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ABSTRACT

Craniosynostosis is a developmental disorder characterised by the premature fusion of skull sutures
in children, necessitating repetitive surgical interventions throughout infancy. A major goal of
craniosynostosis research is to develop molecular adjunctive treatments to reduce the morbidity
and complications associated with multiple craniofacial surgery. Recent progress in molecular
biology has highlighted the regulatory effects of bone morphogenetic protein 2 (BMP2)
antagonists, including glypicans (GPC1 and GPC3), on suture morphogenesis and cellular
functions. Moreover, the availability of genetically-engineered murine models of human
craniosynostosis and drug-delivery systems (DDS) has assisted towards investigation of the
glypican-based therapeutics in vivo. However, the conventional DDS are limited by their
uncontrolled release patterns and undesired pharmacokinetics. The development of clinically
viable implantable DDS, prior to human trials, require preclinical studies to investigate their
characterisation, efficacy, pharmacokinetics and toxicity both in vitro and in vivo (in animal

models).

Medical Titanium (Ti) implants nanoengineered with Titania nanotubes (TNTs) have been
recognised as a superior delivery platform in complex bone therapies (i.e. orthopaedics, cancer
etc.) to localise the release of therapeutics in a controlled and sustained manner. This thesis presents
the use of therapeutic-releasing TNT/Ti implant technology in a murine model, to address a key
clinical challenge of delaying post-operative sutural bone growth in craniosynostosis. This
interdisciplinary project has three aspects and specific aims including: (i) engineering and in vitro

study: to fabricate and optimise TNT/Ti implants to study glypican release in vitro and bioactivity
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in murine C2C12 cells, (ii) pre-in vivo cell study: to evaluate the biological response at TNT-cell
interface of heterogeneous (human) suture mesenchymal cells (SMCs) and (iii) in vivo study: to
assess in vivo implant biocompatibility and efficacy as a glypican delivery system in wildtype and

Crouzon murine models.

TNT/Ti implants with controllable nanotube dimensions were fabricated via
electrochemical anodisation process, and their protein-releasing capability and protein
functionality were tested spectrophotometrically in physiological buffer and transfected C2C12
cells (BMP reporter cells), respectively. A metabolic activity assay was performed to investigate
human SMC behavior at TNT-cell interface. The in vivo performance was assessed using micro-
CT and histology in a surgical cranial defect model to verify TNT/Ti implant biocompatibility and

glypican release efficiency.

A protein loaded, mechanically robust TNT/Ti implant (120 + 10 nm pore-diameter)
displayed a biphasic in vitro release profile, with high loading efficiencies and prolonged release
durations, spanning across 1 to 4 weeks. The pharmacokinetic modelling, based on the protein
release parameters, showed an anomalous burst release and a zero-ordered sustained release. GPC1
and GPC3 released from TNTs were biologically active and reduced the BMP2-osteogenic activity
in C2C12 cells. A decrease in adhesion and proliferation of SMCs at the TNT-cell interface,
rendered the implant nanotopography and surface chemistry suitable for craniosynostosis therapy.
The murine studies confirmed the implant biocompatibility and reiterated the sustained delivery of
glypicans in vivo, demonstrated by decreased bone volume and surface area in therapeutically-

intervened cranial defects.
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These findings confirm the potential of the nanoengineered TNT/Ti implants as an effective
glypican delivery system to delay rapid post-operative bone re-growth in a murine model. This
approach may evolve into a non-surgical molecular adjunct to minimise the need for recurrent re-

operations in human craniosynostosis management.
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PREFACE

This thesis is submitted as a “Combined Conventional Publication format” in accordance with
“Specifications for Thesis 2015” of the University of Adelaide. It contains an introduction, a
detailed literature review and six experimental chapters followed by conclusion and appendices.
The research that was carried out during the three and a half years of this PhD program has resulted
in successful publication and/or submission of two articles in reputed journals. Additionally, two
other journal articles are under preparation. Also, the research findings of this PhD study have been
presented at 7 national and international conferences. A complete list of publications is provided

in following pages (p. Xxii-xxv).
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CHAPTER 1: Introduction

1.1. Thesis Introduction

Craniosynostosis is a developmental disorder characterised by the premature fusion of one or more
cranial sutures, affecting approximately 1 in 2500 children [1-3]. If left untreated, craniosynostosis
can result in severe complications, including increased intracranial pressure, impaired cerebral
blood flow, airway obstruction, restricted brain growth, impaired vision and hearing, cognitive
disabilities, seizures and adverse psychological effects, along with deformed head shape and
asymmetrical facial features [4-8]. The current management in most cases requires complex cranial
vault reconstruction to release the synostosed suture, restore the normal intracranial volume and
correct the craniofacial deformities. However, patients often experience rapid post-operative bone
re-growth at craniectomy site, necessitating repetitive invasive interventions as the dysmorphic
growth continues [5, 9, 10]. A major goal of craniosynostosis research is to develop molecular
adjunctive treatment to decrease the potential morbidity and mortality associated with multiple
high-risk operations. Figure 1.1 shows the digital and radiographic image of an infant before

surgery for unicoronal synostosis (i.e. suture fusion on the right side of the skull).

kUnfused saggital suture

Y W »Fused coronal suture

/ | SO #Unfused coronal suture

" AUnfused metopic suture

Unicoronal synostosis

DACFU

Figure 1.1. Digital (A) and radiographic (B) images of an infant skull with unicoronal synostosis
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before undergoing a cranial vault reconstruction surgery at the Australian Craniofacial Unit.

Recent advancements in cranial bone biology and genetic micro-array techniques have led to
identification of biochemical pathways involved in normal and pathological suture morphogenesis,
unravelling the aetiopathology of craniosynostosis [1, 11-13]. The osteogenically potent bone
morphogenetic protein 2 (BMP2) signalling pathway has been reported to play a key role in
regulation of sutural bone formation and cellular functions, whereas a faulty/mutated BMP2
pathway has been linked to craniosynostosis. Moreover, bone antagonising molecules such as
glypicans (GPC1 and GPC3), expressed in patent sutures and decreased in prematurely fusing
sutures, have been shown to downregulate the BMP2-mediated osteogenic activity. To this end,
manipulation of BMP2 pathway via glypican delivery can act as potential therapeutic intervention
to control the bone re-growth after the primary surgery [1, 2, 11, 14, 15]. Moreover, the design
and development of genetically-modifed murine models analoguos to human syndromic
craniosyntosis have contributed towards studying suture fusion and testing the glypican-based
therapeutics in vivo. Typically, a critical-sized defect (CSD) is created onto the mouse cranium,
lateral to the suture of interest, to observe and quantify the bone re-growth pattern. The CSD does
not heal completely without a positive therapuetic intervention in both normal and pathological

models [16, 17].

A major challenge in translating the molecular findings into a therapeutically viable strategy
is the lack of suitable drug delivery systems (DDS). The development of clinically viable
implantable DDS, prior to human trials, requires preclinical studies to investigate their
characterisation, efficacy, pharmacokinetics and toxicity both in vitro and in vivo (in animal
models). Medical Titanium (Ti) implants electrochemically anodised with Titania nanotubes
(TNTSs) have been recognised as a superior delivery platform in complex bone therapies, especially

3
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in orthopaedics to localise the release of in-bone therapeutics in controlled and sustained manner
for severe conditions, including osteomyelitis and bone cancer [18-23]. TNTs have also been
tested to deliver chemotherapeutics into the brain and anti-inflammatory and antibiotic payloads
to various target sites in the body [18, 24]. Extending the scope of this nanoengineered delivery
system to craniosynostosis treatment may provide a molecular adjunct to reduce the number of

cranial reconstruction surgery and potentially avoid primary fusion.

Figure 1.2 presents the two different murine models investigated in this study to evaluate the
protein-eluting ability of the TNT/Ti implants: (i) a pathological Crouzon model with Fgfr2c342/*
mutated genes presenting phenotypic similarity to human Crouzon patients, including dome-
shaped skull, proptotic eyes, underdeveloped maxilla, mandibular prognathism and prematurely
fused coronal sutures in majority of cases [25-27] and (ii) the wildtype littermates without the

mutation.

Phenotypic Difference between Crouzon and Wildtype mouse

(a) - (b)

Figure 1.2. (a) Digital photographs of a Crouzon mouse (left) and a wildtype mouse (right). Micro-
CT images of the skull of (b) a Crouzon mouse and (c) a wildtype mouse. The inset with red borders

shows the fused coronal suture (adapted with permission from [27]).
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1.2. Objectives

The broad aim of the work described in this thesis was to investigate the potential of glypican-
releasing TNT/Ti implant technology in a murine model, to address a key clinical challenge of
delaying post-operative sutural bone growth in craniosynostosis. This interdisciplinary project
combines nanofabrication, surface engineering, craniofacial biology, molecular biology and
nanomedicine to develop a molecular adjunct for craniosynostosis treatment. A schematic of the

proposed TNT/Ti based implantable glypican delivery system is presented in Figure 1.3.

Glypican-loaded TNT/Ti Implants for Craniosynostosis Therapy

(TNT)Titania Nanotube Array

Lambdoid suture

A

,Saggital suture

GPC1/GPC3

HS chain

L Metopic suture

oronal suture

Cranial sutures in a newborn baby

= —=A
-
% A
\ |
A\ 1
) A\ 1{-,

Glypican Loaded TNT
(Skull implant)

Figure 1.3. Application of electrochemically anodised Titania nanotubes (TNTSs) as glypican-

releasing skull implants for craniosynostosis therapy.
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These are the list of aims of this research and the specific objectives relating to them:

1. Implant engineering: To fabricate and refine TNT/Ti based cranial implants with improved
structural properties for developing an effective protein delivery system. The specific research

objectives are:

to design and produce 3 mm circular Ti discs via ultrasonic milling to act as implant base

for anodisation and to fit into critical-sized defects in murine models,

e to optimise electrochemical anodisation conditions to fabricate stable and high quality
TNTSs with controllable and reproducible dimensions,

e to compare the effect of two different electrolyte conditions on the TNT surface and
mechanical characteristics, and

e to modify and characterise the TNT/Ti implant surface with biopolymer coatings (Chitosan

and Pluronic-F127) of variable thickness.

2. Invitro study: To investigate the in vitro protein release characteristics of biopolymer-coated
and uncoated TNT/Ti implants in phosphate buffer (PBS, pH 7.4). The specific research
objectives are:

e to measure the physical characteristics (hydrodynamic diameter and charge) of model
proteins (control- Bovine Serum Albumin and experimental- GPC1 and GPC3),

e to establish the release characteristics of control protein by exploring the effects of loading
amounts, techniques (in vacuum or air), and different biopolymer coatings,

e to establish release profiles for GPC1 and GPC3 entrapped within polymer-coated and
uncoated TNTs at room temperature and 37 °C, and

e to mathematically model the glypican release kinetics.
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3. Invitro cell study: To demonstrate the ability of chitosan-coated TNT/Ti implants to slow
release bioactive recombinant glypicans. The specific research objectives are:

e to measure the in vitro release of rGPC1 and rGPC3 independently and synergistically
(rGPC1+3) in phosphate buffer (PBS, pH 7.4),

e to transfect the murine myoblasts, C2C12 cells with experimental (BMP2-responsive
luciferase) and control plasmid constructs to functionally analyse the BMP2 activity
using Dual luciferase reporter (DLR) assay, and

e toanalyse the inhibitory effects of rGPC1, rGPC3 and rGPC1+3 released from proposed
TNT-based cranial implants on BMP2 bioactivity in the transfected cells using DLR

assay.

4. Pre-in vivo cell study: To evaluate the biological response of heterogeneous (human) suture
mesenchymal cells (SMCs) at TNT-cell interface. The specific research objectives are:

e to investigate the initial human SMC interaction at the implant surfaces,

e to compare the human SMC behaviour (adhesion, spreading and proliferation) within and
between the polymer-coated (with Chitosan and Pluronic-F127), uncoated TNT and control
surfaces, and

e to investigate the effects of surface chemistry and wettability on human SMC viability

between the polymer-coated and uncoated TNT/Ti implants.
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5.

In vivo implant response: To assess the in vivo tissue response to TNT/Ti implants (polymer-

coated and uncoated) in wildtype murine model, after 12 weeks of implantation. The specific

research objectives are:

¢ to histologically evaluate the skin and bone tissue (around the implantation site) to establish
the biocompatibility of TNT/Ti implants inserted either subcutaneously or within the CSD,

e to quantify (via micro-CT imaging) the undesired/excessive bone or cartilage formation
inside the CSD, and

e to surface characterise the TNT/Ti discs retrieved at the end of the study.

Implant protein release potential in vivo: To test the delivery potential of chitosan-coated

and uncoated TNT/Ti implants to locally release the biologically active model proteins

(control-BSA and experimental- GPC3) within the murine cranial CSDs, over the 12 weeks

implantation period. The specific research objectives are:

e to analyse the in vivo degradation of chitosan film covering the TNT/Ti surface,

e to evaluate the effect of BSA and GPC3 released form TNT/Ti implants on bone re-growth
within the defect site in a wildtype mouse model, and

e to assess the bone-antagonising effect of GPC3 released from TNT/Ti implants in a

Crouzon defect model (Fgfr2*?"* mutated) and compare it with the wildtype littermates.

1.3. Thesis Structure

This thesis includes 10 chapters and the following summary briefly describes how specific

objectives (as defined in the previous section) are addressed by each chapter, towards developing

a TNT-based molecular adjunct to craniosynostosis therapy.



CHAPTER 1: Introduction

Chapter 1 provides an outline of the work performed throughout the course of this project. It
briefly describes the craniofacial disorder (craniosynostosis), its symptoms and current
management technique. It emphasises on the need to develop minimally invasive alternative
treatments for craniosynostosis, based on molecular bone inhibition, to reduce the associated
morbidity. Most importantly, it describes the potential of nanoengineered Ti implants for localised

cranial bone inhibition.

Chapter 2 offers detailed literature review related to the pathological condition and the
nanoengineered implants, to bridge the knowledge gap and substantiate the applicability of this

interdisciplinary treatment approach.

Chapter 3 provides details on the materials, electrochemical set-up and methodologies used for

TNT/Ti implant fabrication and surface modifications.

Chapter 4 reports loading of model protein molecules into the TNT nanocarriers and their
subsequent release characteristics under different conditions and parameters. This work formed the

basis for future cell and animal experiments.

Chapter 5 demonstrates the biological response of human suture mesenchymal cells to the TNT/Ti
implant surface. The cell morphology, adhesion, proliferation and viability characteristics were
considered to evaluate the effects of different surface-modified TNT implants. This work is an
important contribution towards pre-clinical assessment of TNT/Ti implants in heterogeneous cell

population.
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Chapter 6 presents the ability of TNT/Ti implants to release biologically active protein molecules
that inhibit BMP2 activity in C2C12 cell cultures. This study analyses the encapsulation and

preservation of the labile and sensitive therapeutics within the nanotubes.

A common experimental section extensively describing the materials and methods used in all

in vivo investigations precedes Chapter 7 and 8.

Chapter 7 compares the in vivo performance of the polymer-coated and uncoated TNT/Ti cranial
implants to establish their biocompatibility, when implanted subcutaneously or within a surgically
created critical-sized defect. This work tested the implantation, surgical and analysis techniques in

a normal bone healing model (wildtype mouse).

Chapter 8 provides the successful preliminary testing of the bone-inhibiting potential of GPC3-
releasing TNT/Ti implants in both wildtype and Crouzon murine model. This study transcends
from the previous in vitro work as it manifests the practical application of the designed implants in

a successful surgical setting.

Chapter 9 presents a consolidative discussion articulating the investigations carried throughout
this project, reiterating the key findings of the studies in Chapter 3-8. It also provides a perspective

for future applications of TNT/Ti protein-delivering cranial implants.

Appendix A describes the detailed procedures for histological labelling with H&E, Movat
Pentachrome, Picro-Sirius Red, Periodic Acid- Schiff and TRAP stains. Appendix B contains
Animal Ethics Approval certificates from The University of Adelaide (first page of the approved
application) and Women’s and Children’s Animal Ethics Committee. Appendix C shows the grant

approval acknowledgement for this project from Australian Dental Research Foundation (ADRF).
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2.1. Bone structure and ossification

Bones forming the skeletal framework of all vertebrates are dense connective tissues which serve
crucial roles relating to structural support, body movement, blood cell production, maintenance of
body chemistry, endocrine signalling and storage depot for vital minerals. The bony milieu consists
of organic matrix, inorganic minerals, cells, and water. The organic component is mainly Type |
collagen, which interacts with the inorganic crystalline calcium phosphate, entrapping the bone

cells and hardening into a bone [1, 2].

Bone development is a dynamic process which remodels throughout the lifespan to repair
fractures and accommodate variable mechanical loads. Bone ossification or osteogenesis depends
on two primary cell types, osteoclasts and osteoblasts. Osteoclasts are multinucleated bone-
resorbing cells that have originated from hematopoietic precursors such as monocytes and
macrophages. Osteoclasts located in tiny resorptive pits on bones latch onto the breakdown sites
along the surface of the bone and dissolve the bone matrix by enzymatic action [3, 4]. They are
often balanced by osteoblasts that are responsible for new bone production. Osteoblasts are small
mononucleated cells of mesenchymal origin. They synthesise and secrete collagen fibres and
calcium salts to form immature bone matrix called osteoid, which later becomes fully mineralised
by hydroxyapatite deposition [5]. Once the bone calcifies, the osteoblasts get trapped inside the
matrix. These mature and quiescent bone cells are termed as osteocytes and they maintain the bone

tissue, mineral homeostasis and metabolic activities [6].
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Bones regenerate by two distinct developmental processes: intramembranous ossification and
endochondral ossification [7]. Intramembranous ossification is common to skull and other flat
bones in the body, wherein the progenitor cells differentiate directly to form a sheet-like dense
connective tissue membrane which calcifies as the tissue develops. Endochondral ossification
occurs in development and repair of long bones. It involves replacement of a hyaline cartilaginous
intermediate which prefigures future skeletal elements, within a developing bone [8]. During this
process, the chondrocytes undergo proliferation, followed by hypertrophy and death. This is
succeeded by vascular invasion, spongy bone formation and eventually calcification with

hydroxyapatite to form mature bone [9-11].
2.2. Normal mammalian skull vault development

The basic structure of a mammalian cranial vault consists of five free-floating flat bones: a pair of
frontals and parietals, and a singular occipital, which abut at fibrous junctions called sutures [12,
13]. According to Gray’s Anatomy a suture is “an articulation in which contiguous margins of
adjacent bone are united by a thin layer of fibrous tissues” [14]. These intervening flexible sutures
in infants, separating the bony cranial plates, serve as the most important centers of appositional
growth in the skull [15]. The also play pivotal roles in early life, permitting head malleability during
passage through the birth canal, helping in the relative movement of the separate bones during
volumetric expansion of infant skull and in absorbing mechanical trauma in childhood [16]. An
infant human vault typically forms with an interfrontal (metopic) suture between the frontal bones
and the sagittal suture situated between the parietal bones. Along the transverse axis, the paired
coronal sutures are located between the two frontal and two parietal bones and the paired lambdoid

sutures form between the parietal and occipital bones. The junctional boundaries of two or more
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sutures comprising of larger non-mineralised areas of connective tissue are termed as fontanelles,
which close when the sutures fuse together during normal development [12, 13, 16, 17]. The
patency of sutures and production of the new bone is position and age specific, with anterior
midline metopic suture closing a few months after birth [18]. The other three sutures obliterate
between 22 to 39 months of age [17]. The arrangement of the bones and sutures in newborn human

is shown in Figure 2.1.

Infant Skull Sutures

i
=3

Coronal suture _ ol o "
«ZiF
B % Parietal
3 bone

Frontal

bone
Lambdoid
/‘ suture
- Frontal Anterior gagittal s
Q- puture . fortanel ) Occipital

£ bone
Frontal 4

bone

[
Coronal suture ﬁ "_.-

Posterior fontanel

Figure 2.1. The Skull of an Infant with major patent sutures (© 2012 Pearson Education, Inc.).

The mineralisation of the cranial vault at the osteogenic fronts, along the suture boundaries
occurs by intramembranous ossification without a pre-existing cartilaginous matrix (Figure 2.2).
Cranial skeletogenesis is a unique phenomenon derived from multipotent mesenchymal cells
located under the dermal mesenchyme and above the meninges covering the brain. Calvaria
formation initiates from the primary centre of ossification where progenitor cells undergo rapid
proliferation, which allows the cranial vault to expand and accommodate the rapidly growing brain.

This is followed by subsequent differentiation into osteoblasts at the osteogenic fronts. The
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ossification proceeds radially from the condensation centres to form the skull bones until the two
calvaria approximate each other, leading to suture formation during craniofacial development. A
fine balance exists between the proliferation and differentiation processes, which along with
programmed apoptosis, governs the regulation of suture fusion. Disruption of any of these

processes can result in various types of skull distortion and defects [12, 13, 15, 19].
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Figure 2.2. Cross-section through a patent coronal suture.
2.3. Craniosynostosis

Craniosynostosis is a debilitating and disfiguring pediatric abnormality that is characterised by the
premature fusion of one or more skull sutures, resulting in cessation of bone growth at the affected
site [15, 18, 20, 21]. It represents a highly unknown but significant medical problem, occurring in

~1in 2500 live births [22]. The early ossification of cranial sutures is associated with morphologic
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abnormalities such as dysmorphic head and asymmetric facial features, causing significant
morbidity. Other sequelae include raised intracranial pressure, impaired cerebral blood flow,
mental retardation, impaired vision and hearing, airway obstruction, abnormal mastication,

intellectual disability, seizures and long-term psychological effects [23-30].

2.3.1. Classification

Classification of Craniosynostosis
F Metopic
/?Cumnal
| Saggital
N ; Lambdoid

Normocephaly

Trigonocephaly  Brachycephaly Anterior Posterior Scaphocephaly
plaigiocephaly plaigiocephaly

Figure 2.3. Craniofacial growth patterns in craniosynostosis.

Craniosynostosis can be divided into two main groups: syndromic and non-syndromic. The non-
syndromic types account for approximately 60% of the cases and usually occur as an isolated event.
These types of sporadic craniosynostosis can be predicted phenotypically based on the site of
obliterated sutures as well as the rate of progression of synostosis. The shape alteration is dictated

by Virchow’s law i.e., the compensatory growth of the vault enhances in a plane parallel to the
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closed suture, instead of the regular perpendicular dimension, thus causing overexpansion of the
cranium [31, 32]. The diagnostic phenotypic classification of the craniofacial anomalies is

summarised in Figure 2.3.

Sagittal synostosis

Sagittal sutures are most commonly prone to synostosis and comprise of 40% to 58% of the non-
syndromic patients. Sagittal synostosis is characterised by a broad forehead, increased anterior-
posterior dimension and decreased lateral dimension, leading to an elongated skull. The condition

is clinically termed as scaphocephaly (boat head in Greek) [31, 33].

Coronal synostosis

Coronal synostosis accounts for 20% to 29% of the cases and is the second most common type of
craniosynostosis. Unilateral coronal fusion causes anterior plagiocephaly typically associated with
a skewed head/ facial twist, ipsilateral flattening of the forehead at the side of closed suture and
contralateral bulging of the skull in frontoparietal direction [33, 34]. In case of bilateral fusion or

brachycephaly, skull shortens anteriorly to posteriorly with bilateral forehead retrusion [33].

Metopic synostosis

According to epidemiologic studies, metopic synostosis occurs only in 4% to 10% of the non-
syndromic cases. Resultant trigonocephaly leads to narrowing of the frontal bones, prominence of

the posterior parietal and occipital bones and a typical triangular-shaped forehead [33].

21



CHAPTER 2: Literature Review

Lambdoidal synostosis

This is the rarest type of non-syndromic craniosynostosis (2% to 4%) and is characterised by
occipital/posterior plagiocephaly. The resultant phenotype shows ipsilateral flattening and

widening of the occipital bone with the cranial base titled toward the affected side [31].

Syndromic craniosynostosis

Craniosynostosis with extracranial dysmorphic features or developmental defects is categorised as
the syndromic type. The additional anomalies associated with phenotypical changes in the face,
skeleton, nervous system, heart or respiratory tract have been attributed to specific genetic

mutations causing clinically recognised syndromes [31, 35].

The most common syndromic form involves a gain-of-function mutation in the fibroblast
growth factor receptor family (FGFR 1 to 3) which plays a vital role in cell proliferation and
differentiation from the earliest embryonic stages. The FGF receptors are tyrosine kinase like
receptors which in mutated state, tend to remain active and cross phosphorylate, even in the
absence of a target FGF ligand [12, 36]. This results in Pfeiffer, Apert, Crouzon, Beare-Stevenson,
Jackson-Weiss, and Muenke syndromes which are mostly characterised by bicoronal suture fusion

or cloverleaf skull, distinctive mid-face deformities and limb abnormalities [31].

Apart from the FGF mutations, certain transcription factors have been known to cause
craniosynostosis of variable severities. Boston-type craniosynostosis is caused by mutation
in the MSX2 which is associated to BMP signalling and osteoblast differentiation. This is highly
penetrant, autosomal dominant disorder, confined to a single family with variable phenotype from

metopic ridging to cleft palate, extra teeth and digital abnormalities [37].
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By contrast, Saethre-Chotzen syndrome, an autosomal dominant form results from loss-of-
function mutations in TWIST1 gene which is a basic-helix-loop-helix transcription (bHLH) factor
expressed early in suture development. The majority of patients display bicoronal synostosis, facial
asymmetry, low frontal hairline, drooping eyelids, syndactyly and abnormal ears. Twist 1 has also
been held responsible for negatively regulating signalling pathways related to FGFR1, 2 and 3,

MSX2 and Runx2.

