, 4-branched peptides can be synthesized similarly to the 2-branched
peptides as demonstrated by the preliminary results show in Appendix D. Theoretical 3D
molecular structure studies, such as the one employed in this work for the study of the energy-
minimized peptide structures in vacuum, can be useful for understanding the properties and
behaviors of peptides based upon the stable structure conformation [68]. In Chapter 5, it was
observed that there were no hydrogen bonds formed in the monomeric linear peptide structure;
however, there were several hydrogen bonds formed in the dimeric linear peptide, and in the
monomeric and dimeric 2-branched peptide. Those hydrogen bonds possibly contributed to
the stability of the molecules. Overall, the results showed that linear and branched RGDS

peptides can be successfully synthesized.
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Results based on the aims of this thesis are summarized below:

1.

11.

1il.

1v.

A novel drug releasing duraplasty was designed and produced using a sustainable ex
situ approach to physically modify biosynthesized cellulose (BC). Using the blending
protocol, uniform blended biosynthesized cellulose (BBC) membranes that can be
applied after the decompression craniectomy procedure in patients with stroke to
stimulate neural stem cell proliferation were successfully prepared.

Several BC hydrogels were produced using an in situ approach, using a special
bioreactor to form BC in tube-shape (i.e. biosynthesized cellulose tubes - BCTs) with
varying cultivation times. BCTs were proposed as a potential nerve guidance drug
delivery system to assist with the reconnection of nerve tissues after a spinal cord injury
(SCD).

Both drug delivery systems (BBC and BCT) were characterized. The BBC fabrication
method provided the possibility to build BBC membranes with different cellulose
contents and to modify the properties of the duraplasty. The BBC membrane composed
with the highest cellulose mass was the densest, strongest and most homogenous
membrane and it had the lowest swelling ratio, making it a promising candidate as a
drug releasing duraplasty. The physical and mechanical properties of the BCTs varied
with the increase of cultivation time. Indeed, the BCT formed after 22 days of
cultivation showed the highest cellulose mass and the highest rehydration ratio. It also
presented suitable mechanical properties with a Young’s Modulus similar to the human
spinal cord.

Growth factors (GFs) were used to load both systems and their in vitro drug delivery
profiles were analysed. The GFs were sterilely loaded into the BBC and BCTs samples

with high entrapment efficiencies and without compromising their bioactivity. While
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V1.

vil.

both BBC and BCT samples showed a release profile featured with an initial burst
release at the first day, BBCs showed a slower and more linear release (until 10 days)
in comparison with BCTs.

The BBC and BCT samples were able to fulfill their intended purpose after sterilization
and incorporations of GFs. The dosage of GFs was bioactive and proved to be sufficient
to stimulate primary rodent neural stem/progenitor cells (NSPC) and PCI12 cells
proliferation in vitro for a period of one week. In addition, the GFs-enriched BBC drug
releasing duraplasty were able to stimulate proliferation of porcine brain-derived and
human spinal cord NSPCs. In fact, the rodent NSPCs were multipotent and displayed
a dominant astrocyte phenotype upon differentiation for one and two weeks. Therefore,
these studies suggest that the GFs-enriched BBC and BCT could be exploited as
delivery systems for protein-based drugs to enhance nerve regeneration in the central
nervous system.

The resulting BBC duraplasty was highly pure and biocompatible. This was confirmed
by the in vivo post-decompression implantation of BBC membranes loaded with GFs
in adult rats. These findings indicated that the GFs-enriched BBC membranes are a
promising and clinically relevant drug releasing duraplasty option for the treatment of
stroke.

The solid-phase peptide synthesis (SPPS) chemistry was used to synthesize peptides
containing the arginine-glycine-aspartic acid-serine (RGDS) sequence in different
configurations, i.e. linear and 2-branched. The peptide syntheses were optimized and
the linear and 2-branched peptides were successfully synthesized. The peptide
structures were confirmed by HPLC and MS, and their 3D energy-minimized

molecular structure were analysed. In addition, it was demonstrated that similar
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synthesis protocol could be used to synthesize peptides containing a higher number of

branches, such as 4-branched peptides.
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CHAPTER 8 - RECOMMENDATIONS AND LIMITATIONS
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8.1. Design and evaluation of a biosynthesized cellulose duraplasty to stimulate
neural stem cell proliferation
While the experiments presented in Chapter 3 serving as proof-of-concept for the clinical
applicability of blended biosynthesized cellulose (BBC) duraplasty, there were some
limitations:

e Ifindeed the growth factor-enriched BBC duraplasty is efficient in stimulating human
neural stem/progenitor cells (NSPCs), given that the in vitro tests of human spinal cord
cells were performed with the cells from a single donor.

o Recommendation: Further test in vitro the BBC duraplasty with human brain
cells.

e [fthe concentration and duration of the growth factors released from the enriched BBC
duraplasty are sufficient to penetrate the post-stroke area and stimulate NSPC
proliferation.

o Recommendation: Test in vivo the penetration of the drugs released from BBC
duraplasty; if necessary improve the drug release profile by encapsulating the
drugs to have a more sustained delivery.

e [f BBC duraplasty can improve the post-stroke neurological function of rats following
decompressive craniectomy.

o Recommendation: Test growth factor-enriched BBC duraplasty in rodent
stroke models.