2.3.2. Aetiology

Apart from genetics being a potential cause of premature suture closure, it has been observed that
several other factors are likely to play a role, especially in non-syndromic cases. Some of them
include biomechanical, environmental and hormonal factors. Increased intrauterine head constraint
during pregnancy has been implicated as a risk factor for premature suture fusion. The abnormal
forces on the foetal cranial vault inside the womb triggered changes in gene expressions and
signalling pathways crucial to bone development. In addition, twins have been documented to be
more prone to craniosynostosis compared to singletons [38, 39]. Maternal smoking has been linked
to craniosynostosis possibly by affecting the FGFR genes. Furthermore, exposure to teratogenic
factors such as amine-containing drugs or epilepsy medication can elevate the risks during
pregnancy [40-43]. Moreover, in hyperthyroidism, it is presumed that the bone matures faster due

to high levels of thyroid hormone thus mediating premature closure [44].

23



CHAPTER 2: Literature Review

2.3.3. Diagnostics and management

The preliminary diagnosis is based upon physical examination or cephalometrics that enable
precise longitudinal measurements of head growth. Ultrasonographic and radiographic
investigations, including X-ray reports and computed tomography (CT) scans, can further aid to
visualise the patency of the skull sutures. Three-dimensional CT can clearly document the extent
and severity of the deformity and its effect on adjacent craniofacial region. These techniques help
in comparing pre-, intra- and post-operative measurements of the bony landmarks. Sophisticated
software can be used to reconstruct a CT scan and determine the type of craniofacial abnormality,
quantify the skeletal deformity, calculate the changes in intracranial volume and plan a treatment
accordingly. Furthermore, molecular screening can be performed by early gene testing in case of

syndromic craniosynostosis [23, 45-48].

Moreover, magnetic resonance imaging (MRI) has been applied to measure the flattening of
brain foldings. It can anatomically delineate the pattern of cortical gyri and sulci underlying the
fused suture. The pre- and post- operative scans that are taken a year apart, can be compared as a
follow-up study. But, a lack of centralised database for these MRI scans makes this study unreliable

[23].

The management of craniosynostosis is highly dependent on the timing, area and extent of
sutural fusion. While the optimal approach for managing craniofacial anomalies involves a
multidisciplinary set of skills, surgical intervention has been the most common treatment [23, 49].
Over the past 100 years, craniofacial surgery have evolved from strip craniectomies to a traditional
cranial vault reconstruction/remodelling and endoscopic suturectomies [50]. The extended

reconstruction surgery involves surgical excision of the fused suture by dividing the cranial bones
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artificially and removing, remodelling and repositioning the cranial bone segments. This procedure
is usually performed at late infancy, 6-12 months of age because the cranium bones are malleable
and easier to reshape. Also, most of the dynamic brain growth is completed by the end of first year
and the surgical bony gaps can re-ossify without the need of external fillers. In most cases, fixation
hardware such as titanium screws, plates and absorbable implants etc. is required to reshape the
skull. Though the morbidity rate from the initial operation is low, these surgery are typically 4-5
hours in duration and may require blood transfusion as well as prolonged post-operative hospital
care. The surgical intervention helps to improve both aesthetics and function by securing greater
room for the brain to expand and eliminating the risks of neurologic and cognitive impairment [23,

50-52].

For infants younger than 3 months, a minimally invasive endoscopic method is adapted to
avoid the massive blood loss and trauma associated with a traditional surgery. The surgeon makes
small incisions in the scalp, inserts an endoscope for good access and opens the sutures to enable
brain growth. This approach is quicker and requires overnight observation in intensive care unit.
However, the surgeon cannot alter the cranial shape and these surgery are usually followed by the
use of molding helmets therapy. Additional follow-ups and a series of customised helmets are

required to mechanically reshape the skull vault [50, 53, 54].

Even after a successful primary operation, cranial vault reconstruction has to be repeated to
accommodate the changes with age. In 40% of the cases, the extirpated bones rapidly re-fuse
resulting into a condition termed as resynostosis. Thereafter, multiple operative interventions are
needed to release the resynostic constraint and normalise the cranial shape, especially in syndromic

cases such as Apert, Crouzon and Pfeiffer syndromes [55, 56].
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As with all surgical procedures, there are severe mortality and morbidity risks associated with
craniectomies. The complications include excessive intra-operative bleeding, infection, dural tears,
subdural haemorrhages, scarring, seizures, cerebral edema, stoke and death in extreme
circumstances [55, 57-59]. Alternate rationale and solutions to minimise the number of invasive
re-operations have been the main focus of craniofacial research over the past few decades. An intra-

operative image of a child undergoing cranial vault remodelling is depicted in Figure 2.4.

Cranial Vault Reconstruction Surgery

e

Figure 2.4. Cranial vault reconstruction surgery at Australian Craniofacial Unit (ACFU).

2.3.4. Research based findings for craniosynostosis therapy

2.3.4.1. Animal models in craniofacial research

Craniofacial malformations are among the most heterogeneous but frequent birth defects in
humans. An appropriate animal model forms the basis of all the surgical manipulations required
for craniosynostosis therapy. It helps to understand the molecular mechanisms involved in normal
and abnormal suture development and function. Preclinical investigations of new therapeutics have
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been conducted in a number of small and large animal model systems. The rabbit, rat and mice are

the most commonly used animals in cranial suture research [60, 61].

Mouse is an excellent model due to its easy maintenance and low cost. The craniofacial
development in mice is predictable and comparable to humans, with the posterior frontal suture
fusing between 7-12 days postnatally which is analogous to human metopic suture [61]. The rest
of the mouse sutures remain patent throughout the adult life unlike in human skull [16, 61].
Furthermore, availability of sophisticated cellular and molecular analysis tools with high
reproducibility makes the use of mouse models ideal. Typically, to study the bone healing/re-
growth, a critical-sized defect is introduced onto the cranial skeleton around the suture of interest,
which, if left untreated, will not heal in a normal as well as pathological mouse model [62]. This
provides an effective model to understand the causative mechanisms and to test therapeutic

interventions to delay bone re-fusion.

The rat is another common model which aids towards technically better craniectomies due to
larger size. In this model, each animal can be used as its own control by introducing bilateral defects
on both sides of the suture [62, 63]. Investigators have developed specific animal models which
help focus on the phenomenon to be studied. Firstly, a stress induced murine model has recently
been tested for intrauterine constraint causing suture fusion [64]. It elucidated the effect of up- or
down-regulation of specific molecules in fusing/fused sutures. The presence of bone promoters
such as bone morphogenetic protein 4 (Bmp4), Indian hedgehog (Ihh), RunX2 or antagonists such
as noggin can alter the suture patency. A rat organ culture system with micro-distraction device
showed that mechanical stress influences both physiologically fused and normally patent sutures

[38, 64].
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The second type of model involved transgenic mouse models which have been genetically
engineered with a mutation associated with a craniosynostosis syndrome in humans. This includes
various models with knock-outs genes, under- or overexpressing certain proteins [16]. A Crouzon
mouse model with mutated Fgfr2¢34%"* genes has been well-researched to study cellular, molecular
and biochemical mechanisms of Crouzon syndrome, and also to test pharmacological interventions

[65-67].

Mooney and co-workers have been actively involved in investigating a rabbit model with
familial, congenital non-syndromic craniosynostosis of the coronal suture [68]. They identified the
mutated strain in affected New Zealand white rabbits and interbred them to develop and sustain a
colony with craniosynostosis. These animals demonstrate autosomal dominant transmission with a
vast range of phenotypic expressions, from unilateral or bilateral suture fusion (early or pre-natal
onset) to delayed-onset (post-gestational) synostosis [69, 70]. Due to paucity of molecular tools for
genetic disorder mapping in rabbits, the underlying mutation is currently unknown. The primary
benefit of larger animals is better precision and control during surgery but they are more expensive
to use and maintain. Other models such as mini-pigs, sheep or non-mammalian ones (zebra-fish,

frog etc.) have also been utilised to study suture morphogenesis [68-71].

2.3.4.2. Molecular regulation of suture morphogenesis

Although several growth factor receptor and transcription factor mutations have been implicated
in craniosynostosis, the underlying mechanisms leading to sutural obliteration remain unclear.
Cranial vault sutures are the prime site of intramembranous bone growth due to rapid neurocranium
expansion. The underlying mechanisms for sutural patency or obliteration are implicated to the

major signalling pathways in bone formation and their corresponding mutations. It involves a
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complex interplay and balance of transcription factors, growth factor receptors, cytokines and
extracellular matrix molecules. The fibroblast growth factor (FGF) and transforming growth factor
(TGF)-PB pathways are most extensively studied in craniofacial development and suture patency.
These pathways participate in morphogenetic, proliferative and differentiative processes during

intramembranous ossification involved in cranial development and repair [16, 72, 73].

Mutations involving these pathways account for the syndromic cases of craniosynostosis (with
known genetic causes) [22, 24]. Studies involving microarray analysis have reported a large
number of genes (MSX2, FGFR1, FGFR2, FGFR3, TWIST genes etc.) that form part of complex
molecular network controlling suture morphogenesis [27]. The functions of these genes have been
assessed by gene knock-out approach in animal models, with a significant difference in expression

of these genes being observed in fused and unfused sutures [73].

The (TGF)-B superfamily comprising of bone morphogenetic proteins (BMP 2-8),
transforming growth factor beta (TGF-f1-3), activins, inhibins and growth differentiation factors
(GDF 1, 5, 8, 10) regulate osteoblast proliferation, angiogenesis, and production of extracellular
matrix proteins [16, 74]. Experimental evidence shows the variable expression of TGF-f isoforms
in cranial sutures. Opperman et al. elucidated down-regulation of TGF-B3 and upregulation of
TGF-B1 and 2 in fusing posterior frontal suture in a murine model. An inverse pattern was observed
in patent coronal sutures [75]. The knock-out and TGF-f2 null mouse models further supported the

findings, where conditional inactivation of TGF-B2 caused developmental defects [76, 77].

The FGF members and receptors also have profound effects on suture morphogenesis. The
family consists of 22 members but FGF2 has been frequently implicated in several aspects of suture

formation. Transgenic mouse model with overexpression of FGF2 exhibited mineralisation defects,
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flattening and shortening of long bones while a FGF2 knock-out model has shown decreased bone
mass [16, 73]. As stated earlier, a gain-of-function mutation in FGFR genes is a major cause of

syndromic craniosynostosis.

2.3.4.3. BMP and BMP antagonists

The BMP proteins belonging to TGF-p family are one of the major growth factors responsible for
bone development, regeneration and craniofacial and skeletal patterning. There are 20 BMPs
identified till date which have been involved at different stages of bone formation. Although the
BMP isoforms are structurally and functionally related, BMP2 and BMP4 are considered most
osteogenically potent in cranial suture biology. During skull growth, BMP signalling pathway has
been associated with down-streaming of FGF pathway, hence can be manipulated for treating
cranial deformities. The BMP family members initiate signalling by dimerising and binding to
tetramer transmembrane receptors on the mammalian cell surface which possess serine/threonine
Kinase activity intrinsically. There are mainly two types of BMP receptors, including type |
(BMPR-I) and type 11 (BMPR-II) receptors. Typically, the signal transduction cascade is triggered
by BMP binding to BMPR-I or Il to form a ternary complex. This initiates the transphosphorylation
of type | receptor from the activated type Il receptor. The type | receptor consecutively
phosphorylates the intracellular R-Smads (Smad1, 5 and 8) which then associates with the co-Smad
(Smad4), and translocates to the nucleus, regulating the gene transcription [16, 73, 78, 79]. The

BMP regulatory mechanism during bone formation is shown in Figure 2.5.

30



CHAPTER 2: Literature Review

Molecular Regulation of BMP2 Pathway

Glypicans

BMP antagonists :
Moggin, Gremlin,

x

BMIPR-II

BMPR-I

Formation of ternary
complex

®

R-Smad:
R=1,58
Anti-Smad:
Smad-6,7
R-Smad:
R=1,5.8

e =

L J

EXTRACELLULAR SPACI

CELL MEMEMBRANE

CYTOSOL

NUCLEUS

’ZNL{WEWA = Bone Formation

Gene transcription

Figure 2.5. Regulation of the BMP signalling pathway during bone formation.
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BMP signalling is critically regulated by a class of molecules called BMP antagonists. These
regulators maintain a fine balance of cellular and developmental activities in the suture
mesenchyme by providing negative feedback to the BMP production. The BMP antagonists can be
both intracellular and extracellular and function through binding to the BMP complex. This
prohibits BMPs to bind to the target receptors and regulates the pathway. In some cases, the

antagonists bind directly to the receptor to block the signal transduction altogether [78, 80].

A number of proteins have been identified and documented as members of BMP antagonists,
with noggin, gremlin and glypicans studied mainly in craniofacial literature. Noggin is a prominent
antagonist which binds to BMPs 2, 4, 5, 6 and 7 complexes with different levels of affinity and
inhibits their osteogenic potential and bone formation. It is also essential for embryonic neural tube
development and skeleton patterning. A previous study has demonstrated the postnatal expression
of noggin in patent, but not in synostosing cranial sutures. Moreover, it has been suggested that the
FGFR-mediated craniosynostosis may be caused due to inappropriate downregulation of noggin in

the suture mesenchyme [63, 71, 81].

Gremlin is another alternative to Noggin, which has shown higher specificity in blocking the
BMP function. It is involved in kidney and limb development as well as in blocking osteoblast
differentiation and function. A Grem-1 knock-out mouse model increased trabecular bone

formation, whereas its overexpression caused osteopenia and short stature [80, 82].

Glypicans, a group of inhibitory molecules have been explored over the past decade by our
group at Australian Craniofacial Unit in Adelaide, Australia. These BMP antagonists have been
closely linked to suture patency and craniosynostosis. Glypicans have been described in detail in

the following section.
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2.3.4.4. Glypicans

Glypicans are cell-surface heparan sulfate proteoglycans that are bound to the exoplasmic surface,
anchored by a glycosylphosphatidylinositol (GPI1) linkage, localised to intracellular granules or

secreted to the extracellular matrix (Figure 2.6) [73, 83-85].

Vertebrates typically contain six members of this family (GPC1-GPC6), measuring ~ 60-70
kDa in size [84]. Structurally, core proteins consist of a large, globular and stable a-helical domain
with 14 invariant cysteine residues. This is followed by a glycosaminoglycan (GAG) attachment
domain substituted with heparan sulfate (HS) chains, coiled into a folded, tertiary structure
interacting via disulfide bridges [73, 86, 87]. X-ray crystallographic studies reveal that the compact
cylinder of core protein is approximately 10 nm in length and 3 nm in diameter. Mature glypican
attached to the GAG (unbranched oligosaccharide) chains in extended form measures around 50-

150 nm, depending on number of chains [73].

Loss-of-function mutations in glypican core proteins and the GAG chains have revealed their
importance in determining skeletal development [73, 85]. GPC3 mutations have been associated
with a rare disorder in humans, Simpson-Golabi-Behmel Syndrome (SGBS), which is characterised
by pre- and post-natal overgrowth and developmental delays [85]. Moreover, upregulation of
GPC3 acts as an oncogene (molecular marker) in liver cancers. Over or under expression of other
glypicans have also been observed in cancers pertaining to gliomas, ovary and breast. Furthermore,
homozygous mutations in GPC6 can lead to a recessive genetic condition called Omodyplasia [73,

85].
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Figure 2.6. Schematic representation of localisation and structure of glypicans in the vertebrates.
The multiple disulphide bridges (S-S) organise the core protein which is attached to a heparan
sulfate (HS) chain. The glypicans are attached via a glycosylphosphatidylinositol (GPI) anchor to
the outer surface of plasma membrane or located in the extracellular matrix after cleavage of the

linkage.

2.3.4.5. Interaction of glypicans and BMPs

Apart from their association with various genetic abnormalities, glypicans play a vital role in
receiving, modulating, trafficking and spreading the extracellular and intercellular signals [85].
They can have inhibitory or stimulatory actions depending on the pathway, cellular context and
location. Recent studies have reported high levels of BMP2 in prematurely fusing sutures in
craniosynostosis patients [18]. BMP signalling occurs downstream of FGF signalling, hence

manipulation of BMP pathway has been reported to be effective for craniosynostosis therapy. A
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complex interplay of molecules governs the BMP activity, with glypicans as co-regulators [18].
The exact mechanism by which glypicans regulate BMP activity is still unclear, but there is
experimental evidence to suggest that GPC3 and/or GPC1 work at the level of signal reception by

altering the physical interaction between BMP2 and BMPR signalling receptors [18, 73].

It has also been established that the expression of GPC3 and/or GPC1 in suture mesenchymal
cells controls the BMP2 activity, and that the GPC1-GPC3-BMP axis synergistically regulates
skull growth. A 7 fold decrease of GPC3 was observed in fusing sutures during luciferase reporter
assay, with GPC1/GPC3 being noted to block BMP2 activity by binding to its receptors, whereas
antibody blockade of these glypicans was found to potentiate BMP2 activity [18]. By increasing
the concentration of GPC1/GPC3 in the affected sutures to inhibit BMP2 signalling, BMP2-

mediated bone formation and premature fusion can be avoided [18].

2.3.5. Current therapies for delaying/avoiding premature fusion

Better understanding of suture pathogenesis, the regulatory mechanisms and the signaling
pathways, along with availability of surgical animal models, provide meaningful insights to
develop adjunctive non-surgical therapies to treat or delay post-operative resynostosis. Several
molecular adjuncts have been proposed and tested to target potent bone-forming mechanisms by

controlled delivery of bone antagonist proteins that inhibit the osteoblastic activity [15, 88, 89].

The animal craniectomies or suturectomies are simulated based on the corrective surgical
intervention in human patients. Herein, a midline scalp incision is performed to expose the
underlying calvaria and the sutures. After isolating the osteogenetically fused/fusing suture, the

periosteum is carefully removed. This is followed by extirpating a region of the suture of interest,
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leaving a critical-sized defect, similar to gaps created in craniosynostosis operations. The placebo
group usually has an empty defect; while the experimental groups have a controlled delivery system

with therapeutic proteins targeted locally [88, 89].

To this end, the researchers investigated the delivery of neutralising antibodies against TGF-p2
growth factors to the suturectomy sites in rabbit model of synostosis. This confirmed the hypothesis
that disruption in TGF-B2 function and activity rescues suture obliteration [90]. This was followed
by a study demonstrating the prevention of suture re-closure by controlled delivery of Tgf-p3 in

rabbits with delayed-onset craniosynostosis [91, 92].

The BMP antagonist, noggin has been shown experimentally to block BMP function and avoid
resynostosis in large as well as small animal models. Noggin was effective in delaying craniectomy
site re-fusion and bone ossification, evidenced by presence of calvarial defects up to 84 days after
treatment in well-established rabbit model of human coronal synostosis [70]. Another study
showed that the administration of noggin to fusing sutural sites in rabbit models with delayed-onset
synostosis did not inhibit suture fusion, suggesting that BMPs were not directly involved in disease
pathogenesis and only regulated post-operative bony healing [69]. In a more elaborate set of
experiments, cells overexpressing noggin protein seeded onto a scaffold were placed surgically
over a defect in posterior interfrontal murine suture in a post-operative resynostosis model. The
results confirmed that noggin was actively delivered to antagonise ectopic bone formation as well
as membranous re-ossification [88]. Furthermore, in a weanling rat model xenotransplanted with
FGFR2-mutant human osteoblasts (from Crouzon and Apert patients) under the coronal suture, the
induced bridging synostosis was counteracted by placing acrylic beads with recombinant human
noggin at the surgical site [63]. The pro-patency effects of bone inhibitors show a varied response
in infant and adult mice, with the bone regenerative rates in the cranial defects higher in young
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animals. This can be clinically translated into age-dependent severity of resynostosis [55, 93].

2.3.6. Delivery systems for suture regulation

As described in the previous section, the transcranial surgical outcomes can be improved by
combining them with controlled release of therapeutic proteins that inhibit re-ossification. The
desirable drug delivery system should provide an effective dosage for prolonged release of the
bioactive proteins, with tailorable release pharmacokinetics, high bioavailability and
biodistribution, high efficacy, minimal non-specificity, improved in vivo stability and shelf life
[94-96]. So far, the localised administration of the cytokines and therapeutic proteins into the
craniofacial regions has been done either directly using a carrier (polymer-based microspheres,
hydrogels, and implants, lipid nanoparticles, ceramics, titanium fibre-mesh or porous glass) or gene

based therapies (both viral and non-viral vectors) [71, 89, 94].

Collagen, a natural polymer, is the most common delivery vehicle used for multiple tissue
regeneration and craniofacial studies. In early animal and clinical studies, collagen sponges were
applied as vehicles owing to their resorbable nature [94, 97]. However, their high porosity, quick
degradation, uncontrolled diffusion of proteins, dose dumping and large initial burst release
deemed them undesirable. The sponges were replaced by another less porous, more retentive
collagenous matrix, collagen hydrogel. This carrier provided better release kinetics but also
induced osteogenesis in rat cranial defects [97]. A recent advancement over conventional hydrogel
was made with the development of highly purified, bovine, type | collagen gel. This is a high
density semi-viscous material which can be easily injected at the surgical site, solidifying into a
gel at 37 °C. This formulation is biocompatible, slow-resorbing and non-osteogenic in nature. This

scaffold has been extensively applied in animal model to deliver bone inhibitors and antibodies to
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delay reossification of the suture site [70, 72, 94]. Although a collagen vehicle has its advantages,
the little control over the rapid release parameters, associated inflammatory response and high
fraction of protein retention even after release, makes it unsuitable for craniosynostosis treatment

[94, 98, 99].

A synthetic polymer-based system facilitates better control and flexibility for maintaining a
sustained release with tailored degradation rates. Biopolymers such as poly-lactic-co-glycolic acid
(PLGA), poly-ethylene glycol (PEG) and poly-caprolactone (PCL) have been extensively used in
many tissue-engineered orthopaedic and craniofacial models. These polymers can be fabricated
into microspheres which can be injected directly onto the surgical site or into a gelatin carrier
(Gelfoam) to deliver bioactive molecules [89, 100-102]. With advancements in polymer and
material chemistry, synthetic polymeric vehicles can be modified into non-antigenic materials with

controllable therapeutic encapsulation/adhesion and target specificity [103].

Injectable synthetic hydrogels are preferred over pre-formed scaffolds in craniofacial
applications, but they require cross-linking to polymerise within an in vivo system. Traditionally,
UV light or potentially harmful chemicals are used to cross-link the gel, which can have severe
implications on neurological health [104, 105]. Recently, an injectable hydrogel (reactive PEG
molecules) with rapid in situ “click-chemistry” crosslinking has been explored to deliver Gremlin
to a critical-sized defect in a weanling mouse model of resynostosis. This hydrogel-based therapy

showed bone growth inhibition dependent on the Gremlin dosage [106].
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2.4. Nano-drug delivery Implants: Titania Nanotubes

Despite the development in innovative micro-scale delivery systems, the current techniques have
some limitations. The conventional systems are unable to provide a long-term sustained delivery
of bioactive proteins necessary for cranial suture regulation to prevent resynostosis. These proteins
are also susceptible to enzymatic denaturation and instability if left unprotected (short half-lives).
Moreover, protein dosage is critical in craniofacial delivery as the target cells (undifferentiated
mesenchymal cells) in the suture mesenchyme can respond differently and adversely to the same

biomolecule, depending on the concentration [72, 94].

To overcome these drawbacks, more efficacious and rational delivery systems based on
nanotechnological approaches have been explored. These alternative nano-drug delivery systems
have empowered the development of implantable drug releasing platforms providing targeted,
controlled, sustained, programmable and localised administration of therapeutics. The current
medical applications of these systems is summarised in Figure 2.7 along with other microfabricated

devices.

Advanced nanofabrication technology has led to emergence of a plethora of nanomaterial-
based implants to deliver active agents in an optimal manner. Herein, nanoengineered surfaces
have attracted much attention over the past few decades, due to their easy fabrication, controllable
geometry, applicability and drug releasing capability. The inorganic nanoporous and nanotubular
implants (such as nanoporous Alumina, porous Silicon and Titania nanotubes) generated by
electrochemical etching/anodisation have emerged as a special niche in biomedical research due to
their unique properties [96, 107-110]. Titania nanotubes (TNTS) in particular, have an edge over

other biomaterials as they can be generated on pre-existing titanium and their alloyed medical
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implants (plates, screws, wires etc.) which are the current gold standard for craniofacial and dental

applications [89].
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Figure 2.7. Current Drug-releasing implants based on micro-/nano-engineered strategies (reprinted

with permission from [109]).
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Self-organised nanostructured materials have attracted considerable interest due to their
spontaneous generation and specific hierarchical organisation at micro- and nano-scales [107, 111-
113]. TNTs are composed of arrays of vertically aligned, self-ordered nanotube structures with
hexagonal arrangements and controllable dimensions. These novel nanoengineered structures
demonstrate a low-cost fabrication, high surface-to-volume ratio (~1000-2000), high surface area
(180-250 m?/g), versatile nanotube geometry with controllable pore size (10-300 nm) and thickness
(0.5-500 um), high loading capacity, chemical and mechanical stability, ease of functionalisation,
enhanced drug-releasing performance and excellent biocompatibility [107, 114-117]. These
characteristics have made TNTSs desirable for a number of applications. For instance, remarkable
work has been done to explore the use of TNTs as photocatalysts (for water splitting, hydrogen
generation, pollutant degradation) [118-121], dye-sensitised solar cells [122, 123], energy storage
systems [124, 125], sensors (humidity, gas, bio—sensors) [126-129], interference coatings in optical
devices [130], templates for secondary nanomaterials [130-132] and self-cleaning membranes.
Furthermore, their use in biomedicine including cell interaction, tissue engineering implants [115,
133] and drug delivery systems [134, 135] has also been investigated owing to profound changes
in performance dependent on nanotube length, diameter, wall thickness, crystallinity and the

density of tubes/pores on the surface [136].

2.4.1. Fabrication of TNT

TNTSs are hexagonally arranged one-dimensional tubular structures, with a closed bottom and an
open top, that arrange themselves on Ti substrates or form loose agglomerates in a solution.
Synthesis of these nanostructures can be achieved by different approaches involving template-

assisted, sol-gel, hydro/ solvothermal and electrochemical methods.
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For template assisted synthesis, a titanium alkoxide precursor undergoes acid-catalysed
hydrolysis (to form a gel-type Ti-O-Ti chain) within a selected template, followed by hydrolysis
into TiO> precipitates. Several templates from spherical or rod like micellar assemblies to
nanoporous alumina have been used to facilitate TNT formation. An atomic layer deposition
technique has also been applied to obtain TNTs with controlled thickness within the template. A
major challenge of this approach is dissolution of the template, which results in low yield of loose
agglomerated TNTs of non-uniform lengths. Another well-established template-free method is
hydro/solvothermal synthesis, which involves autoclaving bulk TiO2 powder in NaOH solution at

high temperatures to obtain nanotubular bundles with wide size-distribution [114, 137].

A more recent fabrication technique based on electrospinning has been researched, wherein
titanate precursors are electrospun onto polymeric fibres, followed by heat decomposition of the
polymer to yield hollow titania nanofibers or TNTs [138]. In contrast, electrochemical
anodisation of Ti involves the synthesis of highly-ordered nanotubes using localised chemical
dissolution, with controlled field-assisted oxidation and dissolution reactions. This method is

deemed most suitable for biomedical implants due to adjustable morphological control [139].

2.4.2. Electrochemical Anodisation (EA): Mechanistic model of nanotube array

formation

There are a large number of reports regarding the mechanism underlying the formation of self-
organised TNTs [107, 114, 117, 140-142]. The schematic of electrochemical set-up and the key
processes involved in generation of self-ordered nanotubes is elucidated in Figure 2.8. The basic
experimental setup involves an electrolyte, a target metal substrate (working electrode or anode),

and a counter electrode (cathode). The electrochemical synthesis by anodic oxidation involves
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application of current/voltage to oxidise an electrochemically active species in an appropriate
electrolyte. Depending on the fluoride ion concentration in the electrolyte, three different
electrochemical profiles can be attained. In a fluoride-free case, a stable compact oxide (CO) layer

is formed whilst, in access of fluoride ions, electropolising of the surface occurs.

However, during a process with optimal fluoride ions in an electrochemical cell, initial oxide
growth at the metal (anode) surface occurs due to interaction of titanium with the O2/OH" anions
from the water content (field-aided deprotonation) in the electrolyte (eg. 1 and 2). This is followed
by migration of Ti** cations from the oxide/metal interface to the electrolyte/oxide interface and

finally into the solution (Figure 2.8b).

2H,0—>0,+4e +4H" 1)

Ti+0,—>TiO> (2

Simultaneously, chemical dissolution of the formed oxide as soluble fluoride complexes starts
under the impact of focussed localised electric field due to surface morphological fluctuations (eq.
3). This leads to generation of pits (Figure 2.8c) which get converted into bigger pores that spread

uniformly over the surface (steady-state condition)

TiO2 + 6F + 4H* — [TiFs]> + 2H,0 (3)

The pore growth occurs due to inward movement of oxide layer into the bulk metal. Thus, the
dynamics of the pore formation can be described as a competitive process between electric-field
assisted oxide dissolution at the electrolyte/oxide interface and field-driven oxidation/chemical
dissolution of metal at the oxide/metal interface, leading to the final porous oxide layer. The driving

force for self-assembly has been attributed to the repulsive forces generated due to inter-pore
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compressive mechanical stress. It has also been reported that TNTs separate into individual tubular
structures owing to the electric-field and localised heating-enhanced dehydration (volume

contraction of hydroxide layer normal to the walls) [107, 143, 144].

Electrochemical Anodisation Mechanism
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Figure 2.8. Characteristic features of EA for TNT fabrication. (a) Typical current-density (j) v/s
time plot, compact-oxide-CO and PO-porous-oxide. Inset shows linear sweep voltammo-grams

(j-U plots) for electrolytes, containing different fluoride concentrations [very high: electro-

44



CHAPTER 2: Literature Review

polished/EP, very low: CO, intermediate: PO or TNT formation]. (b-c) Electrochemical set-up

with mechanistic model for TNT fabrication (Adapted from [107] and [114]).

A typical EA reaction has a characteristic current density vs time curve as depicted in Figure
2.8a. It has three different regions corresponding to various stages of the process. Region |
identifies with equation 1, where an exponential drop in anodic current is observed, suggesting
formation of thick CO layer on titanium surface. At this time, this oxide layer is partially disturbed
by “nanopits’ or etch channels, generating a porous initiation layer. In stage Il, a sharp increase in
anodic current is observed due to increased pore surface area. This is accompanied by competitive
inter-pore widening until equilibrium is established, with each pore sharing equal current. This is

followed by region 111, which is a steady-state with constant current and stable pore growth.

2.4.3. Timeline: Progress in EA

Zwilling et al. in 1999 pioneered the electrochemical synthesis of titania nanostructures using
fluorinated acidic electrolytes [145, 146]. The porous layer obtained was disordered and only a few
hundred nanometres in length. This research led to so called “1% generation” of TNTs comprising
of porous/tubular structures with sidewall inhomogeneity and short lengths due to excessive
chemical dissolution in the HF electrolyte. Since then, many approaches have been proposed to
better define growth conditions for longer and controllable nanotube dimensions. In 2001, Gong et
al., demonstrated formation of well aligned and organised high-density uniform arrays of tubular

structure by using the same technique [147].

The “2" generation” of fabrication was based on crucial improvements to the tube morphology

established by Macak et al. [148, 149], who reported a reduction in acidic dissolution of TiO>
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during anodisation by using pH controlled aqueous buffered electrolytes. Nanotube lengths up to
7 um and aspect ratios of up to 50 were achieved using the modified conditions. These
investigations confirmed the anodisation parameters (such as voltage/current, time, pH and

electrolyte etc.) dependent growth of nanotube morphology (such as size, crystal structure etc.).

In later studies, almost ideally hexagonal tube layers with individual nanotube lengths up to
approximately 1000 pum were achieved using non-aqueous polar organic solvents (such as dimethyl
sulfoxide, formamide, ethylene glycol or diethylene glycol) which were termed as the “3"
generation” [150-156]. The longest close packed TNT structures were observed post-anodisation
in organic viscous electrolytes using voltage of around 80-120V. More recently fabricated
nanotube arrays in non-fluoride electrolytes forms the 4th generation, which still have a scope for

further refinement [157, 158].

By controlling and tailoring various parameters of electrochemical anodisation of titanium
(T1), different nanoporous/nanotubular morphologies and characteristics can be obtained. Factors
such as Ti substrate composition, applied potential [159], current density [160], anodisation time
[161], temperature [136], voltage ramping rate [162] and electrolyte species (pH, aqueous or
organic, age, viscosity, water and fluoride content) [114, 163-165] mutually influence geometry of
TNTSs. Optimising these conditions leads to formation of oxide structures with different order
degrees. The obtained nanoarchitecture may be compact/disordered/ordered/porous or highly self-
organised nanotubular layer, depending on both the rate of nanotube array formation and
dissolution rate of resultant oxide. Advanced geometries like nanobamboo, nanolace, branched

tube and double walled nanotubes can also be achieved by varying the basic parameters [142].
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A recent study showed ultrafast fabrication of organised TNTSs at high voltages by altering the
chemistry of common ethylene glycol-based traditional anodisation electrolyte. A range of weak
chelating organic acids were added individually into the anodisation solution, leading to an
excellent increase in nanotube length (especially at high temperatures). This approach is discussed

in detail in the following section [166].

2.4.4. Ultrafast nanotube formation

The anodisation time required to obtain good length TNTs in a fluoride containing ethylene glycol
electrolyte depends on the applied voltage and the electrolyte constituents. Addition of efficient
chelating agents such as EDTA, H2O> and certain weak acids (oxalic, citric, malonic, glycolic and
lactic acid) can help achieve extremely high nanotube growth rates, whilst maintaining the
structural and functional properties of TNTs. This unprecedented growth rate is due to field
supporting effect of the additives. Usually, applying a high voltage in a classic high field
anodisation process across the growing oxide layer would cause a dielectric/avalanche breakdown
(i.e. charge carrier injection from the electrolyte and multiplication towards the Ti metal). The
breakdown, in general, can be triggered at different surface points, such as stress-induced local
rupture, impurities, secondary entities or fissures in the oxide layer. It is assumed that the
adsorption of additive ions onto the surface avoids the local breakdown (burning) of the formed
TNT layer. The added organic components shift the breakdown threshold voltage to a higher value,
thus allowing a thicker compact oxide or a faster anodisation rate. The extent of the upshift depends

on the nature of the organic component [167, 168].

The addition of EDTA improves the process kinetics by releasing the free fluoride in the

(EDTA+F) solution, but its low solubility renders it unsuitable for TNT fabrication. Another

47



CHAPTER 2: Literature Review

additive and H2O provides an alternate oxygen source, probably through radical species [169-
171]. Although many additives have shown beneficial effects, the addition of lactic acid (LA) has
been shown to be most promising for exceptional anodisation behaviour. A standard LA-based
anodisation (as researched by Schmuki et al.) can be carried out at extremely high voltages (120-
150 V), which may otherwise lead to anodic breakdown [166]. Figure 2.9 demonstrates the
characteristic current density-time curve for LA electrolyte (1.5 M LA, 0.1 M NH4F, 5 wt.% H20,
ethylene glycol) and traditional (reference) electrolyte (0.1 M NH4F, 5 wt.% H>O, ethylene glycol)
conditions at 60 °C and room temperature (RT). The LA assists fluoride to chelate Ti** ions, hence
in a typical curve, the current drops to a steady state value (after an initial rise) with continuous
tube formation. On the other hand, at 120V in reference electrolyte, a local breakdown occurs at
distinct sites after a quick rise in current (Figure 2.9d). The anodisation phenomenon is both
voltage and temperature dependent. For the sake of comparison, the average thickness of TNTs
using a lactic acid electrolyte at RT and 60 °C as established by Schmuki et al. is depicted in the

Figure 2.9e [166].
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Figure 2.9. Current—time curves for anodisation (a) at 60 V and 60 °C and (b) at 120 V and room
temperate (RT) in lactic acid and in the traditional (reference) electrolyte. SEM images of the TNT
displaying the morphology after anodisation under the traditional electrolyte conditions (c) at 60 V

and 60 °C after 1 h and (d) at 120 V and RT after 10 min (a typical breakdown morphology). (e)

Average thickness of TNTs using a lactic acid electrolyte (adapted from [166]).
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2.4.5. Therapeutic functions of TI/TNT implants

Easy integration and adaptability of surface engineered Ti substrates into the current implant
market make Ti/TNT implants an ideal candidate for localised drug delivery systems. Apart from
their excellent biocompatibility and structural properties, the empty tubular structure can act as a
nanoreservoir to hold broad range of active therapeutics such as antibiotics, anti-cancer,
immunosuppressant, antifungal and anti-inflammatory drugs, proteins, growth factors, peptide

chains, neurotransmitters and genes.

Multiple in vitro and in vivo studies have confirmed the use of TNT implants to precisely delivery
the drugs at desired dosage and time points, with desirable pharmacokinetics. TNTs have
predominantly been applied as orthopaedic and dental implants for post-surgical treatments of
necrotic or avascular bone tissues. They have also been tested in coronary stents, bone-related
cancer therapies and bone tissue engineering [96, 107, 109, 172, 173]. Currently, TNTs are
considered as promising candidates for local drug delivery for extended periods of time, readily
controlled by altering the nanotube dimensions and surface properties. Table 2.1 summarises the

most representative studies involving TNTSs as drug releasing implants [109].
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Implant

Titanium implant with
TNTSs coating

Therapeutic loaded

None

D-a-tocopheryl polyethylene glycol

1000 (TPGS)

Pluronic F127

PEO260—PPO 400—PEO 260
1,2-Distearoyl-sn-glycero-3-

phosphoethanolamine-N-[methoxy

(polyethylene glycol)-5000
1,2-Distearoyl-sn- glycero-3-

phosphoethanolamine-N-[methoxy

(polyethylene glycol)-2000]

Application

Artificial joint replacement prostheses
Design of porous therapeutic implants for an
extended elution time of poorly water soluble
drugs using polymer micelles as drug

nanocarriers

TNTSs on chips

Indomethacin
BMPs

Human osteoblasts

Orthopaedic applications and bone therapies
(e.g. infections, local delivery of anabolic
agents for bone repair, antiresorptive agents,

bone cancer, osteomyelitis, etc.)

Sequential-step prepared
biocompatible
TNTs film

Dexamethasone

Design of anticoagulants, analgesics and
antibiotics drug-releasing TNTs implants to

prevent inflammatory reactions

TNTSs on chips

Penicillin/streptomycin

Prolonged drug delivery in orthopaedic

alloy
TNTs on Ti chips featuring
various

topologies

Marrow stromal cells (MSCs)

Dexamethasone implants to prevent infection,
inflammation and to promote
ossteointegration

TNTson Ti and Ti6Al4V Bone cells Long-term bone implant

Antibacterial adhesion for controlled, guided,
and rapid wound healing, prevent acute or

chronic inflammation/ infection or fibrosis

Annealed TNTs on Ti chips

Biomimetic carbonated hydroxyapatite
(CHA)

Titania bioceramic

implants

Anti-epileptic drug

Treatment for epileptic seizures

Table 2.1. Summary of selected therapeutics and their applications using Titania nanotubes-based

delivery system (Modified from [109]).
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The release of potent therapeutics loaded into the TNTs is governed by Fick’s first law of
diffusion. This biphasic diffusion process not only depends on the size/mass and charge of the
payload, their dissolution rates and interfacial affinity toward TNTs but also on the nanotubular
dimensions, surface chemistry, diffusion coefficient and pH. A rapid burst release occurs as soon
as the open pore TNTSs interact with the physiological milieu in vivo or the buffer in vitro, due to
high diffusion gradient at the surface, followed by a slower prolonged release of the molecules
stored deep within the nanotube. The high burst release is undesirable as it results in quick release
of almost 40-70 % of loaded therapeutics, causing dose dumping and tissue toxicity, thus making

the release system ineffective [95, 96, 173].

Different strategies have been incorporated into the TNT-based delivery system to achieve
sufficient local concentration and a sustained long-term release with zero-order kinetics. The zero-
order kinetics yields minimal burst release and uniform release rate within the therapeutic window
[96]. A schematic diagram summing up the strategies aimed at controlling the release of drugs from

TNTs are presented in Figure 2.10.

In order to accommodate different drugs for different therapies and disease conditions,
physiological modification of the TNT surface has been explored to provide hydrophilicity or
hydrophobicity. Chemical functionalisation with versatile self-assembled monolayers (SAMs) has
been studied to change the interfacial interactions of TNT and active molecules This allows
attachment of various functionalities and target molecules to further improve drug attachment

[174].

In recent past, several approaches have been presented by our group to advance the controlled

release pattern from TNT implants. For instance, structural and dimensional (length and height)

52



CHAPTER 2: Literature Review

modification by varying the anodisation time can lead to increased drug loading and improved
release performance [108, 175]. Variable drug loading methods such as, soaking/immersion, drop-
casting, vacuum assisted and loading from SBF, also alter the drug occupancy and the release
duration. The vacuum loading method has been deemed the best as it loads the molecules deep

within the TNT void and not superficially [174, 176].

TNT-based Drug Release Strategies

PLGA
chitosan

v

-Ultrasound”_ Radiofrequency
~Uttrasound 4

i || LMagnetic
e | nanoparticles

T’ | ol
(h )' (i ) nanoparticles

Figure 2.10. Strategies for controlling drug release from TNTs. (A) controlling the nanotube
diameters and length; (b) surface chemistry (hydrophobic, hydrophilic, charged); (C) nanotube
opening by plasma polymerisation; (D) degradation of polymer film closing nanotubes (PLGA or
chitosan); (E) using drug nano-carriers (micelles) for multidrug delivery; (F-1) external field
triggered drug release using temperature, magnetic field, ultrasound and radiofrequency. A single

nanotube structure is shown to represent an array of TNTs (reprinted with permission from [109]).
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Another approach to extend and control the release has been proposed by combing the TNT
implants with biodegradable polymers. This technique imparts interesting characteristics to the
delivery system by blocking/narrowing the pores and slowing down the release. The nanotube
surface can be modified with various forms of polymeric coats, gels, fibres or nanoparticles. Our
group extensively explored this concept by using spin-coating, dip-coating, micellar encapsulation
and plasma-polymerisation to introduce new functionalities onto the TNTSs. A reduction of the pore
openings of TNTs by polymer (poly-(allylamine)) deposition using plasma polymerisation has
been stated to delay the release from modified TNT implants. However, this technique is complex,

time-consuming and costly [177, 178].

A simpler approach involving dip-coating of polymers such as PLGA and chitosan has been
shown to reduce the burst release in multiple cases. The release kinetics can be fine-tuned based
on the thickness of the polymeric layer. The release pattern is dependent on the degradation of the
polymeric layer on exposure to the aqueous fluids. The chitosan layer also provides inherent
antibacterial properties to the implant [135, 179, 180]. Moreover, labile molecules such as proteins
and growth factors need protection against denaturation to maintain their bioactivity. To this end,
polymeric micelles have been used as drug nano-carriers that encapsulate the therapeutics in a
micellar structure before being loaded into the nanotubes. This enhances the TNT releasing

capabilities and also helps device a multi-drug system [134, 181].

For rapid on-demand or time-programmed release, TNT-based systems have been designed
with flexibility to stimulate delivery on an external trigger. Several approaches have been explored
to provide high bursts of time-specific release, essential for treating urgent conditions, such as
bacterial infections, unexpected inflammation, septic arthritis etc. One such strategy was to apply
a temperature-responsive polymer ((Poly)N-isopropylacrylamide)) as a hydrogel coating onto the
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TNT surface to control release of Vitamin B2. At high temperatures (such as in case of
inflammation), the hydrogel structure collapses to trigger the drug release, thus acting as a direct

temperature controlled therapy [182].

In another study, the TNTs loaded with magnetic nanoparticles were triggered magnetically or
photocatalytically to release drug molecules anchored at the surface or as a therapy to kill cancer
cells, respectively. Similar principle was applied to release micelles encapsulating drugs by
applying a magnetic field to achieve 100% payload release in just 1.5 h [183, 184]. Other external
stimuli, such as ultrasound, electric field and radio-frequency (coupled with gold nanoparticles),

have also been successfully tested for triggered release applications [110, 185].

Robust drug molecules are easier to deliver than highly sensitive proteins, but there is evidence
of efficient delivery of proteins and growth factors from TNT implants in in vitro, ex vivo and in
vivo conditions. In such attempts, the loading and elution efficiencies of model proteins, such as
bovine serum albumin (BSA) and lysozymes, from TNTs have demonstrated significant
modulation of release kinetics (controlled by changing the tube length, diameter, and wall
thickness) [115, 186]. A separate but related study elucidated the long-term BSA (up to 30 days)
and sirolimus and paclitaxel elution (for few weeks) from within the TNTs with variable

dimensions. Drugs eluted from TNTs were bioactive and decreased cell proliferation in vitro [175].

Efficacy of TNTs as drug-eluting implantable devices have also been explored in bone tissue
engineering applications. For example, BMP2 conjugated on polydopamine modified TNTs were
employed to investigate their influence on the behaviours of mesenchymal stem cells (MSCs). Cells
cultured in the presence of BMP2 functionalised-TNTSs displayed higher differentiation levels of

ALP and mineralisation, suggesting diameter dependent benefit for cell proliferation and
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differentiation [133]. Moreover, the deposition of multi-layered coating of bioactive polymers
gelatin and chitosan led to delayed release of BMP2, hence improving implant ossteointegration
[187]. In further investigations to modulate ossteointegration, alternative bioactive molecules,
including CNN2 (connective tissue growth factor) fragment, peptide sequence KRSR (lysine-
arginine-serine-arginine), and drugs raloxifene and alendronate, were incorporated inside TNTs
[188-190]. In an in vivo model, TNTs loaded with bisphosphonates, pamidronate and ibadronate
were implanted into the tibiae of Wistar rats. The study reported enhanced expression of collagen

type-1 and osteocalcin after 2 and 4 weeks of implantation [191].
2.5. Significance of the Research Project

The review covered here summarises the recent progress and challenges in two main fields relevant
to this PhD research project. These include: (i) the pathophysiology and current management of
craniosynostosis; advancements in craniofacial and molecular biology (molecular and cellular
mechanisms underlying premature fusion in craniosynostosis); availability of pertinent animal
models (comparable to human syndromic craniosynostosis) and delivery systems for suture
regulation, in order to develop a molecular adjunct for craniosynostosis treatment, and (ii) Titania
nanotube-based delivery systems as promising candidate for implantable localised drug release
(TNT fabrication and therapeutic applications). This project bridges a significant gap in our
knowledge and advances the applications of the nanoengineered therapeutic delivery system
towards targeting craniofacial disorders such as craniosynostosis. Improvements and fine-tuning
of these techniques can provide valuable linearised drug elution kinetics at the craniectomy sites,
especially for delivery of BMP antagonists to avoid bone regeneration. This thesis explores the

protein-delivery potential (for release of bone antagonising glypicans) of TNT/Ti implants in a
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wide range of in vitro, pre-in vivo and in vivo experiments (pertaining to objectives mentioned in
Chapter 1). Extending the scope of the unique nanoengineered protein eluting system based on
TNTSs on titanium implants for treatment of craniosynostosis could lead to a potential breakthrough

for adjunctive, generic therapy to reduce the number of invasive cranial reconstruction surgery.
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CHAPTER 3: Fabrication and Characterisation of TNT/Ti

Implants

3.1. Introduction

As described in Chapter 2, the current goal of this craniosynostosis research project is to develop
clinically viable cranial implants that can help prevent/delay bone re-fusion. Commonly used
biomedical implantable devices are widely based on Titanium (Ti) and its alloys, due to its
attractive properties such as fairly low modulus, high mechanical strength, easy processability,
chemical inertness and corrosion resistance [1]. The native oxide layer on its surface provides Ti
with excellent biocompatibility and appropriate integration, which is a prerequisite for biomedical
implant success, particularly for hard tissue engineering applications such as dental implants,
prosthetic devices, materials for craniofacial and maxillofacial reconstruction etc. [1-6]. Examples

of various titanium implantable devices are depicted in Figure 3.1.

However, the current technology is limited by post-implantation infection and implant
failure/rejection in majority of long-term (>10 years) cases [7-10]. With the advent of
nanotechnology, nanotexturing of the implant surface has become a popular alternative to improve
implant acceptance and integration [11-13]. Although there are a number of methods to fabricate
nanoporous/nanotubular surfaces (as mentioned in Chapter 2, Section 2.4., p.41-46),
electrochemical anodisation (EA) is the simplest, most inexpensive and highly scalable technique
to grow Titania nanotubes (TNTSs) on Ti surfaces. This method also provides a good control on the
nanotube dimensions and arrangement [14, 15] and can be readily integrated into existing implant

market for many anticipated applications [16-18].
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Current Titanium Implants
Bone Plates Bone Screws

Biomedical
Titanium
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Figure 3.1. Various Titanium implants catering to different conditions in hard-tissue engineering.

The morphological characteristics of TNTs depend on many experimental conditions such as
set-up configuration (two or three electrode), anodisation time, applied voltage, temperature,
electrolyte composition and concentration, pH and Ti surface roughness [12]. Generally, TNT
layers can be fabricated in either agueous or non-aqueous electrolytes containing small amounts of
fluoride ions (such as HF, NaF or NH4F). While the duration, voltage, and fluoride concentration
mainly control the nanotube length, diameter, and growth rate, the electrolyte characteristics,
including solvent, polarity, water content, viscosity, organic additives etc. also effect the overall

anodisation process and tube geometry [12, 16, 19]. The earlier generation of acidic, neutral and
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alkaline aqueous electrolytes led to formation of non-uniform, disorganised and short nanotubular
arrays, which were improved upon by anodisation in protic non-aqueous organic media such as
ethylene glycol or glycerol. The latter conditions generated ordered arrays of TNTs with a smooth
surface and very high aspect ratio [16, 20]. In order to obtain high quality and mechanically stable
TNTSs on Ti, aging of the organic electrolyte is often required [21, 22]. A recent study involving
repeated anodisation of dummy Ti sheets in ethylene glycol electrolytes for up to 10 h generated
a stable and mechanically robust anodic film [23]. Alternatively, addition of organic chelating
agents, such as EDTA, glycolic and lactic acid (as described in Chapter 2, Section 2.4.4, p.47-49),

can guide generation of ultrafast TNTs with intact structural and functional properties [24, 25].