The ability to test BBC in vitro on porcine brain and human spinal cord cells strengthens the
potential clinical applicability of BBC duraplasty. However, future studies should address

these previously mentioned points.
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8.2. Production and evaluation of biosynthesized cellulose tube (BCT) as promising
nerve guidance delivery system for spinal cord injuries treatment
In Chapter 4 of this thesis biosynthesized cellulose tubes (BCTs) were proposed as nerve
guidance drug delivery systems for SCI. Although the experiments demonstrated the potential
of this platform, some aspects still need to be addressed:
e [fthe concentration and duration of the nerve growth factor released from the loaded-
BCT nerve guidance are sufficient to stimulate axonal growth
o Recommendation: Test in vivo the effect of the drugs released from BCTs.
e Ifnecessary, improve the drug release profile of the BCTs.
o Recommendation: Incorporate dual drug delivery systems into the BCTs to
provide a more prolonged release.
e [f the nerve guidance BCTs are able to localize and promote cell regeneration in the
injury site without causing gliosis.

o Recommendation: Test BCTs in vivo SCI animal models.

8.3. Synthesis, optimization and characterization of RGDS-peptides
While the results in Chapter 5 provided some insights on the syntheses of linear and branched
peptides containing the RGDS peptide sequence, some remained points should be improved:
e Further purification of the synthesized linear and 2-branched peptides;
e Fully synthesize and characterize the 4-branched peptide;
e Test the in vitro bioactivity of the produced peptides;
e Incorporate the synthesized peptides into the biomaterials and test their cell-

biomaterial interactions.
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8.4. Limitations on Mechanical Tests

Mechanical testing on hydrogels involves several practical challenges, such as the clamping
of the samples, the effect of the rehydration, the measurement of the samples and the strain

quantification.

8.4.1. Clamping the Samples

Clamping hydrogel samples for a correct tensile testing presents many difficulties, as it is
necessary to ensure a firm grip between the sample and the clamps. The specimens tested in
Chapter 3 were membranes made of blended biosynthesized cellulose (BBC). For mechanical
testing the samples were cut in rectangular shaped samples. Testing the rectangular specimens
was proved to induce good results in the experiments, as the tested samples often presented
fractures in the middle of the free-length region between the clamps. In addition, it made easier
the calculation of the extension to failure, as it was easily measured from the grip-to-grip
separation. After studying from literature the best solutions for clamping polymer hydrogels
and soft biological tissues, the best interface was characterized by the presence of a fine
sandpaper or filter paper adherent onto the jaw faces. For our BBC samples, the filter paper
showed to be efficient to hold the samples avoiding slip. The same technique was used to test
the biosynthesized cellulose tubes (BCTs), however the limitation for these analyses was to

keep the cylinder shape of the samples.
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8.4.2. Effect of the Rehydration
For the mechanical tests of BBC and BCTs it was chosen to analyse the samples in their
rehydration form. The main challenge was to perform the tests while keeping the samples in
the same hydration condition during all the test. It was decided to test the samples in normal
conditions, i.e. in air using normal metal jaw faces. In fact, the samples left in air undergo a
slow drying, and the time between the sample preparation and the end of the experiment was

considered enough short to avoid any sensible drying of the specimen.

8.4.3. Measurement of the Samples

To calculate the mechanical properties of the BC membranes, as the tensile stress, it is critical
to measure accurately the cross sectional area of the samples. In literature many techniques for
cross sectional area have been used, as ultrasonography, gravimetric methodologies and area
micrometers. In this work the cross sectional area of the samples was calculated with the use
of a caliper. The width and thickness of the BBC samples was not the most critical because
cutting adequately the rectangular specimens (with a plastic mold) permitted to obtain samples
with uniform width. In addition, using our blended procedure to produce the membranes the
thickness was uniform along the membrane, and since the BBC are compacted cellulose
membranes was easier to measure the thickness with a caliper. On the other hand, for the BCTs
the measurements of wall thickness were more challenging since the tubes were made of the
original BC hydrogel (soft and malleable). To make sure about the BCTs thickness along the
tubes several local measurements were taken, with a digital caliper, but still high errors were
obtained among the samples.