This chapter concentrates on designing and fabricating the electrochemically anodised TNT/Ti
cranial implants to be used as therapeutic-delivering interfaces for advanced craniosynostosis
treatment. The specific aims of this study were: (i) to design and produce 3 mm circular discs via
ultrasonic milling of Ti sheets, (ii) to configure the electrochemical set-up, optimise EA conditions
and fabricate and characterise the TNT/Ti implants using ethylene glycol electrolyte (with and
without lactic acid additive) and (iii) to modify the TNT/Ti implant by surface coating with

biopolymers (Chitosan and Pluronic-F127) of varied thickness.

The first step in designing the cranial implants involved advanced ultrasonic milling to cut 3
mm circular Ti discs. This prompted the development of a smooth-edged TNT/Ti implant that fits
into 3 mm defects during the future murine experiments. A precise design was needed to avoid
tissue inflammation or unnecessary pressure on underlying dura. A laser cutting technique was also
tested but the high heat produced during the process burnt the Ti surface, changing its roughness
(data not included). The ultrasonically milled Ti discs were then anodised in either a traditional or
a lactic acid-containing ethylene glycol electrolyte. These two electrolytes were explored and
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compared to optimise the stability of TNT arrays, in order to avert undesired surface instabilities,
cracks and delamination of the nanotube structure. The crystalline phase of LA-fabricated TNTs
was examined by X-ray diffraction. Moreover, two different polymer modifications were also
proposed: i) to improve the biocompatibility and modulate the implant interactions with the cell
and in vivo environment and ii) to act as an barrier layer to inculcate slow and sustained release of
the loaded therapeutics in the future studies. The surface morphology and wettability of polymer-
coated and uncoated TNTs were characterised using scanning electron microscopy (SEM) and

contact angle (CA) measurements, respectively.

3.2. Experimental section

3.2.1. Materials and chemicals

High purity titanium foil (99.6% of Ti) with a thickness of 0.20 mm, supplied by Nilaco (Japan),
was used as substrate for the implant fabrication. Electrolytes used for EA: Ethylene glycol (99 vol
%), ammonium fluoride (NH4F) and DL-Lactic acid were obtained from Sigma-Aldrich
(Australia). Two different polymers, low molecular weight chitosan with low degree of acetylation
and Pluronic-F127 (PEO-PPO-PEO block copolymer) were also supplied by Sigma—Aldrich
(Australia) and used as received. High-purity Milli-Q water, ultrapure grade (18.2 MQ-cm) (pH =
6.5 £ 0.5) sieved through a 0.22 um filter was used for all dilutions and solutions. All other reagents
(ethanol, methanol, acetone, isopropanol) were purchased from Chem Supply (Australia) and used

without further purification.
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3.2.2. Aim I: Ti disc design and production

The Ti foils were annealed using XD-MZT multi-zones furnace at 450°C for 2 hours at a ramp rate
of 30°C/min in air, prior to the processing. A state-of-art ultrasonic mill (DMG Ultrasonic 20
linear) at the Optonode of Australian national fabrication facility (ANFF) was used to precisely
machine mechanically polished Ti strips into 3mm circular disc with uniform and smooth
boundaries. The system involved kinematic superposition of the tool rotation with an additional
oscillation, giving optimum control to cut the otherwise hard Ti metal. The high frequency and low
amplitude vibrations from the tool were coupled with fine abrasive grains in the form of a slurry to
selectively remove the desired Ti disc. The 3 mm disc was cleaned and degreased by successive
sonication in acetone, ethanol and isopropanol, followed by rinsing with deionised water and

drying with nitrogen gas.

3.2.3. Aim Il: Fabrication of TNT/Ti implants

TNT arrays were fabricated on the Ti discs by simple two-step electrochemical anodisation in either
traditional ethylene glycol or lactic acid containing organic electrolyte [24, 26]. An experimental
set-up for TNT fabrication involved specially designed electrochemical cell with two-electrode
configuration and computer controlled power supply (Agilent, USA) (Figure 3.2). The EA set-up
essentially had the Ti disc (anode) contacted with an Aluminium back plate, securely pressed
against the O-ring at the bottom of the cell, permitting the 3 mm circular area to be exposed to the
anodisation electrolyte. The counter electrode was made of a coiled platinum wire which acted as
cathode when connected to the voltage source. A temperature-controlled EA anodisation bath (MR
Hie-Standard Thermostat, Heidolph, Germany) was used to maintain constant anodisation

conditions.
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Electrochemical Anodisation Set-up

Platinum Counter Electrode
2H* +2¢" — H2

Power Supply 4 /

[
Titanium Working Electrode
TiO, + 6F + 4H* —>[TiF¢] 2, 2H,0

fd

Back Cont'a';ct

Figure 3.2. A schematic diagram showing the anodisation set-up with the electrochemical cell cut

through into half for better visualisation.

The two-step anodisation approach leads to a better ordered TNT arrays with well-defined
morphologies as schematically shown in Figure 3.3. For the traditional electrolyte (0.1 M NH4F,
5wt. % H20 in EG) [13, 17, 27], the first anodisation was carried out at a constant voltage of 100
V applied for 2 h at room temperature (RT). This thick layer was then removed by sonication in
methanol, resulting in underlying textured substrate with an arrangement of self-ordered dimple
structures. In the second anodisation step, the etch pits on the titanium substrates acted as new

growth points for a well-defined top layer anodised at 100 V for 1 h.
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Two-step Anodisation Process

Titanium (Ti) Substrate 3 =

2" Anodisation
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Figure 3.3. Scheme showing the two-step anodisation process.

For the lactic-acid containing electrolyte (1.5 M LA, 0.1 M NH4F, 5 wt. % H>0 in EG) [24],
the first anodisation was carried out at high temperature of electrolyte (60 °C) and 120 V for
different times (3, 5, 10 and 30 min). Subsequently, the TNT layer was removed by sonication in
methanol, leaving the nanotextured titanium surface for the second anodisation. The second
anodisation was carried out under similar conditions to yield an ordered array of TNTs. Unlike the
first anodised TNT layer, this second layer was rigid and stable enough for the proposed implant
applications. The voltage—current-time parameters were adjusted and continuously monitored
(Labview, National Instruments) during the anodisation process to ensure repeatability of the
fabrication process. After anodisation, the implants were rinsed in deionised water and dried under

nitrogen stream.
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3.2.4. Aim I11: Surface coating

Two polymers, chitosan (low molecular weight), and Pluronic-F127 (PEO-PPO-PEO block
copolymer) were coated onto TNT/Ti implant discs. Polymer solutions of chitosan (1-2% (w/v),
chitosan + 0.8 vol. % acetic acid in deionised water) and Pluronic-F127 (20% (w/v) in cold water)
were prepared and spin-coated by pipetting a drop of the polymeric solutions (depending on the
desired layer thickness) onto the TNT/Ti, followed by vacuum drying. The polymers were coated

using a spin coater (WS-650 Lite, Laurell Technologies) programmed at 1500 rpm for 15 s.

3.3. Characterisation

3.3.1. Scanning electron microscopy (SEM)

Structural and morphological characterisation of the fabricated TNT/Ti implants was performed
using a field-emission scanning electron microscope (SEM, FEI Quanta 450, Eindhoven, The
Netherlands). The 3 mm TNT/Ti discs were mounted onto a holder with double-sided conductive
tape and coated with a layer of 3 nm thick platinum using a vacuum evaporator. The top-view
images were observed at normal incidence. The side view to measure the thickness of the nanotubes
as well as polymer layers was acquired at 30° angle on mechanically scratched samples. The
distances on the SEM image were determined using a measured click and drag line calculated by

the SEM computer software based on the magnification of the image.
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3.3.2. X-ray diffraction spectroscopy (XRD)

The crystal structure of annealed TNT/Ti implants was evaluated by X-ray diffraction (XRD) using
a Rigaku Minflex 600 diffractometer with CoKa (40 kV, 15 mA) and a graphite monochromator.
The samples were scanned between 20-80° (20) at the rate of 1.0°.min™. The measurements were

repeated on three TNT/Ti samples and showed similar spectra.

3.3.3. Contact angle measurements (CA)

The hydrophilicity/hydrophobicity of the titanium, uncoated and polymer-coated TNT/Ti discs,
were measured using a sessile drop method on an optical contact angle measuring device
(Attension, KSV instruments). A small amount of deionised water droplet (3 pl) was placed onto
the sample surfaces to measure the dynamic CA. The value of contact angle for each substrate was
the average value of 121 measurements over a time period of 5 £ 2.92 s, providing the degree of

phase separation between the solid/liquid interface as well as the vapour/liquid interphase.

3.4. Results and discussion

3.4.1. Characterisation of prepared TNT/Ti implants

Figure 3.4 shows the digital image of Ti disc after ultrasonic milling and 2-step anodisation. The
Ti sheet was drilled into a 3 mm disc attached with three petite hinges, after mechanical polishing.
Before the anodisation, the hinges were clipped to obtain a circular Ti substrate. Formation of a
yellowish-green layer indicates the successful TNT synthesis on the Ti surface which can be
visually observed. The colour is directly related to the thickness of the nanotube layer, with the

longer TNTs having a darker colour.
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TNT/Ti

Figure 3.4. Image of ultrasonically milled Ti foil with the extracted Ti disc before and after
anodisation (The tiny platform hinge help in handling the discs without hampering the nanotube

layer).

3.4.1.1. TNTs prepared in traditional electrolyte

SEM analysis was carried out to examine the nanoarchitecture of TNTs fabricated by EA in
traditional as well as lactic acid-containing electrolyte before and after polymer coating. An
ethylene glycol (traditional) electrolyte containing fluorine ions is the most commonly used
electrolyte to obtain high aspect ratio, highly ordered nanotubes with smooth surface [28-30].
Figure 3.5 depicts the typical structure of TNTSs fabricated in traditional electrolyte with Figure
3.5a showing the top surface with a thin porous oxide layer instead of a tubular structure. It is
common to have a porous grassy layer on top from anodisation under mentioned conditions [29].
The thin porous layer was removed by sonication in isopropanol for 10 mins, unveiling the
nanotubular structure underneath (Figure 3.5b). Loose pieces of leftover porous layer from the
nanotube wall chemical dissolution (excessive etching at the top) in the electrolyte can be easily
rinsed with deionised water. The nanotubes with opened pores featured an average diameter of

100 + 20 nm (anodised at 100 V, RT). The cross-sectional micrograph (Figure 3.5¢) confirms that
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the prepared TNTs are vertically-aligned tubules with ~40 um thickness (nanotube length for 1 h
of anodisation). The bottom surface of the TNT layer detached from the nanotube substrate shows

closed nanotubes (Figure 3.5d).

TNT/| Imlants Anodlsed in Tradltlonal Electrol te

Figure 3.5. SEM images showing surface topography of a Ti disc anodised in a traditional
electrolyte. (a-b) The top of nanotube surface showing nanoporous and nanotubular morphology

obtained after removing of thin porous layer; (c) Cross-sectional image of nanotube layer showing
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the total length of the fabricated TNTs; (d) The bottom surface showing the closed nanotube

structures detached from underlying Ti substrate.

Visual as well as SEM assessments suggested that the nanotubes obtained from the traditional
electrolyte were not mechanically stable and had several cracks, causing the TNT layer to
delaminate from the Ti substrate. This can be attributed to the use of fresh electrolyte without aging,
resulting in peeling of the TNT layer, even at short anodisation durations. Therefore, this approach
was unsuitable for fabricating robust cranial TNT/Ti implants. The optimised electrolyte aging

parameters were later published by our group in an incoherent study [23].

3.4.1.2. TNTs prepared in Lactic acid- containing electrolyte

To overcome the limitations of the traditional electrolyte, we adopted a recent approach that led to
formation of highly adhesive and robust TNT layers at unprecedented growth rates (as described
in section 2.3.7.4, p.47-49) [24]. SEM micrograph of the top surface of fabricated TNT/Ti implant
in LA-containing electrolyte (anodised at 120 V, 60 °C) confirms the formation of hexagonally
arranged nanopores with average diameter of 120 £ 10 nm (Figure 3.6a). Figure 3.6c¢c-d present
the high-resolution partial top and cross-sectional images displaying hollow, tubular, densely
packed TNT arrays with high degree of order. The image in Figure 3.6d depicts the high

magnification image of TNT bottom and partial cross section of prepared TNT arrays.
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TNT/Ti Implants Anodised in LA-containing Electrolyte

a) A s
ree 2 Ao Rat

Figure 3.6. SEM images showing surface topography of a Ti disc anodised in a Lactic acid-
containing electrolyte. (a) The top view with TNT pore diameter of 120 £ 10 nm, anodised at 120
V, 60 °C; (b-c) Partial top and cross-sectional view of the formed TNTSs; (d) TNT bottom magnified

at high resolution to show the layer arrangement and closed ends.

While the observation of TNT/Ti SEM images provided an indication of reproducibility and
homogeneity of Titania nanotubes produced under specific electrolyte conditions, it also predicted
different tube lengths synthesised at different anodisation times. Figure 3.7a-c displays the low
magnification cross-sectional images of TNTs anodised in LA-containing electrolytes (120 V,
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60 °C) for 3, 5, 10 and 30 mins with layer thickness of approximately 17 pum, 35 pm, 55 um and

80 um, respectively.
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Figure 3.7. Average nanotube lengths at different anodisation times. SEM images of TNT cross-
sections with anodisation times (a) 3 min, (b) 5min, (c) 10 min and (d) 30 min which yielded

various nanotube lengths of 17 um, 35 um, 55 um and 80 um in that sequence; (e) Average
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nanotube length v/s anodisation time curve for anodisation at 120 V, 60 °C. Error bars represent

mean = SD forn = 3.

3.4.1.3. Comparison of TNTs prepared in traditional and Lactic acid- containing electrolyte
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Figure 3.8. Morphological SEM characterisation of TNT implants fabricated under (a, c)

traditional electrolyte (reference TNTs) and (b, d) Lactic acid-containing electrolyte; (e) A typical
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breakdown morphology at 120 V and RT after 10 min of anodisation in traditional electrolyte. (f)
Representative curve for corresponding current density-time behaviours for anodisation at 120 V,
RT in traditional electrolyte along with bell shaped curve for TNTs anodised at 120 V, 60 °C in

LA electrolyte.

The TNT dimensions (pore diameter and nanotube length) can be altered by changing the
parameters of anodisation process such as anodisation voltage, time, temperature, pH and
additional species in the electrolytes. In Figure 3.8 we have compared morphologies as well as the
current density-time curves for both LA electrolyte (at 60 °C, 120 V) and traditional electrolyte (at
RT, 100 and 120 V) conditions. Figure 3.8a and ¢ show the TNT/Ti implant surface under
traditional conditions rendered a mechanically unstable layer with pore diameter 100 £ 20 nm,
while Figure 3.8b and d displayed well-adhered nanotube layer with pore diameters of

120 = 10 nm.

Although different electrolyte conditions led to different nanotube dimensions, the voltage
plays a critical part in altering nanotube geometry. Generally, a higher applied voltage should give
a larger TNT diameter, but, in case of anodisation with traditional electrolyte at 120 V, a localised
breakdown of the oxide layer occurred due to sharp and continuous increase in current density

(Figure 3.8e).

In contrast, under the LA electrolyte shown in Figure 3.8f, current density dips after a few
minutes. This avoids the avalanche breakdown/burning of the sample, giving a thicker sample in
less time. Furthermore, under the LA conditions, the value of final current density is always lower

than under the traditional electrolyte conditions. Thus, the future studies in this project involve the
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use of LA-containing electrolyte for anodisation (at 120 V, 5 mins) to obtain robust 35 um thick

TNT layer on Ti discs.

3.4.2. Crystal structure

Titania nanotube arrays are essentially a thin-film covering the Ti substrate which is relatable to
the native oxide layer generally present on the metal surface. Hence, TNT phase transformation
can be directly compared to the bulk material. XRD was used to assess the crystalline structure of
the TNT/Ti implant prepared by electrochemical anodisation. The unannealed amorphous Ti
substrate can be transitioned into an anatase configuration by annealing at 450 °C, and to a mixed
anatase-rutile crystalline phase by heating at temperature of 550 °C and above [31]. In this study,
the annealing of Ti disc in oxygen ambient at 450 °C pre-anodisation led to formation of vertically
aligned nanotubes with anatase phase instead of an amorphous structure. This is in agreement with

previous studies [32].

TNT/Ti XRD Analysis
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Figure 3.9. The XRD pattern of annealed TNT/Ti implant in the range of 20-80 °.
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The XRD analysis of annealed TNTs can be seen in the Figure 3.9. The plot clearly shows a peak
at 25.26° corresponding to anatase phase of titanium oxide. The other low intensity peaks at 38.0°,
53.40% 63.4° and 74.2° also correspond to anatase structure, but are dwarfed or overlapped by the
high intensity peaks at 38.8°, 40.6°, 53.4°, 71.5°, 76.6° and 77.6° form underlying Ti substrate [33,
34]. Inducing crystallinity to the TNTs alters their mechanical properties and subsequently their

biological response to various bodily fluids and tissues.

3.4.3. Polymer surface coating

The TNT surfaces were coated with different polymers in order to improve its chemical and
biological properties. Both chitosan and Pluronic-F127 are biodegradable polymers with low
toxicity, high biocompatibility with cells and body fluids and weak immunogenic properties which
makes them ideal for tissue engineering and drug delivery applications [35, 36]. These polymers
were coated on to non-loaded TNT/Ti implants and characterised before being adopted for protein
release and biofunctionlity studies in vitro, ex vivo and in vivo. Chitosan n(1-4,2-amino-2-deoxy-
B-D-glucan) has a structure similar to hyaluronic acid, which is abundant in the ECM which makes

the implant integration easier [37, 38].

Figure 3.10 shows polymeric layers of chitosan of variable thickness, spin coated onto the
TNT/Ti implants. SEM micrographs of the cross-section and top view (Figure 3.10a-b) of a
polymer layer generated by 25 pl solution of 1% chitosan (1%-1cy) rendered a layer ~114 nm thin.
Similarly, a 50 pl- 1% solution (1%-2cy) spin coated on the TNT surface gave an average thickness
of 400 nm (Figure 3.10c-d). To produce a thicker layer as described for chitosan deposition by
dip-coating [17], the solution concentration was increased to 2% (50 ul) (2%-2cy), to obtain a

surface coating ~1 um thick, evenly covering the nanopores (Figure 3.10e-f). These images are
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colour-processed to discreetly highlight the ultra-thin film biopolymer coatings on the surface of

TNT/Ti implant.

Chltos_an -coated -Q\lT/TI Implant Surfaces
L el : S)

Figure 3.10. SEM images of chitosan thin film coated on the top of the TNT surface. The cross-

sectional and corresponding top view of (a, b) 1%-25 pl (1%-1cy), (c, d) 1%-50 ul (1%-2cy) and
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(e, ) 2%-50 pl (2%-2cy) spin-coated chitosan solutions (cy denotes the number of cycles of spin-

coating).

Pluronic-F127 is a synthetic thermoreversible hydrogel comprising of amphiphilic copolymers
consisting of units of polyethylene oxide (PEO) and polypropylene oxide (PPO). Modification of
implant surface with Pluronic-F127 is an effective method to resist protein adsorption and bacterial
adhesion [39, 40]. Corresponding cross-sectional and top-view image for the Pluronic-F127 coated
on TNTs is presented in Figure 3.11a-b which helped determine the thickness of the polymeric
film. The concentrated 20%-50 pl Pluronic-F127 solution produced a ~1 pm thick coating with

micro- and nano-rough surface.

Pluronic F127-coated TNT/Ti Implant Surfaces

Figure 3.11. SEM images of Pluronic-F127 film coated on the top of the TNT surface. (a) Cross-

sectional image and (b) Top view.
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3.4.4. Surface wettability

The surface wettability (hydrophilicity/hydrophobicity) is crucial in determining the biological
response to the implanted biomaterials. It affects the protein adsorption, platelet
adhesion/activation and cell adhesion [14]. TNT/Ti implant surface wettability was therefore
assessed by measuring the water contact angles (WCASs). High contact angles (> 90°) are associated
with hydrophobic surfaces with low surface energy and decreased water-material interaction.
Whilst an increased surface energy and water-material interaction with low WCAs correlates to

hydrophilic surfaces.

Table 3.1 summarises the WCAs for all the TNT/Ti implant surfaces used in this study. The
pure titanium disc (before annealing) had a high WCA of ~95° while after annealing the contact
angle of Ti decreased to ~62°. The resulting images recorded from the video are shown in Figure
3.12a-b. There was minimal change in WCA by the end of the measurement. The anodised TNTs
had a highly hydrophilic surface with initial WCA as 4° which decreased to a zero within a few
seconds. Figure 3.12c-d shows a decrease in droplet height and contact angle with time (t=0 and

t=f for initial and final measurement, respectively).

Sample Contact Angle (°)

Ti unannealed | 95.4+0.9

Ti annealed 61.7£1.0

TNT 4.0+0.6
TNT-CH 30.7£1.5

TNT-F127 31.4+3.5

Table 3.1. Average water contact angle (WCA) measurements for Ti and different TNT substrates.
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Contact Angle Measurements
- m :
a Ti unannealed Ti annealed
(t=0) b) (t=0)
TNT (t=0) d TNT (t=f)

m-ﬂ‘ v

TNT-CH (t=0) . B TNT-CH (t=f)
TNT-F127 (t=0) . TNT-F127 (t=f)

A*’

Figure 3.12.The contact angle (WCA) slides from the video for different implant surfaces. (Initial-

WCA t=0 and final- WCA t=f at the end of the measurement).

The polymer surface modification by chitosan showed a drastic decline in contact angle

ranging from 33° (at t=0) to 20° (at t=f) when compared to control Ti disc. This WCA with an
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average of ~32° was still higher than uncoated TNT owing to the increment in carbon content.
Similarly, the Pluronic-F127 modification gave a maximum (at t=0) and minimum (at t=f) CA of
38° and 23° approximately, averaging out to 31°. It was assumed that the large PPO chains deliver
the slightly hydrophobic nature while PEO chains on both ends of the block copolymer contribute
towards the hydrophilicity. The implant wettability is a considerable factor for its success and

tissue integration.

3.5. Conclusions

This chapter demonstrates successful fabrication (by electrochemical anodisation) of TNT/Ti
cranial implants to be used as an adjunctive molecular therapy for craniosynostosis treatment. An
ultrasonic milling technique generated smooth-edged, 3 mm Ti discs which acted as the substrate
for growing TNTs. Two different electrolytes (traditional ethylene glycol and lactic-acid (LA)
containing ethylene glycol) were explored. The SEM results revealed that the LA containing
electrolyte (at 120 V, 5 min, 60 °C) led to ultrafast fabrication of large diameter, mechanically
stable nanotubular implants (when compared to traditional electrolyte) and prevented the localised
dielectric oxide breakdown at elevated voltages. This optimised method for generating TNTs with
120 £+ 10 nm diameter and 35 pum thickness has been applied throughout the subsequent chapters
of this thesis. The TNTs had an anatase crystalline structure, post-annealing, as analysed by X-ray
diffraction. Furthermore, the TNT surfaces were successfully coated using biopolymers (chitosan
and Pluronic-F127) to modulate the surface chemistry and control the subsequent protein release.
Polymeric layers with varied thickness (100 nm to 1 pum) were produced consistently on the TNT
surfaces. Their water contact angles were 30.71 + 1.51° for TNT-CH and 31.36 + 3.5° for TNT-

F127 when compared with 4 £+ 0.6 ° for uncoated TNTs. These results will assist in analysis and
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interpretation of the implant interactions in cell culture and in vivo applications. The succeeding
chapter optimises the in vitro release ability of TNT/Ti implants (polymer-coated and uncoated)

for sustained delivery of bone inhibiting proteins (glypicans).
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CHAPTER 4: In vitro Protein Release Studies from TNT/Ti

Implants

4.1. Introduction

The previous chapter has shown a simple and effective approach to fabricate TNT/Ti cranial
implants. This chapter explores their feasibility in vitro as local therapeutic releasing systems for
adjunctive surgical treatment in craniosynostosis management. The outcomes of high-risk cranial
reconstruction surgery can be improved by developing an adjunctive molecular therapy involving
localised and controlled delivery of bone antagonising proteins to delay/alter bone re-ossification
[1-3]. Protein-delivery systems based on synthetic polymers (hydrogels and microspheres),
collagenous materials and bulk titanium-fibre mesh have earlier been tested in animal models to
inhibit bone re-formation at the craniectomy site [2, 4, 5]. Nonetheless, they lack therapeutic
efficacy due to undesired pharmacokinetics and uncontrolled release patterns and adversely

induced osteogenesis in some cases [4, 6, 7].

TNT-based platforms have been recognised as one of the most promising nanomaterials to
overcome the limitations of conventional therapeutic-delivery systems [8]. Apart from intrinsic
material properties such as high surface area, low immunogenicity, excellent chemical inertness
and mechanical strength, TNTs have an ability to control and localise the release of active
therapeutics over an affected site (mostly in bone-related pathologies e.g. inflammation, infection,
cancer etc.) [8-11]. TNTs act as nanoreservoirs that can accommodate substantial amounts of
bioactive agents and modulate their release over an extended duration [10, 12]. Previous studies

have established the local drug delivering ability of TNTs with tailorable release patterns,
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depending on the therapeutic requirements (refer to Chapter 2, Section 2.4.5, p.50-55). These
included the slow and extended release of drugs, proteins, genes, RNAs etc., stimulated drug
release using external sources (RF, magnetic field, ultrasound) and sequential release of multiple
drugs and carriers for complex conditions [13-18]. Furthermore, the release characteristics have
been modified by tailoring the nanotube dimensions (dependent on anodisation parameters) and
surface chemistry [9, 11, 12]. The drug release mechanism from TNT arrays is elucidated by a
diffusion-mediated process, thus the fabricated 120 = 10 nm diameter TNTs alone cannot
restrict/hinder the release of nanometeric protein molecules [11, 13]. However, incorporating a
biopolymer coating onto the TNT surface has proven to be effective in improving the drug
diffusion, wherein the polymer thickness, chemical properties and degradability modulate the
release Kinetics [9, 13, 19]. It was previously demonstrated that this strategy can avoid the initial
uncontrolled release of active agents, thus providing proper kinetics and extended release of the
molecules from the nanotubes, maximising their therapeutic effects [20, 21]. A slow and sustained
release over a long duration (over several weeks) with zero-order Kinetics is ideal for designing

advanced implantable delivery systems [22, 23].

The TNT/Ti delivery system is a promising tool to control the protein release dynamics whilst
protecting the loaded sensitive molecules against protein unfolding, deactivation or precipitation
[11, 12, 24]. Proteins are generally high molecular weight, hydrophilic macromolecules with
intrinsic physical and chemical lability/instability in most conditions, which makes them difficult
to administer than conventional low molecular weight robust drugs [25]. This chapter optimises
the delivery performance of TNT/Ti implants for controlled release of two types of proteins,
Fluorescein isothiocyanate-labelled Bovine Serum Albumin (FITC-BSA) and Glypicans (GPC1

and GPC3). FITC-BSA formed an ideal control because it a widely used protein that does not cause
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any immunogenic response or therapeutic action in vivo [26]. Moreover, the fluorescent labelling
aids towards easy and sensitive quantification and analysis of the released BSA [27]. On the other
hand, Glypicans (heparan sulfate proteoglycans) can have an inhibitory (bone antagonising) effect
on the BMP2 bioactivity. Thus, a controlled delivery of GPC1/GPC3 form proposed TNT-based

implants is likely to prevent BMP2-mediated bone formation and hence sutural fusion [28, 29].

The main focus of this chapter was to evaluate the in vitro release characteristics of the model
proteins from the nano-engineered Ti implants, before adapting the system for murine studies. The
specific aims of this study were (i) to measure the physical characteristics (hydrodynamic diameter
and charge) of model proteins, (ii) to establish the release characteristics of control protein by
exploring the effects of loading techniques (in vacuum or air) and different biopolymer coatings
and (iii) to establish release profiles for GPC1 and GPC3 entrapped within polymer-coated and

uncoated TNTs at room temperature and 37 °C, and mathematically model their Kinetics.

It is important to assess the physiochemical properties of the model proteins since they
influence the diffusion process and overall release pharmacokinetics. A stable hydrodynamic
diameter in physiological buffer (as excipient) would affirm their structural integrity and
monodispersity (minimal aggregation) and render them as suitable candidates for prolonged release
applications [30, 31]. Moreover, a better loading would lead to higher encapsulation and retention
of proteins and possibly prolonged release periods and improved shelf-life [30, 31]. The concept
of biopolymer coating over the TNTSs that further improves the overall release efficiency is depicted
in Figure 4.1. After optimising the release parameters, this approach was extended to study the
release and pharmacokinetic properties of glypicans loaded within the nanotubes at room and

physiological temperatures (to simulate in vivo release conditions). If successful, this in vitro
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delivery system can provide opportunities for an in vivo preclinical investigation in a murine model

to prevent cranial bone growth.

In vitro Protein Release from TNT/Ti Implants

@ Ti Metal [ TNTs [@) Protein molecules @) Polymer coatings [ PBS

Polymer-Protein-TNT/Ti Protein-releasing TNT/Ti
Implant Implant
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Figure 4.1. Scheme of local protein delivery system, consisting of TNT/Ti implants coated with
biopolymer to achieve an extended release. The lower part shows the core structure of model

proteins and the chemical structures of the two biopolymers used for coating the implant surface.
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4.2. Experimental section

4.2.1. Materials and chemicals

High purity titanium foil (99.6% of Ti) with a thickness of 0.20 mm, supplied by Nilaco (Japan),
was used as a substrate for the fabrication of the implants. The chemicals for electrolyte preparation
and polymer surface coatings as well as analytical grade reagents have been previously listed
(Chapter 3, Section 3.2.1, p.88). The model proteins, recombinant human glypicans (GPC3 and
GPC1) were obtained from R&D systems (USA) and FITC-Labelled Bovine serum albumin (BSA)
(control protein) was supplied by Sigma—Aldrich (Australia). The 10X phosphate buffered saline
(PBS) at pH 7.4 from HyClone, Fisher Scientific (USA) was used to reconstitute the model proteins
at 100 pg/ml. High-purity Milli-Q water was utilised throughout this study for dilutions and

washing.
4.2.2. Fabrication/characterisation of TNT/Ti implants

TNT/Ti implants were prepared by simple two-step electrochemical anodisation of titanium foil in
lactic acid containing organic electrolyte (as described in Chapter 3 Section 3.2.3, p. 91), whilst
the detailed specifics of this work are described in the upcoming sub-sections. However, the surface
and morphological characterisation of the prepared TNT/Ti implants has briefly been restated in

this Chapter.
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4.2.3. Protein size measurements

The average hydrodynamic diameter and zeta potential of the model and control proteins before
loading were determined by laser light scattering using a monochromatic laser ray diffusion
counter, Zetasizer Nano ZS at 25 °C and analysed using Dispersion Technology Software (Malvern
Instruments Ltd., UK). A He-Ne laser beam, with the angle of measurement set as 90°, was used
to carry out size measurements before and after analysing the zeta potential to equilibrate the

samples and check for protein agglomeration.

A diffusion barrier technique was used to isolate a small protein volume from the electrodes
that generally denature the protein samples. Briefly, the folded capillary cell was filled with 700 pl
of PBS (pH 7.4) and put into the Zetasizer for 2-3 minutes to allow the temperature to equilibrate.
The cell was then removed and 50 pl of the protein sample was pipetted directly into the bottom
of the cell (i.e. U- bend where the mobility measurement is made) using a gel loading tip. After the
sample was loaded, the size and zeta potential measurements were collected using standard
methods. ExXPASy bioinformatics resource portal (ProtParam) provided access to scientific

databases and software tools to confirm the protein characteristics.

4.2.4. Protein loading and surface coating

The TNT/Ti discs were employed as nanoreservoirs and loaded with the model proteins via a
simple lyophilisation method [32]. The discs were rinsed with water and ethanol to facilitate the
penetration of the loading solution and allowed to air dry. The FITC-Labelled BSA was tested for
different loading concentrations and techniques (vacuum-drying and air-drying). Briefly, a 10 ul

concentrated solution of FITC-Labelled BSA (100 pg/ml in sterile PBS) was pipetted onto each
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surface and gently spread to ensure even coverage. Half of the samples were allowed to dry for 2
h under vacuum (created using a vacuum pump attached to a desiccator to obtain high pressure-
low vacuum conditions for solvent evaporation) and the other half in the air at room temperature.
The loading procedure was repeated on the dried samples until an appropriate amount of protein
was present inside the TNT pores. These samples were denoted as TNT/BSA and loaded with a
test amount of 5 pug and 10 ug to check the release. The BSA-loaded implant surfaces were then
spin-coated with Chitosan (1-2%) and Pluronic-F127 (20%) polymeric solutions at varied
concentrations to obtain different thickness of layers on the TNT surfaces to prolong the release.

The details of polymeric surface coating were described in in Chapter 3 (Section 3.2.4, p.92)

The TNT/Ti implants were filled with GPC1 and GPC3 using vacuum drying technique (based
on better loading efficiency obtained by preliminary control FITC-BSA study). A test amount of 5
pg/sample (10 pl drop of 100 pg/ml GPCs in sterile PBS repeated 5 times) was optimised for all
in vitro glypican release studies. These loading amounts were selected on the basis of previous cell
and animal studies, suggesting that a few nanograms of bone antagonising proteins can have
profound inhibitory effects on the BMP2 pathway [33-35]. Then, the implants were gently wiped
to remove any surface accumulated protein and coated with a 2%-50 pl of chitosan solution. All

experiments were performed in triplicates.

4.2.5. Protein quantification and release studies

To characterise the in vitro release profile, the protein-loaded TNT/Ti samples were immersed in
500 ul of PBS at room temperature in capped eppendorf tubes. The amount of eluted protein was
measured periodically at various time points (for up to a month) by removing 200 pl of the aliquot,

replacing it with fresh PBS each time (to maintain the sink conditions) and analysing it by using a
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photoluminescence spectrophotometer (Fluoromax 4, Horiba Jobin Yvon- Edison, USA). The
FITC-Labelled BSA released from the TNTs was analysed directly, wherein intensities of
fluorescent peaks (emission wavelength- Aem= 516 nm and excitation wavelength- Lex = 435 nm)

were converted to corresponding concentrations by using a calibration curve.

To measure the amount of released glypicans (GPCs), a FluoroProfile® Protein Quantification
Kit (from Sigma—Aldrich, USA) was used to label the proteins and to obtain a fluorescent signal.
This involved preparation of a working reagent from the kit by mixing water/sample buffer,
Flouroprofile fluorescent reagent and quantification buffer in an 8:1:1 ratio. Equal volumes (100
ul) of working reagent and the released aliquot from the TNTs were mixed together and incubated
for at least 30 min prior to measurement of the fluorescent signal (at Aem= 620 nm and Aex = 510
nm). A blank was also prepared by adding equal volumes of working reagent and buffer to subtract
the background attenuation. Since the fluorescence intensity is directly proportional to protein
concentration, the released protein concentrations were calculated against the standard protein
(BSA from the kit) calibration curve. The glypican release was carried out at both room temperature

and 37 °C (simulating the conditions in a murine model).

Prior to the initial release experiments, the quantification of proteins loaded within the TNTs
was performed by ultrasonically stimulating the loaded samples in PBS overnight to induce active
release. The amount of protein in the eluate was confirmed using photoluminescence
spectrophotometer against the standardised calibration curve. Since the existing standard
colorimetric measurements (such as BCA test) weren’t sensitive enough, this technique provided
a simple and quick alternative method to analyse micro to nanograms amount of loaded proteins.

This was a less accurate but more viable approach when compared to standard thermogravimetric
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analysis (TGA). The average of loading values was used to determine the TNT loading efficiency

as follows:

Protein amount in the eluate
Loading Efficiency % = x 100

Initial amount of Protein loaded

4.2.6. Error analysis

The experiments in this study were conducted in triplicate and variations in estimated data were
analysed. The standard deviations associated with the experimentally measured and processed data
were represented using error bars (set at 95% confidence interval of the mean) while plotting the

drug release curves.

4.3. Results and discussion

4.3.1. Structural characterisation of TNT/Ti implants

Chapter 3 (Sections 3.4.1.2, p.96-98 and 3.4.3, p.102-104) show the detailed SEM micrographs of
uncoated and polymer-coated TNT implant surfaces with hexagonally aligned tubular structures
with lengths of ~35 um and constant pore diameters of 120 £ 10 nm. The highly-ordered and well-
defined nanotubular structures with closed bottoms are ideal nanoreservoirs for protein loading
which deem these implants suitable for implantable delivery applications. It is worth mentioning
that these nanotubular layers can be grown easily and reproducibly onto different medical grade
Titanium implants (i.e. plates, screws, stents, pins, rods, mails, pines and wires) [10]. The
representative morphology of the TNT/Ti implants characterised by SEM are summarised in

Figure 4.2.
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Figure 4.2. SEM images of TNT grown on Ti discs using the anodisation technique (prepared in
LA electrolyte, 120 V, 5 min). (a) The top surface showing the nanotubes with consistent pore
diameter (120 £ 10 nm), (b) the cross-section showing densely packed nanotube arrays along the
whole length (~35 pm) and (c) the partial top and cross-sectional view of chitosan-coated TNTs
showing closed pores on the top (The TNTs were scratched and broken off the substrate to obtain

better images).

4.3.2. Characterisation of model proteins (Aim 1)

The physical characteristics of the model proteins used in this study are outlined in Table 4.1. The
average sizes (hydrodynamic diameter) of FITC-Labelled BSA, GPC1 and GPC3, calculated by
dynamic light scattering were 7.5 £ 0.2, 8.7 £ 0.1 and 10.1 £ 0.1 nm respectively (Figure 4.3). The
corresponding zeta potential ({) measurements showed negatively charged values for all three
proteins with the net charges of -13.6 + 1.6 mV (FITC-BSA) , -9.8 + 3.6 mV (GPC1) and -12.5
2.2 mV (GPC3) at pH 7.4. These values were consistent with the theoretical isoelectric points of
the model proteins calculated using the ExPASy bioinformatics resource portal (ProtParam). The

size measurements that were repeated after the charge determination showed no significant changes
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in the protein diameters, confirming the stability and preservation of the protein structure due to

the use of diffusion barrier technique.

Protein Size Measurements
25 - 25
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Figure 4.3. Volume distribution curve showing the size of the model proteins, FITC-Labelled
BSA, GPC1 and GPC3, before and after zeta potential measurements (using diffusion barrier

method) by Zetasizer Nano ZS.
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Protein Size(nm)+ | {(mV) at Isoelectric Molecular wt. (kDa) °
SD pH=7.2% | point (pl)?
SD
FITC-BSA 7.5+0.2 -136+ 1.6 4.7 67.0
GPC1 8.7+0.1 9.8+36 6.5 56.8
GPC3 10.1+0.1 -125+2.2 5.9 61.6

Table 4.1. Physical characteristics of the proteins to be loaded into TNT/Ti implants from 5

separate measurements.

a- lIsoelectric point theoretically determined by the software- EXPASy bioinformatics resource

portal (ProtParam).

b- Molecular weight as supplied by the manufacturer and confirmed by ProtParam.

4.3.3. In vitro release studies (Aims Il and I11)

Three different sets of experimental data for protein molecules diffusing out of TNT/Ti implants
were collected and compared, evaluating the effects of: (i) loading/drying techniques, (ii) different
polymer coatings on TNT surfaces for control protein (Aim I1) and (iii) temperature on the release
characteristics of glypicans (GPC1 and GPC3) (Aim Il1). The preliminary testing was performed
on the control FITC-BSA protein to establish ideal parameters (loading and polymer coating

thickness) for glypican release.
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4.3.3.1. Influence of loading/drying method on drug release

Cumulative release profiles for the control protein (FITC-BSA) loaded into TNTs and dried under
air or vacuum conditions are presented in Figure 4.4. The release data were divided into two
phases; firstly an initial rapid elution of the molecules (burst release) for 6 h with 35-70% release,
followed by a prolonged, slower elution phase (sustained release) that lasted up to 21 days,
depending on the amount of the loaded protein and the drying method. This biphasic release profile
is characteristic for diffusion-controlled release kinetics from nanoporous structures [10]. The high
amount of instantaneous burst release indicates the elution of protein molecules from the surface
layer, owing to large concentration gradient at the nanopore (120 = 10 nm diameter)-PBS interface

and weak physical containment of proteins.

A considerable difference in overall release profile of air- and vacuum-loaded FITC-BSA was
observed, due to the difference in loading efficiency % in between the two methods. The vacuum
drying technique for loading was more efficient (~ 90% loading efficiency) than simple air drying
(based on capillary force dependent filling), showing a more gradual elution curve. This is
supported by the notion that under vacuum drying, the proteins were trapped deeper inside the
nanotubular channels, and therefore needed a longer time to diffuse. Nearly all curves plateaued to
a receding line towards the end of the release at 4, 13, 11 and 21 days for 5 and 10 pg air- and
vacuum-loaded samples, respectively. As expected, a higher loading amount led to a longer and

sustained release from the nanotubes (with variable rates of elution).
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Influence of Loading Method on FITC-BSA Release
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Figure 4.4. Protein release profile from TNT/Ti implants prepared in LA electrolyte (120 V, 5
min) loaded with 5 and 10 pg of FITC-BSA, dried under different loading conditions (air and
vacuum). The inset depicts the rapid burst release in the first 6 h. Error bars represent mean £ SD

forn=3.

The corresponding release characteristics extracted from the release graphs in Figure 4.4 and
loading efficiencies (estimated by fluorescence spectroscopy) are listed in Table 4.2, to show
release efficiency in terms of protein release % at various time points (1 h, 6 h, 24 h, 7 days, 14
days and 21 days). Throughout the experiments the burst release (tg) was calculated at 6 h for all
cases, while the midpoint signifying the elution of half the amount of loaded protein (tso) from the

TNT nanopores was recorded at less than a day for air-loaded samples and 1-3 days for vacuum-
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loaded samples, respectively. Nevertheless, the vacuum loading method improved the release

efficiency and extended the release period.

Release efficiency (%) Release duration Loading
(h/d) Efficiency
TNT samples (%)
6h | 1d 7d | 14d | 21d | ts | tso | tico (d)
(h) | (h/d)
5 ug vacuum-loaded | 349 | 425 93.8 100.0 100 6 1.2d 11d 86+4
10 pg vacuum-loaded | 41.6 | 43.3 74.8 89.6 100 6 2.3d 21d 89+3
5 ug air-loaded 69.7 | 725 | 100.0 | 1000 | 100 | 6 | 1.2h 4d 57+3
10 ug air-loaded 63.7 | 67.6 85.8 100.0 100 6 1.4h 13d 64+2

Table 4.2. Release parameters of the in vitro studies of FITC-BSA eluted from TNTs loaded and

dried under different conditions.

4.3.3.2. Influence of biopolymer surface coating

Having established an efficient loading technique to maximise the loading efficiency and to extend

the protein release, the FITC-BSA loaded nanotubes were further coated with two different

biopolymers of varying thickness to modulate the release characteristics. Comparative biphasic

protein release profiles from TNTs with and without polymer films (Chitosan and Pluronic-F127)

are presented in Figure 4.5. Results show that cumulative burst release (Figure 4.5a) in

comparison with uncoated TNTs (36%) was suppressed to 15-34% when the loaded implants were
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covered with polymeric films. The different thickness of the coated polymeric films have been

described previously (Chapter 3, Section 3.4.3, p.102-104).

The polymer coating also significantly extended the overall protein release duration to up to
30 days for the thickest chitosan coating (Figure 4.5b). In this scenario, the release kinetics was
not only diffusion-driven, but was also controlled by the transport of protein molecules through the

polymer matrix and the rate of degradation of the polymeric film [9, 20, 36, 37].

Previously, a detailed study from our group investigated the in situ degradation of chitosan
coating on TNT/Ti implants which led to formation of microscale tubular mesh (chitosan
microtubules) upon immersion in physiological PBS buffer for up to 5 weeks [38]. This can justify
the slow and favourable release kinetics and the chitosan thickness dependent extended release.
Furthermore, the electrostatic attraction between the positively-charged amino groups in chitosan
and the negatively charged proteins, can alter and impede the migration of the protein molecules

out of the nanotubes [20, 38].
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Influence of Polymer Coating on FITC-BSA Release

—m— TNT without polymer (Bare)

—— Chitosan 1%-1cy (115 nm)

—m— Chitosan 1%-2cy (400 nm)

—4— Chitosan 2%-1cy (300 nm)

—&— Chitosan 2%-2cy (1200 nm)

—&— Pluronic-F127 20%-1cy (1115 nm)

g 8 & 8

Cumulative FITC-BSA Burst Release (%)
=
o
1

o
1

Time (min)

—m— TNT without polymer (Bare)

—— Chitosan 1%-1cy (115 nm)

—m— Chitosan 1%-2cy (400 nm)

—&— Chitosan 2%-1cy (300 nm)

—@— Chitosan 2%-2cy (1200 nm)

—@— Pluronic-F127 20%-1cy (1115 nm)

Cumulative FITC-BSA Release (%)
3
1
- Dm0 5l

o
|

T T T T T 1

0 5 10 15 20 25 30 35
Time (Days)
Figure 4.5. Comparative protein release graphs of control FITC-BSA from TNT/Ti implants

(prepared in LA electrolyte, 120 V, 5 min) with and without polymer-coating showing (a) the

rapid initial burst release and (b) overall sustained release. Chitosan (1200, 400, 300 and 115 nm
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thick) and Pluronic-F127 (1115 nm thick) biopolymers spin coated onto the TNT/Ti surfaces,
evenly covering the nanopores were tested for the release studies. Error bars represent mean + SD

forn=3.

A thin Pluronic-F127 layer coated to cover the open ends of TNT implants was also tested for
the release study, but it failed to inhibit the burst release, and the overall release lasted for 12 days
(similar to uncoated TNTSs). This could be attributed to the thermoreversible sol-gel behaviour of
Pluronic-F127 which at temperatures higher than 23 °C, transforms into a semi-permeable gel, thus

permitting the unhindered diffusion of protein molecules through it [39].

Table 4.3 summarises the release parameters of FITC-BSA from polymer-coated TNTs in
comparison with the bare TNTs. A promising highlight was the substantial reduction of burst
release from 35.91% of bare (uncoated) TNT to 15.1%, 19.94%, 24.04% and 27.50% for 1200,
400, 300 and 115 nm thick chitosan coating, respectively. This enormous plummet can help
eliminate the initial uncontrolled release from surface of the TNT implants and fine-tune the release
behaviour of polymer-coated TNTs by controlling the polymer thickness. This is particularly
relevant to design therapeutic delivery systems requiring flexibility with desired release kinetics,
time, and dosage for specific applications, such as short-term inflammation suppression, moderate-
term antibacterial action, or long-term delivery of growth factors/inhibitors in fracture healing,

bone cancer and potentially craniosynostosis [9].
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Release efficiency (%0) Release duration
(h/d)
TNT samples 6h 1d 7d | 14d | 21d | 30d | ts tso t100

(h) | (h/d) | (d)

Bare TNTs 35.9 36.7 89.9 100.0 | 100.0 | 100.0 6 2.8d 11d

Chitosan-coated TNTs 27.5 354 76.4 99.6 100.0 | 100.0 6 4.2d 15d
(1%- 25 pl/1 cy)

Chitosan-coated TNTSs 19.9 24.7 56.2 79.5 99.7 100.0 6 5.9d 22d
(1%- 50 ul/2 cy)

Chitosan-coated TNTs 24.0 29.2 60.2 88.3 100.0 100.0 6 5.3d 19d
(2%- 25 i/l cy)

Chitosan-coated TNTSs 15.1 18.0 35.7 58.3 86.3 100.0 6 10.1d 30d
(2%- 50 ul/2 cy)

Pluronic-F127-coated 34.9 38.9 82.5 100.0 100.0 100.0 6 2.7d 12d
TNTSs (2%- 50 pl/2 cy)

Table 4.3. Release parameters of the in vitro studies of FITC-BSA eluted from uncoated and

polymer (Chitosan and Pluronic-F127) -coated Titania nanotubes (TNTS).

4.3.3.3 Glypican release study and influence of temperature

The size of FITC-labelled BSA (66kDa) is similar to that of glypicans that are responsible for co-
regulating skull growth [40], hence this aforementioned approach can be extended for
craniosynostosis therapy. The release kinetics of bone inhibiting glypicans, GPC1 and GPC3 with
and without 2% chitosan coating were tested at room temperature and 37 °C (to mimic the in vivo

environment). Figure 4.6 highlights comparative glypican release characteristics showing the
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biphasic diffusion of model proteins at room temperature. The release process lasted for 9 and 11
days for GPC1 and GPC3, with 41% and 46% of initial burst release (graph inset) from the
uncoated nanotubular surfaces. Corresponding cumulative amounts of protein released in
nanograms are shown on the right hand-side y-axis. This non-salient difference in the GPC1 and
GPC3 release duration is due to the slightly larger hydrodynamic diameter of GPC3 which
improves its retention within the nanotubes and retards its diffusion.

Glypican Release at Room Temperature
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Figure 4.6. Protein release profiles from TNT/Ti implants prepared in LA electrolyte (120 V, 5
min) and loaded with 5 pg of GPC1 and GPC3 at room temperature (RT). The inset depicts the

rapid burst release in the first 6 h. Error bars represent mean + SD for n = 3.
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Since 2%-2 cy chitosan-coated TNTs performed significantly better than the other coated and
uncoated nanotubes, these implants were chosen for further glypican release studies. Comparative
release curves of GPC1 and GPC3 loaded into TNTs with and without chitosan coating at 37 °C
are presented in Figure 4.7a-b. It was re-established that polymer coating over protein-loaded
TNTSs provided a lower burst and longer release time. Table 4.4 summarises the release parameters
from chitosan-coated and uncoated TNTs at both RT and 37 °C, with considerably extended
glypican release (GPC1- 14 days and GPC3- 16 days) as a result of polymer coating when

compared with uncoated TNTs (GPC1- 4 days and GPC3- 5 days).