Another limitation of the mechanical test is the strain quantification. Testing

rectangular and cylinder-shaped specimens permitted the calculation of the strain from the

212



grip-to-grip displacement. It could be also possible to calculate local strains through the use of
a video-extensometer and dog-bone shaped specimens, whose shape leads to a better defined
point of fracture in the specimen. One of the practical challenge for the use of video

extensometer on BC samples is to draw markers on the hydrogel.
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Table A.1 — Summary of the tissue engineering (TE) applications of unmodified biosynthesized cellulose (BC).

Application Experiment Description Results References
» Biocompatibility of BC evaluated by MTT ) I(;Iac;:wdence of BC toxicity in vitro after 3
assay using human vein endothelial cells Cells proliferated and migrated vertically 1]
grown on BC surfaces . .
into BC matrix after 7 days
Scaffold
Material

Bone Tissue
Engineering

Nerve
Regeneration

Blood Vessel
Replacement

= Subcutaneous implantation of BC at the back
of Wistar rats for in vivo cytotoxicity
evaluation

= [n vitro biocompatibility, osteogenic
differentiation, and gene expression studies
using human adipose-derived mesenchymal
stem cells (HASCs)
In vivo cytotoxicity study in ulna defects of
rabbits

= [n vitro assessment by MTT assay, flow
cytometry, RT-PCR and Schwann cell culture
In vivo biocompatibility in rat sciatic nerve
injury model

» Animal study using rat peripheral nerve injury
model

= [n vivo biocompatibility in carotid arteries of
sheep

= No evidence of inflammation or cytotoxicity
was observed, and the BC membrane was
fully integrated with the host tissue after 12
weeks

= Cells differentiated into osteoblasts after 4
weeks of culture on BC surface
Significant mineralization without any signs
of inflammation responses 8 weeks after
HASCs loaded BC scaffold implanted into
ulna defects of rabbits

= Good biocompatibility
No toxic effects on nerve tissues after 6
weeks In vivo

= Good biocompatibility, no formation of
neuroma, and proper guidance of axons after
6 months

= No evidence of graft dilatation, dehiscence,
or aneurysm formation, and no inflammatory
signs after 12 weeks

2]

[3]

[4]

[5]

[6]
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Table A.2 — List of additional examples of biosynthesized cellulose (BC) applications in tissue engineering

(TE).

TE applications References
= Urethra [7]
72
S Cornea [8]
= Cartilage [9, 10]
g Meniscus [11]
S Ear auricle [9, 10, 12]
= Heart valve [13, 14]
= Blood vessel [15-17]
E Bone [18-21]
8 Skin [22-26]
= Gum 127, 28]

Nasal [29]
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Figure B.1 — BBC5GF moderately stimulates porcine SVZ neural stem/progenitor cell proliferation. (A)
Images of porcine neurospheres taken at 20x magnification; top row images: BBC5GF neurospheres; bottom
row images: GFM neurospheres; after 2 weeks. (B) Number of porcine neurospheres were assessed after one or
two weeks of culturing. (C) Diameter and (D) estimated cross-section area of porcine neurospheres were
assessed from previous experiment (A). Cross-section area of porcine neurospheres was estimated using
measured diameter (A). (Two-way ANOVA followed by a multiple-comparisons test (Tukey’s) in (B), (C) and
(D) were used for statistical analysis. Values are presented as mean + s.e.m; n =2. Only comparisons related to
BBCS5GF are shown, **p<0.01, ****p<0.0001).
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Figure B.2 — BBC5GF stimulates human spinal cord neural stem/progenitor cell proliferation obtained from an
18-year-old male. (A) Images of human neurospheres taken at 20x magnification; top row images: BBC5GF
neurospheres; bottom row images: GFM neurospheres; after 1 week. (B) Number of human neurospheres were
assessed after one or two weeks of culturing. (C) Diameter and (D) estimated cross-section area of human
neurospheres were assessed from previous experiment (A). Cross-section area of human neurospheres was
estimated using measured diameter. (Welch's t-test in (C) and (D)was used for statistical analysis, no statistical
difference was observed. Values are presented as mean + s.e.m).
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Figure B.3 — Blended biosynthesized cellulose (BBC) production. A) Steps of blending method to produce
BBC membranes. B) Original BC membrane is blended a homogenous pulp is achieved. C) Pulp obtained in
(C) is filter until a paper-like membrane is achieved. D) Final BBC membrane after filtration and lyophilisation.
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Figure B.4 — Fourier-transform infrared spectroscopy (FTIR) spectrum for freeze-dried blended biosynthesized
cellulose 5 (BBC5, membrane with highest dry cellulose mass).
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Figure B.5 — Scanning electron microscopy micrographs of freeze-dried blended biosynthesized cellulose 5
(BBCS, membrane with highest dry cellulose mass), and BBC5-AT (BBCS after sterilization by autoclave):
upper side (air contact), bottom side (filter contact) and cross-section views in 300x magnification.
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Figure B.6 — Scanning electron microscopy images of additional samples of blended biosynthesized cellulose
(BBC). Freeze-dried BBC2-BBC4 membranes in crescent order of dry cellulose mass: upper side (air contact),
bottom side (filter contact) and cross-section views, 300x magnification.
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Table B.1 — The adjusted correlation coefficients of Zero-order, Higuchi equation, and Korsemyer-Peppas
kinetic models for fibroblast growth factor 2 (FGF2) and endothelial growth factor (EGF) released from

blended biosynthesized cellulose 5 (BBC5, membrane with highest dry cellulose mass).