The release pattern from uncoated TNTs were shortened when the temperature was changed
from RT to 37 °C (Table 4.4), implying that the release of assemblies of proteins loaded within
TNTs were accelerated at physiological temperature due to an increase in amount of energy
available for diffusion [41]. Moreover, temperature change might have also affected the rate of
chitosan degradation [38]. At 37 °C, the burst release ranged from 63-64% for uncoated TNTs to
36-37% for chitosan-coated samples (which is considerably higher than that obtained for control
FITC-BSA at RT). Therefore, these results show that sustained release of proteins form
nanotubular therapeutic implants is impacted by the surface chemistry as well as the release
temperature. Other parameters such as pore-diameter, nanotube length, surface wettability, loading

amount etc. can further influence the in vitro release characteristics [10, 42].
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Glypican Release at Physiological Temperature
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Figure 4.7. Protein release profiles from TNT/Ti implants prepared in LA electrolyte (120 V, 5
min) and loaded with 5 ug of (a) GPC1 and (b) GPC3 at physiological temperature (37 °C). The
inset depicts the rapid burst release in the first 6 h. Error bars represent mean + SD for n = 3.
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Release efficiency (%)

Release duration (h/d)

TNT samples
6h 1d 7d | 14d | ts(h) | tso (h/d) | tio (d)

TNTs with GPC1 at RT 40.9 56.0 95.1 100.0 6 0.9d 9d
TNTs with GPC3 at RT 459 56.6 85.4 100.0 6 0.6d 11d
TNTs with GPC1 at 37°C 63.5 69.6 100.0 100.0 6 15h 4d
TNTs with GPC3 at 37°C 62.7 73.9 100.0 100.0 6 25h 5d
Chitosan-coated TNTs with 37.1 38.5 60.7 100.0 6 4d 14d
GPC1 at 37°C

Chitosan-coated TNTs with 35.6 37.1 56.0 94.7 6 6d 16d
GPC3 at 37°C

Table 4.4. Release parameters of the in vitro studies of GPCs eluted from uncoated and Chitosan-

coated Titania nanotubes (TNTSs) at room and physiological temperature.

The actual concentration of glypicans released from the nanotubular system at physiological

temperature on any given day is presented in Figure 4.8. The maximum absolute values measured

in the experiments (during sustained release periods) are within the adequate range (50-250 ng/ml)

for clinical applications (therapeutic window); this scenario is in tandem with previous cell studies

showing regulatory effects of glypicans on BMP pathway [33].
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Glypican Release Concentrations
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Figure 4.8. Glypican release concentrations (in nanograms) from TNT/Ti implants prepared in LA

electrolyte (120 V, 5 min) and loaded with 5 pg of GPC1 and GPC3 at physiological temperature

(37 °C).

4.4. Mathematical modelling of glypican release kinetics (Aim I11)

The release of drug molecules form the TNTs in most cases can be essentially considered as a

diffusion-controlled process, based on one-dimensional Fick’s first law, from a non-degradable/

non-eroding drug-carrier system [43, 44]. Aforementioned release systems also involved mass

transfer of therapeutics from a high concentration region (protein-loaded nanotubes) to a low

concentration region (PBS). The chitosan coating further complexed the release kinetics of the

TNT-based reservoir system by delaying the glypican release (based on polymer degradation) [45].
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As observed from the in vitro drug release curves (Figure 4.5 and 4.6), the biphasic release profiles
(i.e. burst + sustained) can be fitted onto different drug release models to analyse the GPC1/GPC3
transport mathematically. The following analysis models can be used to predict the release

behaviour and performance of our implantable delivery system:

Zero-order Model: F = M{/M¢ = Kot

First-order Model: logF = K1t

Higuchi Model: F = Kut'/?

Korsmeyer-Peppas Model: F = Kpt"

where, F is the fraction of drug release given by the ratio of the drug amount released at time t (M)
to the final amount of drug released (Ms), n is the exponent of diffusion that can be linked to the
drug transport mechanism, while Ko, K1, Ky and Kp are the kinetic constants for zero-order, first-
order, Higuchi and Korsmeyer-Peppas models, respectively. Tables 4.5 and 4.6 summarise the
values of kinetic constants, co-relation factors (R?) and diffusion exponents obtained from fitting
the in vitro data to the investigated kinetic models. The analytical computation of n can help
characterise the release mechanisms. For a cylinder, with n <0.45, the release mechanism is Fickian
diffusion, with 0.45 < n < 0.89, release is governed by non-Fickian or anomalous diffusion and

with n = 0.89, case Il drug transport takes place leading to zero order release [43, 46-48].
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Sample Zero-Order model First-Order model
Name Burst release Sustained release Burst release Sustained release
Komin R? Ko min’t R? Komin? R? Komin R?

TNTs with GPC1 at RT 0.0009 0.79 3E-05 0.97 0.0016 0.61 2E-05 0.54
TNTs with GPC3 at RT 0.0007 0.71 3E-05 0.99 0.0009 0.57 2E-05 0.67
TNTs with GPC1 at 37°C 0.0013 0.69 7E-05 0.97 0.0015 0.47 4E-05 0.65
TNTs with GPC3 at 37°C 0.0015 0.71 5E-05 0.96 0.002 0.54 2E-05 0.54
Chitosan-coated TNTs 0.001 0.83 3E-05 0.96 0.003 0.66 2E-05 0.57
with GPC1 at 37°C
Chitosan-coated TNTs 0.0009 0.84 3E-05 0.98 0.0034 0.48 2E-05 0.79
with GPC3 at 37°C

Table 4.5. Comparison of release constants and co-relation factors for burst and sustained release

obtained by fitting the in vitro release data to zero-order and first order model.

The burst release data fits well to both Higuchi (diffusion limited process) and Korsmeyer-
Peppas (estimated mechanism of diffusion) models for all the glypican-loaded samples. The initial
burst release is caused by fast diffusion of the molecules at the solid-liquid interface at the surface
layer. This is supported by the exponent of diffusion value (n greater than 0.5 but less than 0.89)
form the Korsmeyer-Peppas model suggesting that the proteins undergo anomalous transport in
which both the concentration gradient and polymer degradation (for chitosan-coated TNTSs) are
governing the diffusion mechanism [23, 48]. However, the high n values (close to 0.89) for
chitosan-coated TNTs roughly describe the case Il drug transport mechanism that engenders to a

zero-order release kinetics [47].

Beyond the burst release, the diffusion of drug molecules represent a slow and steady fashion
which fits to the zero-order release model. As the protein amount decreases over time, the
concentration gradient plummets, thus declining the release rate before plateauing. However, the
sustained release data correlates well (based on R? values) to Higuchi and Korsmeyer-Peppas

model (with the diffusion exponent less than 0.5), indicating Fickian diffusion controlled release
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during this period (first 60% of sustained release) [23, 48]. The therapeutic dosage following a zero
ordered profile is the most desirable therapy mechanism, where release occurs at constant rate

independent of the time and concentration [22, 23].

Sample Higuchi model Korsmeyer — Peppas model
Name
Burst release Sustained Burst release Sustained release
release
Kymin? R? Ky R? Kp min™ n R? K, min™ n R?
min't
TNTs with GPC1 at RT 0.0204 0.92 0.0089 0.99 0.260 0.564 0.97 0.275 0.284 0.98
TNTs with GPC3 at RT 0.0156 097 0.0086 0.97 0.374 0.588 0.96 0.410 0.201 0.97
TNTs with GPC1 at 37°C 0.0303 096 0.0119 0.99 0.256 0.561 0.94 0.364 0.269 0.99
TNTs with GPC3 at 37°C 0.034 0.94 0.0870 0.99 0.196 0.661 0.95 0.527 0.178 0.99
Chitosan-coated TNTs 0.022 099 0.0094 0.98 0.097 0.870 0.99 0.322 0.224 0.98
with GPC1 at 37°C
Chitosan-coated TNTs 0.0207 0.90 0.0090 0.93 0.104 0.863 0.97 0.234 0.301 0.99
with GPC3 at 37°C

Table 4.6. Comparison of release constants and co-relation factors for burst and sustained release

obtained by fitting the in vitro release data to Higuchi and Korsmeyer-Peppas model.

Although the theoretical predictions for the drug release profiles is comparable with our
experimental data, these models are limited by certain assumptions to stimulate the ideal drug
transport state (i.e. pseudo-steady state, one-dimensional flow, phase uniformity, perfect sink

conditions, continuous motion, constant diffusion coefficient, no interaction between the drug and
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matrix, high length to thickness ration of the system, short times/small portions of the release

curves etc.) [22]. These factors may impact the rational design of therapeutic-releasing platforms.

The achieved kinetic properties of the proteins released from nanoengineered implants over
the period of weeks show promise to be translated into clinically viable therapy. However, for a
long-term osteogenic inhibition, the amount of proteins loaded within the bone implants should be
substantially increased leading to a sustained release over months. Upscaling to bigger animal
models and children would also involve larger implantable discs, containing more proteins and

prolonged clinical efficacy

4.5. Conclusions

This study demonstrates the ability of designed TNT/Ti cranial implants for controlled and long-
term elution of bone-inhibiting proteins for advanced craniosynostosis therapy. The results reiterate
that electrochemically anodised TNTs of controlled dimensions can be successfully fabricated on
Ti discs and surface coated with desired polymers. The study specifically shows the loading and
release kinetics of three model proteins, including FITC-BSA, GPC1 and GPC3. Before loading
the TNT/Ti based delivery system, the model proteins were characterised to analyse their interfacial
properties (size and charge) with all three proteins elucidating homogeneously dispersed,

negatively charged molecules in the size range of 7.5-10.1 nm.

Different strategies were explored to control and modulate the protein loading and release
efficiencies, including variable loading/drying techniques (in air and vacuum) and biopolymer
coating of different thickness. The vacuum drying led to a better loading efficiency (86-89%),

compared to the air-loaded samples (57-64%) and delayed the release of control proteins from
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uncoated-TNTs for up to 21 days. The in vitro protein release studies revealed a biphasic release
profile with initial burst for 6h, followed by a slower sustained release. The biopolymer coatings,
Chitosan (1200, 400, 300 and 115 nm thick) and Pluronic-F127 (1115 nm thick) on the top of the
protein-loaded TNT platforms altered the release behaviour and delayed the release by limiting the
diffusion (based on the polymer degradation). The chitosan layers impeded the elution and
sustained the release for 15-30 days while the Pluronic-F127 layer did not have any significant

effects on the release duration (12 days), compared with uncoated TNTs (11 days).

Subsequently, the optimised parameters were applied to establish the release characteristics
of GPC1 and GPC3 eluted form uncoated and chitosan-coated TNTs at room and physiological
temperatures. The release rate was accelerated at 37 °C due to increase in diffusion energy, with
the duration of elution lasting to 4-5 days (as compared to 9-11 days at RT) for uncoated and 14-
16 days for chitosan-coated TNTs. Nonetheless, these results consolidated the importance of

polymer coating to improve the release behaviour and obtain favourable kinetics.

Finally, valid mathematical models were fitted to the experimental data, providing evidence
that the burst release (from polymer-coated samples) and overall sustained release followed a zero-
order release profile. The values of diffusion coefficient (n) further elucidated that for most
samples, the burst release showed an anomalous diffusion, immediately followed by a Fickian
diffusion before plateauing to a uniform release curve. Thus, variable release rates can be achieved
by simply modifying the implant characteristics for an optimum dosage within the therapeutic
window and required timeframe. However, TNT/Ti implants can only be viable for adjunctive
craniosynostosis therapy, if the in vitro results can be translated into successful delivery of

glypicans in vivo (in a pathological murine model) at the surgical site to prohibit new bone
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formation. The next chapter elucidates a pre-in vivo cell study to evaluate the biological response
at TNT-cell interface of (human) suture mesenchymal cells and to establish the basic groundwork

for craniofacial implantation.
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Abstract

Titania nanotubes (TNTs) engineered on titanium (Ti) surfaces (i.e. TNT/Ti) and loaded with
specific drugs have been recognised as a promising solution for localised therapeutic delivery to
address several medical problems not feasible with conventional drug administration. We propose
the use of TNT/Ti protein-releasing implants to treat paediatric craniofacial abnormality in
craniosynostosis caused by premature fusion of cranial sutures. In this study, we have analysed the
biological response of human suture mesenchymal cells (SMCs), extracted from two different

patients undergoing craniofacial reconstruction surgery, at the TNT/Ti implant surface. The
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experimental groups included large-diameter TNT/Ti implants, with and without biopolymer
surface coating (Chitosan and Pluronic-F127) while the controls comprised of flat Ti disc and tissue
culture plastic. The non-loaded implant surfaces and the cellular interactions at the implant-cell
interface were characterised using scanning electron microscopy (SEM). The SMC adhesion,
viability and proliferation were determined by MTT assay and manual cell counting at day 1 and
day 3 of cell incubation. SEM showed significant reduction in initial attachment and adhesion of
SMCs at TNT-cell biointerface compared with the control Ti discs. Subsequent cell proliferation
results also revealed a decrease in the number of viable cells on the TNT surfaces. The
nanotopography and structural features along with the surface chemistry dictated the cellular
response, with nanotubular surfaces (with and without polymer coating) impeding cell adhesion
and proliferation. Our findings hold promise for the use of TNT-based cranial implants as a delivery

system to prevent sutural bone growth for advanced craniosynostosis therapy.

KEYWORDS: Craniosynostosis; protein-releasing implants; Titania nanotubes; cranial implants;

human suture mesenchymal cells; cellular response

1. Introduction

Craniosynostosis is a paediatric craniofacial abnormality caused by premature fusion of cranial
sutures [1]. It is a largely unknown but fairly common pathology occurring in approximately 1 in
2500 live births [1]. The early suture closure (Fig. 1) can be associated with morphologic
abnormalities such as dysmorphic head and asymmetric facial features, causing raised intracranial
pressure and impaired cerebral blood flow leading to significant morbidity [2-4]. The conventional
management of this disease relies on invasive surgical reconstruction of the cranial vault. Although

the prematurely fused bones are excised and reshaped to increase the intracranial volume, patients
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often require repetitive interventions as the brain grows [5, 6]. Depending on the severity and cause,

patients can have single or multiple fused sutures [7].

BUnfused saggital suture

... »Fused coronal suture

| G #Unfused coronal suture

“AUnfused metopic suture

Unicoronal synostosis

DACFU

Fig. 1. A digital (A) and radiological (B) image of an infant skull with unicoronal synostosis (i.e. suture
fusion on the right side) before undergoing a cranial vault reconstruction surgery at the Australian

Craniofacial Unit (ACFU).

The suture pathophysiology is related to abnormal proliferation and differentiation of cells at the
osteogenic fronts within a growing skull [8]. The current goal of craniosynostosis research is to
design therapeutic implants that can alter/delay premature suture fusion by altering the events at

the cellular level, thus avoiding the multiple operations.

Medical implants made from Titanium (Ti) and its alloys have extensively been explored for use
in orthopaedic, dental and craniofacial applications by virtue of their bioinertness and
biocompatibility [9, 10]. Moreover, numerous surface modifications and micro- and nano-
structuring techniques have been explored in the last two decades to avoid post-implantation
infection and implant rejection [11, 12]. Previous studies have confirmed the relevance of both
chemical and structural modification of Ti implants at micro and nano scales to modulate the
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cellular response and bioactivity [13-16]. One of the simplest and most efficient approaches to
generate nanostructured surfaces is to electrochemically anodise Ti to grow an oxide layer with
Titania nanotubes (TNTSs) [17, 18]. The concept of TNT/Ti drug-releasing implants has been
established as a superior localised therapeutic-delivery platform in treating bone-related diseases
due to their outstanding chemical and mechanical properties as well as easily tuneable dimensions
and loading capacity [11, 12, 16, 19]. These implants have been successfully applied for slow and
extended release of therapeutics with varied chemistries and solubilities, triggered on-demand
release of externally stimulated payloads and sequential release of multiple drugs and carriers [20-
23]. Numerous studies have demonstrated the capabilities of TNTSs to release substantial amount
of drugs (antibiotic, anticancer, antibacterial), proteins, genes and RNAs catering to bone-implant
challenges [12, 19, 24]. Extending this approach to craniosynostosis therapy, TNT/Ti cranial
implants present a promising platform for localised delivery of proteins (bone antagonists),

prohibiting sutural bone formation in a murine model.

The TNT/Ti implants are polymer-coated (with Chitosan and Pluronic-F127) in order to modulate
the implant interactions and extend the release of loaded proteins in vivo. Both Chitosan and
Pluronic-F127 are biodegradable polymers with low toxicity, high biocompatibility and weak
immunogenic properties which make them ideal for tissue engineering and drug delivery

applications [25, 26].

For successful clinical implantation and optimal functioning of the TNT/Ti implant, it is essential
to understand the events at suture cell-biomaterial interface. Human primary suture cells or suture
mesenchymal cells (SMCs) are a complex population derived from bone-forming tissues of the

skull calvarial plates. The tissue complex comprises of cells at different stages of differentiation
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including mesenchymal cells, osteoprogenitor cells, preosteoblasts, osteoblasts, osteocytes and
cells from other developmental lineages [8, 27]. Previous research based on an in vitro model of
explant human calvarial suture tissue culture has identified the cellular mechanisms involved in
abnormal bone growth during suture morphogenesis [27-29]. Experimental evidence shows that
the cranial osteoblasts potentially de-differentiate into pre-osteoblastic cells when cultivated in the
absence of osteogenic cues, making them ideal candidates for studying cell behaviour at the
TNT/Ti implant surface [30]. In addition, they are likely to behave as stem cells cultured on TNTs

[31, 32].

Owing to their nanotopographical surface features (closely mimicking the natural extracellular
matrix/ bone morphology), TNT/Ti implants are known to modulate and control cell behaviour and
surface interaction. In addition to nanoscale surface morphology, the cell adhesion and subsequent
proliferation, migration and differentiation are highly dependent on TNT porosity and pore
dimensions. The surface roughness, chemistry, wettability, charge and the crystal phase also affect
cell physiology. TNTs with variable dimensions and surface properties have been shown to
influence the behaviour of a variety of cell types cultured on the surface, e.g. osteoblasts,
fibroblasts, chondrocytes, myocytes, keratinocytes, endothelial cells and mesenchymal stem cells
(MSCs). However, the cellular response of different cell types to similar TNT morphologies

(diameters) is conflicting [13, 14, 31-35].

The events succeeding an ex vivo/clinical implantation involve the immediate adsorption of
extracellular matrix (ECM) proteins (vitronectin and fibronectin) from the media or the body serum
onto the implant surface. The protein adsorption and subsequent unfolding expose the functional

groups and provide anchorage sites to the surrounding cell surface receptors (integrins), which
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cluster to form a focal adhesion complex, thereby controlling cell adhesion, spreading and function

[34-36].

The response of different phenotypic cell lines to the TNTs with variable topographical
characteristics (diameters) is not universal. In some studies, 30 nm TNTs show good MSC
adhesion, while in others 70-100 nm TNT surfaces promote elongation and expression of
osteogenic differentiation markers [37]. Comparisons also indicate that 15 nm diameter TNTs
promote MSC activity, integrin clustering and focal formation while 100 nm TNTs impair cell
functions and induce cell death [31]. Furthermore, 30-100 nm [15], 50 nm [38] and 70 nm [38, 39]
TNTSs are known to significantly enhance osteoblast cell growth and function, contradicting the

findings of impaired osteoblastic function when the nanotube diameter is larger than 50 nm [31].

Considering all the ambiguities about the varied cellular behaviour on TNTSs, our aim was to
evaluate the in vitro performance of large-diameter TNT/Ti implants on the adhesion, proliferation,
viability and morphology of human suture mesenchymal cells. Since the TNT/Ti implants show
promise in treating paediatric craniofacial abnormality (i.e. craniosynostosis), the SMCs (primary
cells) extracted from affected patients undergoing craniectomy gives this novel study an
opportunity to improve existing knowledge. Our specific objectives were (i) to fabricate TNT/Ti
implants and to investigate the initial human SMC interaction at the implant surfaces, (ii) to
compare the human SMC behavior (adhesion, spreading and proliferation) within and between the
polymer-coated (with Chitosan and Pluronic-F127) and uncoated TNT surfaces (i.e. three
experimental groups), including Ti disc and polystyrene tissue culture plastic (i.e. two control
groups) and (iii) to investigate the effects of surface chemistry and wettability on human SMC

viability between the polymer-coated and uncoated TNT/Ti implants. The concept of extracting
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suture tissue from craniosynostosis patients and culturing SMCs on TNT/Ti implants is

schematically summarised in Fig. 2.

Unicoronal : :
X Cranium X-ray Excised suture Sh a.fter t_:ollagenase
synostosis digestion
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Fig. 2. Schematic diagram summarising the excision of human calvarial suture tissue and extraction of
suture mesenchymal cells (SMCs) from a patient undergoing craniofacial reconstruction surgery at ACFU.
The lower part of the scheme shows the TNT/Ti implant with SMCs cultured on the top. It further depicts
the cell-biomaterial interface with protein adsorption, integrin clustering, focal contact formation and

initial cell adhesion.

The initial SMC attachment and morphology at the cell-implant bio-interface (on experimental and
control surfaces) were analysed using scanning electron microscopy (SEM) while the subsequent
adhesion and proliferative activities were evaluated by measuring the number of attached cells,
using MTT assay and manual cell counting at day 1 and day 3 of cell incubation. The final SMC

response and viability were determined by combined assessment of the surface topography and
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chemistry using the above mentioned analysis tools. The null hypotheses were that the SMC
behavioral response to the experimental groups would be similar to the control groups, and that the
nanotopography and surface chemistry would have no significant effects on their number and

viability.

2. Materials and methods

2.1. Fabrication of TNT/Ti implants

The Ti foil was mechanically polished and cleaned by sonication, followed by ultrasonic milling
to obtain 3 mm circular discs. TNT arrays were fabricated on the Ti discs by simple two-step
electrochemical anodisation in lactic acid containing organic electrolyte [40] (Supplementary

Information — Sections 1-2).

2.2. Surface coating of TNT/Ti implants

Polymer solutions of chitosan (2% (w/v) chitosan + 0.8 vol.% acetic acid in deionised water) and
Pluronic-F127 (20% (w/v) in cold water) were prepared and spin-coated at 1500 rpm for 15 s onto

the TNT/Ti, followed by vacuum drying.

2.3. Surface characterisation

A field-emission scanning electron microscope (SEM, FEI Quanta 450, The Netherlands) was used
to characterise the TNT structure, and to measure of the thickness of the nanotube and polymer
layers. The contact angles of the TNT/Ti implants were measured at the initial (t=0) and the final
time points (t=f; f=5.00 £ 2.92 s) using a sessile drop method on an optical contact angle measuring

device (Attension, KSV Instruments, Australia).
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2.4 Human suture samples and primary cell culture

Human calvarial suture tissues were excised from two patients undergoing corrective
craniosynostosis surgery at the Australian Craniofacial Unit, Adelaide. Consent was provided by
the parent/guardian, in accordance with the guidelines of the Research Ethics Committee of the
Women's and Children's Health Network, Adelaide, South Australia (HREC# 1033/10/2014).
Briefly, the suture tissues (suture mesenchyme plus 3 mm of bone on either side for unfused coronal
sutures, or fused bony plate plus 3 mm of bone on either side for fused coronal/sagittal sutures)
were dissected from the patients’ skulls. After removing the overlying pericranium, primary cells
were obtained by collagenase digestion and explant culture using a previously described method

[8, 30] (Supplementary Information — Section 4).

2.5. MTT cell proliferation assay

Four human primary suture cell lines (from fused and unfused sutures of both patients) were used
to optimise the MTT assay with different cell numbers (104, 2x10* and 5x10* cells/well) and time
points (day 1 and day 3). Cell adhesion (after day 1) and proliferation (after day 3) were assessed
using the commercially available MTT assay kit (Promega CellTiter 96® Non-Radioactive Cell
Proliferation Assay), by applying modified Mosmann method [41]. Before seeding the cells onto
the implant surfaces, the 3 mm discs (positive control Ti, Titania nanotubes (TNTSs), chitosan-
coated TNTs and Pluronic-F127-coated TNTs) were plated in a 96-well plate and effectively
sterilised under ultraviolet light for 30 min (Supplementary Information — Section 3). The cells
with a density of 2x10* cells/well (in 100 pl of DMEM medium) were incubated with sterilised
implants in culture plates for 24 and 72 h. After the respective co-incubation, 15 pl of the dye

solution was added to each well as per manufacturer’s directions. The plates were further incubated
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for 4 h at 37 °C in 5% CO2 environment, and 100 ul of solubilisation/stop solution was added to
dissolve the formazan crystals. The absorbance of the resulting purple solution was measured at a
wavelength of 590 nm using a UV-Vis spectrophotometer. Variations in cell activity resulted in
changes in the amounts of formazan formed, reflecting on the interactions at the cell-implant
interface. Cells cultured on tissue culture plastic were used as a negative control in each

experiment. All measurements were done in triplicate in two independent experiments.

2.6. Cell viability

In a separate parallel set of experiments, the number of cells adhering and proliferating on the
implant surfaces were quantified by trypsinising and manually counting them using a
haematocytomter. Similar layout as the MTT studies was used with fused and unfused cells from
both the patients. Each treatment was carried out in triplicate and identical experiment was repeated

twice at two different time points (24 and 72 h).

2.7. Characterisation of cell morphology on implants

SEM analyses were conducted to study the morphology of human suture cells cultured on both the
control and experimental surfaces. After a culture time of 24 h, the surfaces were washed with PBS
to remove the extra medium and the non-adherent cells. The implants with attached cells were
immersed in glutaraldehyde/paraformaldehyde solution to fix the cells. The cells were then washed
by dipping the implants in PBS buffer for 5 min, and then by sequentially dehydrating in ethanol
(70% and 90% EtOH for 15 min each followed by two 15 min washes in 100% EtOH). After the

samples were immersed in hexamethyldisilazane (HMDS):100% EtOH (1:1) solution for 10 min
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and then twice in 100% HMDS for 10 min, they were air-dried and mounted on SEM holders to be

sputter coated with 3 nm platinum layer.

2.8. Statistical analysis

One-way repeated measures ANOVA (with Bonferroni post-hoc tests) was used to analyse the
effects of implants surfaces (control and experimental groups) on the absorbance and cell number
values over time (IBM SPSS statistics 22, IBM Corporation, USA). Statistical significance was set

at the 0.05 probability level.

3. Results and discussion

3.1. Structural characterisation of TNT/Ti Implants

The surface and morphology of the fabricated TNT/Ti implants characterised by SEM are depicted
in Fig. 3A. For this study, nanotubes with large diameters (120 + 10 nm) and 35 um lengths were
utilised to minimise cell adhesion and proliferation. Although, a Ti disc was used as a model
implant, this technique can easily and reproducibly be translated onto medical grade Ti plates and

SCrews.
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Fig. 3. SEM images of TNT/Ti implants fabricated by electrochemical anodisation of Ti in NH4F/ethylene
glycol/LA electrolyte at 120 V for 5 min. (A) Uncoated TNT/Ti substrates, (i) the top view showing the
nanoporous structure and surface topography with 120 + 10 nm pore diameter (inset: the 3mm TNT/Ti
implant) and (ii) high resolution cross-sectional view of TNT arrays showing vertically aligned, self-
assembled nanotubes; (B) Angled cross-sectional images of TNTs spin-coated with biopolymers showing (i)
the Pluronic-F127 layer (prepared from 20% solution) and (ii) the Chitosan layer (prepared from 2%

solution) layer (the insets show the respective top views).
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Fig. 3B shows the surfaces of polymeric layers of Pluronic-F127 and Chitosan spin-coated onto
the TNT/Ti, reflecting on the effects of surface chemistry on cellular behaviour. The 2% chitosan
solution and the 20% Pluronic-F127 solution both rendered a surface coating ~1 pm thick, evenly

covering the nanopores.

Chitosan n(1-4,2-amino-2-deoxy-B-D-glucan) is a biopolymer that promotes implant integration
due to its structural similarity to hyaluronic acid present in the ECM [42, 43]. Pluronic-F127 is a
hydrogel comprising of amphiphilic copolymers of ethylene oxide and propylene oxide units.
Modification of implant surface with Pluronic-F127 is an effective method to resist protein

adsorption and bacterial adhesion [44, 45].

The surface wettability (hydrophilicity/hydrophobicity) affects the protein adsorption as well as
cell adhesion [46]. Table 1 summarises the water contact angles (WCAs) for all the implant
surfaces used in this study. The pure titanium disc (before annealing) had a high WCA of ~95°
while annealing decreased the contact angle to ~62°. The anodised TNTs had a highly hydrophilic

surface with initial WCA of 4°, decreasing to a zero within a few seconds.

Sample Contact Angle (°)
Ti unannealed 95.41+0.91
Ti annealed 61.73 = 1.00
TNT 4.00 +0.60
TNT-CH 30.71+1.51
TNT-F127 31.36 + 3.50

Table 1. Average (mean + SD) water contact angle (WCA) measurements for Ti and different TNT/Ti

substrates.
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Chitosan-coated TNT surfaces showed a drastic decline in hydrophilicity owing to the increment
in carbon content, with an initial WCA of 33° (at t=0) and the final WCA of 20° (at t=f). Similarly,
for the Pluronic-F127 modification, the WCA declined from 38° (at t=0) to 23° (at t=f)
approximately. We are assuming that the large polypropylene chains led to the observed decrease
in wettability. The corresponding video images at the initial measurement (t=0) and the final
measurement (t=f; f=5.00 £ 2.92 s) are shown in Fig. S1 (Supplementary Information- Section

5).

3.2. SMC adhesion and morphology

SMC adhesion at the SMC-implant interface is affected by implant surface properties and
topography. Possible mechanisms of cell attachment may include surface charge-dependent
electrostatic physiochemical linkages, or protein-mediated attractive and repulsive forces [47-49].
Fig. 4 presents the low and high magnification SEM images of cell adhesion and morphology after
1 day of incubation on flat Ti disc, TNT/Ti (with 120 nm diameter), Chitosan-coated TNT (TNT-

CH) and Pluronic-F127-coated TNT (TNT-F127).

In the control Ti (Fig. 4A-i), many round protein aggregates were visible on the surface along with
an even distribution of a large number of SMCs. The positively-charged protein molecules acted
as pre-existing interfacial anchorage sites on the negatively-charged Ti, accessible to integrins for
successful cell attachment. The corresponding high-resolution inset consolidates the findings,
showing isolated, spread-out and flattened cells due to high protein adsorption. In contrast,
uncoated (Fig. 4A-ii) and polymer-coated nanotubular surfaces (Fig. 4B) displayed less protein
aggregates and hence less initial cellular attachment. These results support the notion that a cellular

body identifies an implant surface via protein organisation and quantity [33, 37, 49].
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Fig. 4. SEM images for SMC attachment after 24 h of incubation on different implant surface. (A) The low
and high resolution (inset) images on (i) Flat Ti disc and (ii) TNT/Ti (with 120 nm diameter); (B) The low
and high resolution (inset) images of TNTs coated with (i) Chitosan (TNT-CH) and (ii) Pluronic-F127 (TNT-

F127). All TNTs used were prepared under the same conditions.

Cell interaction (adhesion and spreading) on the implant surface is mediated by integrin clustering
into focal adhesion complexes which activate intracellular signalling and cytoskeletal
reorganisation [13, 31]. Significantly lower cell density on TNTs is a diameter-dependent

phenomenon as proposed earlier. For nanotopography to guide cell adhesion, the ideal feature size
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(nanotube diameter) should be ~15 nm which is comparable to the 10 nm integrin extracellular
domain [13]. Hence, for our TNT/Ti implant (Fig. 4A-ii, inset), the large nanotube diameter led to
limited cell adhesion and inadequate flattening and cytoskeletal elongation (due to unstable focal

contacts), with prominent filopodia and lamellipodia extensions [13, 31-33].

Our results further elucidate that a thin layer of positively charged chitosan shows reduction in
initial cell attachment (Fig. 4B-i), which could be due to the decrease in hydrophilicity (compared
with uncoated TNT/Ti) and affinity towards incoming protein molecules. The low density of free
amino groups (low degree of acetylation) also minimalise the chances of electrostatic adhesion
onto the surface [48, 50, 51]. The resulting high resolution inset shows cells with rounded nuclei
and flattened but stretched lamellipodia. These morphological changes can be attributed to
electrostatic adhesion of cells but with insufficient focal contact formation, which could cause
cytoskeletal stress leading to impaired spread and improper reorganisation with unstable

extensions.

Similarly, Pluronic-F127-coated implant surfaces have low cell numbers because the non-ionic
amphiphilic copolymer hinders initial protein adsorption (Fig. 4B-ii) [44, 45]. The cells have
hemispheroidal shape with microspikes (short transparent tubular filopodia) causing minimal
spreading. Overall, these results confirm that nanotopographical cues and surface chemistry
influence the morphology of adherent cells. The succeeding cellular events such as proliferation,
differentiation and even apoptosis intricately depend on aforementioned parameters [13, 31, 32,

34, 52, 53].

The lack of adherence to the TNT surfaces due to low integrin clustering may ultimately result in

cell apoptosis (anoikis). This anchorage-dependent phenomenon is driven by the cytoskeletal stress
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and the cell phenotype [54]. Fig. S2 (Supplementary Information- Section 6) shows the typical
cell features observed in the SEM imaging studies conducted in the absence of an osteogenic media

at different passage numbers.

As a part of separate study, a more in-depth analysis of effects of different polymer-coated and
uncoated implant surfaces on the cytoskeletal reorganisation and cell spreading has been performed
in murine osteoblasts, using Phaloidin-DAPI staining and confocal microscopy. Fig. S3
(Supplementary Information- Section 7) shows the preliminary results from these studies which
are in agreement with the above mentioned SMC interactions (adhesion and spreading) with
different implant surfaces including, control flat Ti disc, TNT/Ti (with 120 nm diameter) and TNTs

coated with Chitosan (TNT-CH).

3.3. SMC proliferation

Cell adhesion on the implant surface does not assure cell viability and functionality. In order to
assess the combined effects of SMC proliferation and metabolic activity, MTT assay was used.
MTT dye is taken up by functional cells and reduced by a mitochondrial reaction to formazan,
which colours the cytoplasm violet (the colour intensity/absorbance being proportional to number
of live cells). Initially, the MTT kit was tested for optimisation with different cell numbers (10,
2x10% and 5x10* cells/well) and 2x10* cells/well was chosen as standard for all the experiments
(data not shown). Histograms showing absorbance of active cells adhered to the different implant
surfaces after day 1 and day 3 of the culture are summed up in Fig 5. The SMCs from both the
craniosynostosis patients (extracted from fused and unfused sutural regions) showed similar
responses on the test implant surfaces, indicating that both the nanotube diameter and surface

chemistry play a role in deciding the cell fate.
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Fig. 5 MTT assay data showing the absorbance of the reaction product of MTT solution for SMCs cultured

on Polystyrene (PS), flat Ti disc, Titania nanotube (TNT/Ti), Chitosan-coated TNT (TNT-CH) and Pluronic-
F127- coated TNT (TNT-F127) on day 1 and 3 for (A) Patient 1- (i) fused and (ii) unfused sutures and (B)
Patient 2- (i) fused and (ii) unfused sutures. The statistical symbols depict-*: significant difference between
the control and experimental surfaces on day 1, #: significant difference between the control and

experimental surfaces on day 3, #: non-significant difference within the experimental surfaces on day 1, %:
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non-significant difference within the experimental surfaces on day 3 and : significant difference within the
group onday 1 and 3.

Fig. 5A and B show good SMC viability on control Ti surfaces (similar to polystyrene tissue
culture plastic- PS) on day 1 and better proliferation on day 3 for both the patients (fused and
unfused sutures). In contrast, the uncoated and polymer-coated nanotubular surfaces led to
significant decreases in healthy and viable cells on day 1, and further overall decrease in their
proliferative ability on day 3, suggesting a large number of SMCs would have undergone
apoptosis/anoikis.

One-way repeated measures ANOVA showed a significant effect of nanotopography (nanotube
diameter) and surface chemistry (polymer coatings) on the absorbance value obtained by MTT
assay between control and experimental groups, thus defying our null hypothesis. Post-hoc tests
showed significantly less SMC adhesion and proliferation in TNT, TNT-CH and TNT-F127
compared with either control Ti and PS group (p < 0.05 for each comparison). There was no
significant difference between the same experimental groups on different days, indicating that the

initial cell adhesion governs subsequent cellular behaviour (p > 0.05 for each comparison).

3.4. Cell viability

Fig. 6 shows the SMC adhesion on day 1 and its proliferation on day 3 when cultured on different
implants surfaces. As expected, PS supported highest cell adhesion and proliferation which was
comparable to that of control Ti (p > 0.05). The trends of the cells adherence and proliferation as
functions of incubation time were similar to those observed in the MTT proliferative assay (Fig.
5), with a sharp significant decreases in cell number on the uncoated and polymer-coated

nanotubular implants (p < 0.05).
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Fig. 6. The cell counting studies showing (A) SMC adhesion (day 1) and (B) proliferation (day 3) on
Polystyrene (PS), flat Ti disc, Titania nanotube (TNT/Ti), Chitosan-coated nanotube (TNT-CH) and
Pluronic-F127-coated nanotubes (TNT-F127) based implants. There were significant (*) differences in cell
number between the control and experimental surfaces with cultured suture cell derived from both the

patients (fused and unfused sutures)

The cells from Patient 2 (both from fused and unfused sutures) reached confluency faster than those
from Patient 1. The individual variations observed in the rate of proliferation in between the cell
lines (data not shown) could be attributed to patient factors such as the severity/ syndrome of

craniosynostosis, gender, age etc.

4. Conclusion

We evaluated the influence of surface topography and surface modification of electrochemically
anodised TNTs/Ti implants on behavioral response of human suture mesenchymal cells extracted
from two craniosynostosis patients undergoing a cranial reconstruction surgery. The experimental
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data indicated that the nanotubular topography (large diameter) of anodised TNT surfaces led to
overall reduction in cell adhesion and proliferation. A decrease in cell viability/number was
observed due to insufficient focal contact formation and intergrin clustering on the large pore
diameters on the top. Moreover, a thin coating on TNT/Ti implant surface using two different
biopolymers (Chitosan and Pluronic-F127) also affected the cell behavior negatively, indicating
the impact of surface chemistry on SMC viability. Both polymeric coatings impeded cell growth
and activity by hindering initial protein adsorption, indicating that cell fate (morphology and
function) can be modulated by controlling the implant topography and chemistry. Low cell
adhesion and proliferation render this TNT-based implant suitable as a delivery system to reduce
sutural bone growth as part of advanced craniosynostosis therapy. The polymeric coatings not only
modulate the implant interactions with the cell environment but can also act as a biodegradable
barrier to inculcate slow and sustained release of the loaded therapeutics. Future studies will
involve a wide range of experiments, incorporating in vitro, pre-in vivo and in vivo studies (in
wildtype and pathological murine model) to test the protein delivery potential of TNT/Ti implants
for cranial bone inhibitory applications. If successful, the proposed therapy with TNT/Ti implants
could significantly improve the quality of life of affected children by reducing the need for several

surgical interventions and associated morbidity.
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Supplementary Information

Materials and Methods

1) Materials

Titanium foil (99.6 % of Ti) with a thickness of 0.20 mm (Nilaco, Japan) was used as the implant
substrate. Ethylene glycol, ammonium fluoride (NHsF) and DL-Lactic acid were supplied by
Sigma-Aldrich (Sydney, Australia). High-purity Milli-Q water, ultrapure grade (18.2 MQ), was
used for all the dilution and washing steps. Two different polymers, including chitosan (low
molecular weight, low degree of acetylation) and Pluronic-F127 (PEO-PPO-PEO block

copolymer), were obtained from Sigma—Aldrich (Australia) for surface coating on implants.

2) Fabrication of TNT/Ti implants

TNTs/Ti implants were fabricated from Ti discs by a two-step anodisation process using a specially
designed electrochemical cell and computer-controlled power supply (Agilent, USA). Briefly, the
discs were degreased by sonication in acetone, ethanol and isopropanol, followed by rinsing with
Milli-Q water and drying with nitrogen gas. The first anodisation was carried out in ammonium
fluoride/ethylene glycol/lactic acid electrolyte (5 % Milli-Q water, 0.1 M NH4F and 1.5 M C3HgOs3
in C2H4(OH)2) in a temperature-controlled bath at 60 °C and 120 V for 5 min. Subsequently, the
deposited TNT layer was delaminated and the second anodisation was carried out under similar
conditions at 120 V to yield a vertically aligned array of TNTs. The anodisation parameters were
adjusted and continuously monitored (Labview, National Instruments) during the fabrication
process to assure repeatability. All experiments were conducted using the TNT/Ti implants

prepared under same conditions.
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3) Sterilisation of TNT/Ti implants

The fabricated implants (each sample in triplicate) were placed individually in the wells of a 96-
well plate, followed by UV irradiation for 30 min before culturing the cells onto their surfaces as
described in our earlier work (16, 24). The UV-sterilisation method provided effective cleaning by
decreasing the hydrocarbon contamination (from the anodization), without altering or damaging
the TNT surface structure (as in case of high-temperature autoclaving) [1-3]. This method was
deemed suitable for the present study since the nanotubes were empty (did not contain active
protein) and the photocatalytic degradation of protein molecules was irrelevant. For separate
release studies involving protein-loaded TNTSs, a low-temperature hydrogen peroxide gas plasma

technology has been deemed suitable.

4) Human suture mesenchymal cell (SMC) culture

The dissected suture samples from the two patients were minced into 1 mm fragments and
incubated in 0.25% collagenase for 2 h at 37°C, followed by centrifugation and washing with PBS.
Cells were then plated in 12-well plates containing minimal medium consisting of high glucose,
Dulbecco's modified essential medium (DMEM, Invitrogen Life Technologies, MD, USA),
supplemented with L-Glutamine (584 mg/l), 10% foetal bovine serum (Invitrogen, Carlsbad, CA,
USA), 1% antibiotics (penicillin 100 IU/ml), Streptomycin (100 pg/ml) and 1%
antibiotic:antimycotic (Sigma-Aldrich, MI, USA) and were incubated at 37 °C in a humidified
atmosphere with 5% CO2 in air. Upon confluence, cells were plated into T25 flasks and were used

between P3 and P7.
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Results

5) Water Contact angle (WCA) measurements

The surface wettability of different substrates (Ti unannealed, Ti annealed, TNT, TNT-CH and
TNT-F127) was estimated using contact angle analysis. The corresponding images to the data
presented in Table 1, recorded from the video at the initial measurement (t=0) and the final
measurement (t=f), are shown in Fig. S1. The value of contact angle for each substrate was
calculated as the average value of 121 measurements over a period of 5.00 £ 2.92 s. The images
show a decrease in droplet height and contact angle with time for the nanotubular implants (with
and without polymer). The control Ti surfaces showed minimal changes in droplet height, hence

the final images (t=f) are not shown.

184



CHAPTER 5: M. Bariana, P. Dwivedi, S. Ranjitkar, J. Kaidonis, D. Losic, P.J. Anderson , “Biological Response Of Human Suture
Mesenchymal Cells To Titania Nanotube-Based Implants For Advanced Craniosynostosis Therapy”, Colloids and surfaces: B,
2017, 150, 59-67.

(a) ®  Tiunannealed (b) ®  Tiannealed
(t=0) (t=0)
95.41 +0.91 61.73+1°
TNT (t=0) (d) TNT (t=f)
OD

U s s W — s e

(e) TNT-CH (t=0) (f) W TNT-CH (t=f)
33° 20°

(g) TNT-F127 (t=0) (h) ¥ INT-F127 (t=f)

38° 23°

A A
Fig. S1. The water contact angle (WCA) slides from the video for different implant surfaces. (t=0 — initial
WCA and t=f (5.00 £ 2.92 s) - final WCA at the end of the measurement. (a)Ti unannealed (95.41 + 0.91),

(b) Ti annealed (61.73 £ 1), (c,d) TNT (4 £ 0.6), (e,f) TNT-CH (30.71 + 1.51) and (g,h) TNT-F127(31.36 +

3.5).
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5) SEM-based SMC characterisation

Since the SMCs were extracted from the fused and unfused calvarial sutures of two different
craniosynostosis patients, the tissue milieu was a heterogeneous mixture of bone cells at different
levels of differentiation. The SEM micrographs revealed that the cultured cells included
osteoprogenitor cells as well as pre-osteoblasts and osteoblasts. Fig. S2 shows the characteristic
cell features common to the three repeated sets of imaging studies done in the absence of an

osteogenic media at different passage numbers.
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Fig. S2. SEM micrographs of cultured SMCS on TNT/Ti implants (prepared under the same conditions). (a)
A typical example of SMC culture showing a flattened osteoprogenitor cell and the transformed pre-
osteoblast with protrusions from the cellular body, (b) A cell secreting ECM, (c) An extended cell nucleus
with high cytoskeletal stress which might undergo differentiation or anoikis depending on the presence or

absence of an osteogenic media and (d) A typical apoptotic cell on TNT surface.
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Additional study

7) Osteoblast morphology characterisation by confocal microscopy

Osteoblast cell morphology was assessed by using a previously described method [4]. It involved
incubation of the cells on various implant surfaces [including control flat Ti disc, TNT/Ti (with
120 nm diameter) and TNTs coated with Chitosan (TNT-CH)] for 24 h, prior to fixing the
osteoblasts (in 4% paraformaldehyde/PBS, 20 min) and blocking the samples with goat serum
(2.5% in PBS for 1 h). This was followed by permeabilisation with Triton X-100 (0.5 % in PBS)
for 5 min and labelling with Phalloidin-TRITC (10ug/ml in PBS) at room temperature in the dark
for 1 h. Then the cells were thoroughly washed with PBS and incubated with DAPI (4',6-diamidine-
2'-phenylindoledihydrochloride) (1 pg/ml in methanol) for 10 min. The samples were washed in
PBS, mounted in glycerol (50 % in PBS) and examined by confocal microscopy. The images
showed cellular actin filament networks stained with phalloidin (red) and nuclei stained with DAPI
(blue). Fig. S3 shows variations in osteoblast morphology in relation to attachment and spreading
according to the surface property and topography of TNT/Ti implants. These trends are similar to
those shown by SMCs in our current study, with control Ti surface promoting enhanced cell
adhesion and flattening and the uncoated and chitosan-coated TNT/Ti surfaces displaying impaired

cell attachment and limited spreading.
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Fig. S3 Confocal microscopy images showing the variations in the osteoblast morphology relating to
attachment and spreading on different implant surface; Ti = Titanium surface, TNT = Titania nanotubes
and TNT-CH = Chitosan-coated Titania nanotubes [Phalloidin (red, cytoskeleton) and DAPI (blue, nuclei)

stained].
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potential approach for craniosynostosis therapy”.
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Abstract

Advances in molecular biology and nanomedicine based therapies hold promise to obviate the
need of multiple surgical interventions (associated with current management) in
craniosynostosis by preventing bone re-ossification. One such adjunctive therapy involves
application of glypicans 1 and 3 (GPC1 and GPC3) that are BMP inhibitors implicated in
downregulating the BMP2 activity in prematurely fusing sutures. Electrochemically anodized
Titania nanotube (TNT) arrays have been recognized as a promising localized, long-term drug
delivery platform for bone-related therapies. This study presents the application of
nanoengineered TNT/Ti implants loaded with recombinant glypicans towards targeting
craniofacial disorders. By using Dual luciferase Reporter assay, we tested the biofunctionality
of eluted glypicans from the TNT/Ti implants for BMP2 bioactivity regulation in C2C12
murine myoblast cell line. BMP2 activity was inhibited significantly for up to 15 days by the
glypicans released from polymer-coated TNT/Ti implants, indicating their potential application
in adjunctive craniosynostosis treatment.

Keywords: craniosynostosis, titania nanotubes, bone morphogenetic proteins, glypicans, drug

delivery systems
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Background

Craniosynostosis is a developmental disorder, characterized by pathologic premature fusion of
cranial sutures in around 1 in 2500 live births.?> Cessation of skull growth at the obliterated
suture can be associated with severe sequelae, including raised intracranial pressure, impaired
cerebral blood flow, airway obstruction, impaired hearing and vision, abnormal head shape,
asymmetric facial features etc.!® The current treatment involves complex cranial vault
remodeling surgery, which may require repetitive interventions to accommodate the growing
brain.*®> The potential morbidity and complications associated with the current management
necessitate the development of a non-surgical, adjunctive molecular therapy to regulate cranial
bone growth.

Although the exact pathophysiology of suture obliteration remains unclear, advancements
in molecular biology and availability of gene analysis tools and genetically-engineered animal
models have unraveled the underlying molecular control mechanisms of suture morphogenesis
and pathogenesis.®® Members of the transforming growth factor-beta (TGF-beta) superfamily,
including bone morphogenetic proteins (BMPs), are potent bone inducers and mutations in
BMP signaling pathway (in perisutural region) have been associated with craniosynostosis.® !
Thus, it is likely that the osteogenic BMP pathway can be manipulated to treat craniofacial
anomalies. BMP activity is stringently controlled via a complex interplay of intracellular and
extracellular regulatory molecules. Bone antagonising proteins, such as glypicans (GPCs) and
noggin, can act as potential therapeutic agents for controlling the rate of bone growth, by
downregulating the BMP osteogenic activity.>'?'® Noggin has been found to inhibit BMP-
dependent bone formation in different animal models, but its effects were short-term and
restricted to initial phases of bone healing.**® This has led to exploration of other bone

antagonizing proteins including, glypicans (a six membered family of heparan sulphate
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proteoglycans). Glypicans (GPC1 and GPC3) have been mechanistically linked to sequester the
BMP2 ligands or directly bind to the receptors, thereby inhibiting BMP2-mediated bone
mineralization.>'31817 |n skull sutures, GPC1/GPC3 expression in mesenchymal cells controls
the BMP2 activity and the GPC1-GPC3-BMP axis synergistically regulates skull growth.?
Therefore, controlled local delivery of GPCs over the operative site may help improve the
surgical outcomes.

A major challenge in developing the glypican-based adjuvant therapy is to provide a long-
term sustained delivery of these bioactive proteins at the site of administration in optimal
concentrations.!2%° Localized and temporally controlled release of these proteins are limited by
their large molecular size and short half-lives.? So far, the localized administration of the
therapeutic proteins into the craniofacial regions has been explored either directly using a
carrier (polymer-based microspheres, hydrogels, and implants, lipid nanoparticles, ceramics,
titanium fiber-mesh or porous glass) or indirectly using gene based therapies (both viral and
non-viral vectors).’>!® Nonetheless, they lack therapeutic efficacy due to undesired
pharmacokinetics and uncontrolled release patterns, and/or are too complex to formulate.'?18
Some of the collagen-based vehicles have also been shown to promote osteogenesis in rat
cranial defects, making them unsuitable for bone inhibiting applications.*®

Localized drug delivery systems (LDDSs) based on nanoengineered titanium (Ti)
implants have recently emerged as a promising strategy to treat complex bone pathologies.?%-??
These drug-releasing implants made of Titania nanotubes (TNTSs) fabricated on Ti surface by a
simple, self-ordering electrochemical process have several advantages over conventional
delivery systems, including outstanding structural properties, excellent biocompatibility, high
in vivo chemical stability, tailorable drug loading, controllable therapy-specific release

characteristics (i.e. slow and extended, delayed, multi-drug or externally triggered release) and
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easy surgical implantation.?®° Furthermore, TNTs can be fabricated on any 3D non-planar or
curved Ti surfaces, making them easily adaptable to current implant technology.®!