K n R?
Model
FGF2 EGF | FGF2 EGF | FGF2 EGF
Zero order 0.11 0.43 N/A N/A | 0.7997 0.7789
Higuchi 6.91 6.77 N/A N/A | 0.8959 0.8789
Korsmeyer-Peppas 40.24 4096 | 0.147 0.140 | 0.9905 0.9847
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Figure B.7 — Release profile and kinetic model for fibroblast growth factor 2 (FGF2) and endothelial growth
factor (EGF) released from blended biosynthesized cellulose 5 (BBCS5, membrane with highest dry cellulose
mass). A) Release profile and kinetic model for FGF2. B) Release profile and kinetic model for EGF. Blue
dots: ELISA assessment of cumulative amount of growth factors over 7 days. Continuous black line: fit of
Korsmeyer-peppas kinetic model.
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Figure C.1 — Bioreactor assembly containing bacteria in glucose-based media to produce biosynthesized
cellulose tubes (BCTs). After 22 days in static culture at 26 °C BCT22 was produced.

BCT22

Figure C.2 — Scanning electron microscopy images of biosynthesized cellulose tube produced after 22 days of

cultivation (BCT22). First image on left shows the upper view of a BCT22 in horizontal, 300% magnification.

Three other images show the cross section view of a BCT22 in vertical in several magnifications: 250%, 500x
and 2000x%.

228



Table C.1 — The adjusted correlation coefficients of Zero-order, Higuchi equation, and Korsemyer-Peppas
kinetic models for nerve growth factor (NGF) released from biosynthesized cellulose tubes after 22 days of
cultivation (NGF-BCT22).

Model K n R2
Zero order 0.79 N/A 0.6826
Higuchi 9.63 N/A 0.8053
Korsmeyer-Peppas | 55.65 0.113 0.9954
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Figure C.3 — Release profile and kinetic model for nerve growth factor (NGF) released from biosynthesized
cellulose tubes after 22 days of cultivation (NGF-BCT22). Blue dots: ELISA assessment of cumulative amount
of NGF over 7 days. Continuous black line: fit of Korsmeyer-peppas kinetic model.
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Figure D.1 — Chemical structures and molecular weights of the suggested by-products of the 2-branched

peptide synthesis.
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Table D.1 — Parameters optimized to synthesize the 4-branched peptide, [RGDS-Adoa]4-K,-K-C-BA, and the
percentage yield (Yield %) for each synthesis. Synthesis repetitions for the 4-branced peptide (4B1-4B4) using
MAP resin or TentaGel amide resin (TG), two different coupling reagents, two permanent protecting groups
(PPQG) for cysteine (Cys), different numbers of deprotection steps(deprotection x) and coupling (Coupling x)
steps, and time length for the cleavage reaction using Reagent B.

Peptide Resin Coupling Cys Deprotection Coupling Reagent Yield

Reagent PPG X X B (h) (%)
4B1 MAP HBTU Acm 3 4 4 41.6
4B2 MAP HATU Acm 3 4 4 33.1
4B3 TG HATU Acm 3 4 4 59.8
4B4 TG HATU Trt 4 5 3.5 323

Abbreviations: O-(Benzotriazol-1-yl)-N,N,N’ N’-tetramethyluroniumhexafluorophosphate (HBTU); O-(7-
Azabenzotriazol-1-y1)-N,N,N’ N’-tetramethyluroniumhexafluorophosphate (HATU); acetamidomethyl (Acm);
high performance liquid chromatography (HPLC); mass spectroscopy (MS).
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Figure D.2 — RP-HPLC chromatograms for the crude 4-branched peptide ([RGDS-Adoa]s-K,-K-C-BA) with
the detection wavelength at 260 nm.
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Chemical Formula: CygH 05N 300565
Molecular Weight: 2819.02
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Figure D.3 — Chemical structure and formula and molecular weight (g/mol) of (A) monomer ([RGDS-Adoa]-
K,-K-C-BA) and (B) dimer of 4-branched peptide.
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Figure D.4 — Energy-minimized 3D model structures in vacuum of 4-branched peptide. (A) Monomer and (B)
dimer.
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