While the drug delivery potential of these TNT on Ti implants (TNT/Ti implants) has
been extensively explored for local delivery of antibiotic, anti-inflammatory, chemotherapeutic,
anabolic and antiresorptive agents in orthopedic applications and bone therapies (e.g. bone
repair, infections, bone cancer, osteomyelitis, etc.), it has yet not been considered for treatment
of craniofacial and cytoskeletal disorders (via protein delivery).?3237 Proteins are generally
high molecular weight, hydrophilic macromolecules with intrinsic physical and chemical
lability/instability in most conditions, which makes them difficult to administer than
conventional low molecular weight robust drugs.®® Only a handful of studies on TNT-based
protein delivery exist in the literature that controlled the protein release dynamics whilst
protecting the loaded sensitive molecules against protein unfolding, deactivation or
precipitation.®*42 The aforementioned properties and applications of TNT-based implants make
them suitable candidates to be tested for glypican encapsulation and localized delivery.
However, simple physical entrapment of the molecules within the nanotubes may lead to a high
initial burst and shorter release periods. To overcome this, biopolymer coatings (chitosan or
PLGA) have been proposed to extend the duration of drug elution.?®33

Application of nanoengineered TNT/Ti-based drug eluting implants towards developing
a molecular adjuvant to existing surgical techniques in craniosynostosis therapy will require a
wide range of in vitro and in vivo studies. In this paper, we present (i) an improved fabrication
design to modify the TNT/Ti implants for bone-inhibiting protein delivery applications, (ii) first
in vitro study using murine C2C12 cell line to evaluate the effectiveness of chitosan-coated
TNT/Ti implants for localized release of recombinant glypicans (rGPC1 and rGPC3) either

independently or synergistically (rGPC1+3) in phosphate buffer (PBS, pH 7.4) and (iii) second
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in vitro study to assess the functionality of the released exogenous recombinant glypicans for
BMP2 bioactivity regulation in C2C12 cells.

It was hypothesized that recombinant glypicans (bone antagonising proteins) released
from TNT/Ti implants would downregulate the BMP2 osteogenic activity throughout the
release duration. The electrochemically prepared TNT/Ti implants were loaded with the model
proteins (experimental- rGPC1, rGPC3 and rGPC1+3, and control- FITC-BSA) and surface-
coated with chitosan to extend the release duration. The released proteins from the implants
were quantified spectrophotometrically and tested in easily transfected C2C12 murine myoblast
cell line to modulate BMP2 signaling. A genetic reporter assay (Dual luciferase reporter assay)
involving an experimental plasmid construct (consisting of BMP2-reponsive element fused
experimental reporter) and a control reporter plasmid vector was used to evaluate the protein
bioactivity.*® The released recombinant glypicans were expected to suppress the luciferase
activity (measured via luminometer) in the transfected C2C12 cells. In absence of inhibitory
molecules, these cells can undergo BMP2-mediated differentiation in an osteogenic medium
and mimic ectopic bone formation.**#> The schematic of GPC release from TNTs and BMP2

signaling/inhibition in transfected C2C12 cells is shown in Figure 1.
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Figure 1. Schematic showing the release of glypican (GPC)- based protein therapeutics from

chitosan-coated TNT/Ti implants, and their impact on the BMP signaling cellular pathway
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involving glypican-mediated inhibition detected by Dual luciferase reporter (DLR) assay (in

C2C12 cells transfected with BMP-responsive and control luciferase constructs).

Methods

TNT Fabrication

The Titanium foil (Nilaco, Japan) was mechanically polished and cleaned by sonication and
cut in 3 mm circular discs via ultrasonic milling (using DMG Ultrasonic 20 linear). TNT arrays
were fabricated by modified two-step electrochemical anodization in lactic acid containing
organic electrolyte (comprising of Ethylene glycol, ammonium fluoride and DL-Lactic acid
(Sigma-Aldrich, Australia).*® The first anodization was carried out in a temperature-controlled
bath at 60 °C and 120 V for 5 min. Subsequently, the deposited TNT layer was removed by
sonication in methanol and the second anodization was carried out under similar conditions to
obtain TNT/Ti implants. The voltage-current-time parameters were continually recorded
(Labview, National Instruments) during the anodization to ensure repeatability and
reproducibility of the fabrication method. For morphological characterization, a field-emission
scanning electron microscope (SEM, FEI Quanta 450, The Netherlands) was used and the

thickness of the nanotubes was measured at an angle from SEM cross-sections.

Protein loading and in vitro release

TNT/Ti implants were loaded with recombinant glypicans [rGPC1, rGPC3, rGPC1+3 (1:1)],
obtained from R&D systems (USA) and FITC-Labelled BSA (as control) from Sigma—Aldrich
(Australia) using vacuum drying technique. A 10 pl drop of respective protein was pipetted
onto each surface and gently spread to ensure even coverage. The surfaces were then allowed

to dry under vacuum at room temperature for 2 h. After drying, the loading step was repeated
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on dried samples until an appropriate amount of protein was present in the TNT pores (5
pg/sample). The protein-loaded implant surfaces were then coated with chitosan (Sigma—
Aldrich, Australia), to prolong the release. Polymer solution of chitosan (2% (w/v), chitosan +
0.8 vol. % acetic acid in deionized water) was spin-coated onto the protein-loaded TNT surfaces
at 1500 rpm for 15 s and the layers were also vacuum dried for 2 h. TNTs without any protein

served as a negative control in each experiment.

To check the in vitro release profile, these samples were then immersed in 500 pl of PBS
at room temperature in capped eppendorf tubes. The amount of eluted protein was measured at
day 1, 8 and 15 by removing the buffer with protein and replacing it with fresh PBS each time.
The FITC-Labelled BSA released from the TNTs was analyzed directly by using a fluorimeter
(Aem= 516 nm and Aex = 435 nm). To measure the amount of released glypicans (GPCs), a
FluoroProfile® Protein Quantification Kit (Sigma—Aldrich, USA) was employed to label the
proteins and obtain a fluorescent signal (Aem= 620 nm and Aex = 510 nm). Since the fluorescence
intensity is directly proportional to protein concentration, the unknown released protein
concentrations were calculated against the calibration curve. Rest of the protein solutions of

known concentrations were stored for the cell studies while the release continued.

Cell culture and plating

C2C12 murine myoblast cells (obtained from Prof. Murray Whitelaw, School of Biomedical
Sciences, the University of Adelaide, South Australia) were maintained in T75 cm? flask
containing minimal medium consisting of high glucose, Dulbecco's modified essential medium
(DMEM, Invitrogen, USA), supplemented with L-Glutamine (584 mg/l), 10% fetal bovine

serum (Invitrogen, USA), 1% antibiotics (penicillin 100 1U/ml), Streptomycin (100 pg/ml) and
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1% antibiotic:antimycotic (Sigma-Aldrich, USA) and were incubated at 37 °C in a humidified
incubator with 5% CO: in air. The confluent cells were then trypsinized by adding 2 ml

of warm 1X Trypsin-EDTA (Sigma-Aldrich, USA) and incubated for a minute to detach them
from the plate bottom. Then, they were suspended in fresh media, transferred into a tube and
centrifuged at 1200 rpm for 5 min and the pellet was resuspended in fresh media. The cells were
stained with trypan blue and manually counted using a haematocytomter and plated in a 24-

well plate at the density of 10,000 cells/well and grown in 400 pl of minimal medium.

Cell transfection and treatment
Transfection-grade plasmids were prepared, purified (using Qiagen Plasmid midi kit, USA)
and their integrity was confirmed by 1% agarose gel electrophoresis (data not shown). To
generate BMP reporter cells, C2C12 cells were transiently transfected with pID183-Luc (Firefly
Luc.) and control plasmid, pRLTK-Luc (Renilla Luc.). Briefly, C2C12 cells (10,000 cells/well)
were seeded in a 24-cell plate and were allowed to attach overnight. After 24 h they were
transfected using two different transfection agents, Fugene HD and DNA (2:1, 4:1) and
Lipofectamine 3000 (both obtained from ThermoFisher, USA), to test BMP2 activity. The
Fugene HD and DNA (2:1) ratio was selected for transfection after carrying out a test BMP2
reporter assay in C2C12 cells. For each transfection, 1 pl of 200ng of the BMP responsive
promoter luciferase construct pID183-Luc (5.78kb) was mixed with 23 pl of DMEM medium
in an eppendorf tube together with 1 ul of 50ng of pRLTK-Luc construct (4.05 kb). In all
transfections, the final amount of DNA was kept constant by addition of the appropriate empty
vector plasmid.

In another tube, 0.5 pl of Fugene HD was diluted to 25 pl in DMEM medium and mixed

with 25 pl of diluted DNA plasmids. After incubation for 30-45 min at room temperature for
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DNA-Fugene HD complex formation, the complex was aliquoted into each well of a 24-well
plate and incubated at 37 °C. The next day the media was replaced with 400 ul serum-free
medium containing BMP2 (100ng/well) on one half and no BMP2 on the other, along with the
proteins (rGPC1, rGPC3, rGPC1+3 and FITC-BSA) released from Titania nanotube implants
(diluted from the original concentration to 40 ng/well) and negative control (chitosan-coated
TNTS). The pristine form of recombinant GPCs (control, day 0) was initially tested to confirm

the BMP2 regulation.

Cell lysis and Dual luciferase Reporter (DLR) Assay

The Dual luciferase activity in cell lysates was determined by the DLR assay kit (Dual-
Luciferase® Reporter Assay System - Promega) employing the manufacturer’s protocol, using
a luminometer model TD 20/20 (Turner Design Instruments, Sunnyvale, CA).*’ Initially, the
media from cells cultured for 24 h in the presence of specific inhibitors was discarded followed
by washing with sterile PBS. 100 pl of 1X Passive lysis buffer (PLB) was added into each well
and a lysate was obtained by incubating the plates at 37 °C for 20-30 min. The lysis was
observed under optical microscope and the lysate was frozen at -20 °C for minimum of 24 h.
This was followed by pre-dispensing 25 ul of Luciferase Assay Reagent Il (LAR 1) reagent
into the desired wells. Then, 20 pl of PLB lysate/well was transferred into the luminometer
wells containing LAR 11 and mixed by pipetting up and down 2-3 times. The firefly luciferase
activity was measured by initiating the luminometer for first reading. This was followed by
automated injection of 25 pl of Stop & Glo® Reagent, initiating a reading for the Renilla
luciferase activity. This cycle was repeated for all the wells in the plate. The results were
expressed as relative luciferase unit (RLU), which is the ratio of firefly and Renilla Luciferase

activity, to eliminate variations in luciferase expression between different sets. All assays were

203



CHAPTER 6: M. Bariana, P. Dwivedi, S. Ranjitkar, J. Kaidonis, D. Losic, P.J. Anderson , “Glypican-based drug releasing
titania implants to regulate BMP2 bioactivity as a potential approach for craniosynostosis therapy”, Nanomedicine:
Nanotechnology, Biology and Medicine, 2016 (Under review)

performed in triplicate and repeated at 3 different time points corresponding to day 1, 8 and 15
of TNT-protein release.

Unpaired t-tests and One-way ANOVA were conducted to validate the transfection
efficiency and to check for significant changes in luciferase expressions within different groups
on each day. Multiple comparison tests/longitudinal analysis were not performed as the
transiently transfected cells could show varied degree of rBMP2 cell receptors (induced rBMP2

binding and activity) at different time points.

Results

Fabrication and characterization of TNT/Ti implants

The morphology of the prepared TNT/Ti implants before and after coating with chitosan was
characterized by FE-SEM and is summarized in Figure 2. The images of the top surface of
uncoated TNT/Ti samples show the upper (open) ends of TNTs with an average diameter of
120 + 10 nm (Figure 2A). A typical cross-sectional image of the free-standing nanotubes,
removed from the Ti substrate (for imaging purposes only), is presented in Figure 2B. The total
thickness/length of the layer was approximately 35 um, which can be varied by changing the
anodization time to optimize the protein loading capacity. Figure 2C presents the lower (closed)
end of densely packed arrays of TNTSs.

The color-processed images highlighting the chitosan spin-coated on the top of protein-
loaded TNT surface are depicted in Figure 2D-F. The polymer forms a thin layer completely
covering the nanopores to provide a barrier to diffusion of the loaded protein molecules during
release (Figure 2D). The cross-sectional images at high and low magnifications are presented
in Figure 2E-F. These images display vertically aligned, highly ordered, and densely packed

arrays of TNTs with an estimated 1 um thick chitosan coating on the top. The polymer layer
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thickness can be manipulated by controlling the chitosan concentration and spin-coating

parameters.

.

Figure 2. SEM images of TNT/Ti fabricated by electrochemical anodization of Ti in Lactic

acid electrolyte at 120 V for 5mins. The top panel shows the uncoated TNT/Ti substrates with
(A) the TNT surface having an open nanotubular structure (inset: the TNT/Ti implantable disc,
scale: 2 mm), the angled cross-section showing (B) straight, high-aspect ratio TNTs across the
whole length and (C) the closed bottom surface. The bottom panel displays the top (D) and (E-
F) angled cross-sectional images of spin-coated chitosan layer covering the nanopores along

with the polymer layer thickness (~1 pm).

Protein release studies
The protein release profiles for recombinant glypicans (rGPC1, rGPC3 and rGPC1+3) and the
control protein (FITC-BSA) loaded into chitosan-coated TNT/Ti implants was established

using a fluorescent spectrophotometer. Figure 3 shows the comparative protein release biphasic
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pattern including, the burst phase over first 6 h and a subsequent slower overall release. Table
1 lists the corresponding release characteristics extracted from these profiles, summarizing the
release efficiency (protein release %) at different time points (6 h, 24 h, 7 d and 14 d) and the
total duration of the release for different samples. The burst release (tg) was calculated at 6 h
for all cases, while the midpoint signifying the elution of half the amount of loaded protein (tso)
from the TNT nanopores was recorded at less than a day for uncoated samples and 3-6 d for
chitosan-coated samples, respectively. The glypican release period from uncoated TNT/Ti
implants was short (4-5 d), hence the samples were excluded from the cell study experiments

(graphs not shown).
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Figure 3. The cumulative protein release profiles for (A-D) rGPC3, rGPC1, rGPC1+3 and

FITC-BSA eluted from chitosan-coated TNT/Ti implants. The TNT fabrication and protein
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loading (in vacuum) were carried out under same experimental conditions. Error bars represent
mean £+ SD forn = 3.

The chitosan coating suppressed the initial burst release caused due to high concentration
across large-diameter uncoated pores (from 63% to 31%) and significantly improved the release
pattern. Furthermore, the biopolymer coating provided an extended release of the protein
molecules by acting as a physical barrier, isolating the proteins from the bulk solution. Figure
3A-D show the sustained elution of rGPC3, rGPC1, rGPC1+3 and FITC-BSA from chitosan-
coated TNTs, lasting for 16, 14, 12 and 19 d, respectively. The insets represent the
corresponding burst release profiles. The protein release profiles describe the case Il drug
transport (Korsmeyer-Peppas model) that engenders to zero-order release kinetics. A zero-
ordered diffusion profile is significant to maintain the constant drug dosages within the

therapeutic window.*®

TNT/Ti samples Release efficiency (%0) Release duration (h/d)
6h 1d 7d 14d ts (h) tso (h/d) t100 (d)
Chitosan-coated 37.08 38.46 60.67 100 6 4d 14d

TNTs with rGPC1

Chitosan-coated 35.61 37.07 56.01 94.66 6 6d 16d
TNTs with rGPC3

Chitosan-coated 38.05 38.86 81.72 100 6 3d 12d
TNTs with rGPC1+3

Chitosan-coated 31.38 34.78 62.63 89.35 6 3.8d 19d
TNTSs with FITC-
BSA

Uncoated TNTs with 63.52 69.57 100 100 6 15h 4d
rGPC1

Uncoated TNTs with 62.72 73.93 100 100 6 25h 5d
rGPC3

Table 1. Release characteristics (mean cumulative release percentage at different time points

and release durations) of the in vitro studies of rGPC1, rGPC3, rGPC1+3 and control protein
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eluted from uncoated and chitosan-coated Titania nanotubes (TNTs) at physiological

temperature.

Transfection and BMP2 activity in C2C12 cell line

Murine myoblast C2C12 cells transfected using two different commercial formulations showed
no significant cell death when observed by light microscopy. The luciferase expressions from
DLR assays induced via rBMP2 addition and compared to the basal transfection formulations
(effect of rBMP2 on pID183-Luc construct in C2C12 cells), assessed separately for Fugene HD
(4:1), Fugene HD (2:1) and Lipofectamine 3000 (1.5 um) using unpaired t-tests are summarized
in Figure 4 and showed successful transfection. Both Fugene HD and plasmid DNA ratios (4:1
and 2:1) yielded similar transfection efficiencies measured via luciferase activity (50-70%
increase in induction), while Lipofectamine 3000 was comparatively less efficient. The basal
expressions showing vehicle treatment (no rBMP2) were measured to get rid of background
attenuation. The 2:1 ratio formulation was used for transfecting cells to test the glypican

activity, as it promoted maximal luciferase output with minimal input.
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Figure 4. Functional analysis of transfected BMP2-responsive promoter in C2C12 cells with

Fugene HD (4:1), Fugene HD (2:1) and Lipofectamine 3000 (1.5 ul). Statistically significant
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differences are denoted by # (p < 0.05) between basal luciferase expressions versus expressions
induced by rBMP2 (separately for Fugene HD (4:1), Fugene HD (2:1) and Lipofectamine 3000
(1.5 um)) using unpaired t-tests. These observations reflect successful transfection and BMP2
pathway activation. Error bars represent + SD for n = 3 (technical replicates); RLU: relative

light unit.

Biological activity of the administered proteins released from TNTs

The effect of released exogenous glypicans from the proposed TNT/Ti protein-delivery system
on BMP2 osteogenic activity was investigated in transiently transfected C2C12 cells. This was
verified using DLR assay by co-incubating the recombinant proteins released from TNTSs at day
1, 8 and 15, and assessing their ability to block the action of rBMP2 in C2C12 cells. One-way
ANOVA was used to test for significant differences in luciferase activities of rBMP2 proteins
and other groups (including rBMP2 + GPC1; rBMP2 + GPC3 and rBMP2 + GPC 1+3 at day 0
in addition to rBMP2 + Released BSA and rBMP2 + TNT + chitosan at days 1, 8 and 15).
Figure 5 confirms the biological activity of released glypicans elucidated by repression in
rBMP2 activity. Figure 5A shows blockage of ~50% rBMP2 activity by 100 ng/ml of pristine
rGPC1, rGPC3 and rGPC1+3 added from the stock solution (control, day 0) with statistically
significant differences in luciferase activities between rBMP2 and other groups (p <0.01). This
was followed by testing the in vitro cumulative protein release amounts (collected and measured
spectrophotometrically) in the cell experiments. The rGPC1 and rGPC3 released from TNTs
showed similar bioactivity on day 1 (Figure 5B) and reduced the rBMP2 activity by ~40-50%.
Exposure of the cloned cells to the released glypicans (rGPC1 and rGPC3) on day 8 showed a
65-75% inhibition in rBMP2 activity (Figure 5C), which reiterates the functionality of the

released proteins. At both days 1 and 8, significant differences were noted in luciferase activities
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between rBMP2 and glypican treated groups (p < 0.05 and p < 0.001 respectively). However,
there were borderline significant differences in luciferase expression between rBMP2 and other
groups (p < 0.06) at day 15 (Figure 5D). Moreover, the synergistic incubation of the two
glypicans (rGPC1+3) did not show enhanced repression potential when compared with
individual proteins, contrary to the earlier findings.® The positive (rBMP2 + Released BSA)
and the negative (TNTs without any therapeutic agent) control groups did not have any
significant inhibitory effects on the BMP2 signaling pathway. All the cells were incubated with
an initial 200ng/ml of stimulatory rBMP2 which showed significant increase in BMP signaling

relative to basal luciferase activity.
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Figure 5. The inhibitory effects of rGPC1, rGPC3 and rGPC1+3 released from proposed TNT-
based cranial implants on BMP2 signaling in murine C2C12 cells. The FITC-BSA-loaded and
non-loaded TNT/Ti discs acted as positive and negative controls, respectively. Cells were co-
transfected with a BMP-responsive luciferase reporter, a control luciferase vector for inducing
transfection and the subsequently treated with 100ng/ml of BMP2 and 100ng/ml of (A) control
recombinant glypicans (day 0, added from the stock solution), (B) released proteins on day 1,
(C) released proteins on day 8 and (D) released proteins on day 15. Luciferase expression was
assayed 24 h post-treatment. The statistical significant difference compared to BMP2 treatment
is denoted by * (p < 0.01 for day 0, p < 0.05 for day 1 and p < 0.001 for day 8). Error bars

represent mean + SD for n = 3; RLU: relative light unit.

Discussion

Craniosynostosis, the premature fusion of cranial sutures in children, has been associated with
mutations in the bone morphogenetic protein (BMP) signaling pathway.*®>° Recent progress in
molecular biology has highlighted the regulatory effects of BMP2 antagonists, including
glypicans (GPC1 and GPC3), on suture morphogenesis and cellular functions.>®’ Despite the
research and development, there still remains a need to develop a viable sustained protein
delivery system that can localize glypican release at the sutural site. This study demonstrates
the potential of using electrochemically engineered TNTs fabricated on Ti surfaces (TNT/Ti
implants) as localized protein-delivery implants for bone-inhibitory craniofacial applications.
Our modified fabrication method (involving the addition of lactic acid) overcomes the
synthesis limitations of traditional electrolyte which required optimised ageing (to increase the
Ti ion concentration) and longer anodization periods to obtain stable nanotubes.3! The

anodization conditions that we used led to formation of highly adhesive, high quality and robust
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TNT layers (without any cracks) at unprecedented growth rates, suitable for cranial applications
(Figure 2A-C). Moreover, our fabrication method produced large diameter nanotubes (> 100
nm) which can be used in bone cell inhibition, further consolidating our work.%! Although a Ti
disc was used as a model substrate, these nanotubes can be reproducibly fabricated on existing
Ti-based cranial implants, thus ensuring easy integration into clinical practice.

Our results support and complement previous reports that have established different
polymer-based surface modification techniques to achieve sustained and extended release of
active molecules from TNTs, including plasma polymerization (to reduce the nanopore
diameter) and dip-coating to completely or partially close the open top of the nanotubes. The
plasma deposition required a complex high-vacuum set-up, while the simpler dip-coating
method rendered inaccurate thickness with a micro-rough surface.®*°2% To address these
drawbacks, a spin-coating approach was applied to deposit chitosan layer to cover the protein-
loaded TNT/Ti implant surfaces, owing to its simplicity and repeatability (Figure 2D-F).
Chitosan was chosen because it is a highly biocompatible and biodegradable polymer, well
explored in several orthopedic applications.>*

The present in vitro study elucidated the controlled and sustained delivery (for up to 16
d) of sensitive bone-antagonising protein molecules (glypicans) from polymer-coated TNTS,
with a zero-ordered release profile (Figure 3 and Table 1). FITC-BSA was used as a control
because of its similarity in physical attributes (molecular weight, hydrodynamic volume and
charge) with the glypicans. Moreover, fluorescent labelling aided towards easy and sensitive
quantification and analysis of the released BSA.>® These results were in line with the findings
from other works, thus re-establishing the success of TNT/Ti implants as promising delivery

platforms,40:42:56
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The native glypicans have shown to block the BMP2 inductive activity, thereby hindering
suture cell differentiation into osteoblasts 3 Herein, murine myoblast cell line, C2C12, was
explored to study the inhibitory effects of exogenous glypicans released from TNT/Ti implants
due to their ease of transfection. Moreover, BMP2 can stimulate osteoblastic differentiation in
C2C12 cells (instead of forming multinucleated myotubes upon serum starvation), making
these cells relevant to the current application.t’>7-60

The strategy employed here involved C2C12 cells transiently transfected with a plasmid
construct consisting of a BMP2 specific regulatory element (promotor) fused with a firefly
luciferase reporter gene (pID183-Luc). A Renilla luciferase (pRLTK-Luc) containing control
plasmid was also co-transfected to provide reference to compare results, and reduce error due
to experimental variations such as transfection and cell handling. Cell function studies
conducted using DLR assay helped evaluate cell responses to BMP2 responsive luciferase
reporter construct. On activation of the BMP2 signaling pathway, the active regions of the
plasmid transcribed mRNAs to translate into active luciferase proteins. The amount of firefly
luciferase was dependent on the activity of the BMP2 regulatory element while production of
the Renilla luciferase was independent of experimental promoter. This quantitative bioassay is
a quick and sensitive method to measure BMP2 bioactivity as compared to the standard ALP
activity assay.** The assay results elucidated that the released recombinant glypicans
maintained their bioactivity and downregulated the BMP2 induction (luciferase expression) in
transfected C2C12 cells, throughout the release period, thus confirming the proposed
hypothesis. Loading TNTs with higher amount of glypicans (> 5 pg) and using more frequent
buffer aliquoting may further extend the release of active proteins.

Further studies are needed for in vivo evaluation of the glypican-loaded TNT/Ti systems

implanted in wildtype and Crouzon mice (with craniosynostosis). These results are likely to
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form a valuable platform for future animal and human trials in developing an adjunctive

molecular treatment for craniosynostosis.
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In vivo experimental protocol

A. Materials

The chemicals used in implant fabrication have been described in detailed in Chapter 3 (Section
3.2.1, p.88). Reagents pertaining animal experiments involved Ketamine hydrochloride (Ceva
Animal Health Pty Ltd, Australia), Xylazine (Troy Laboratories Pty Ltd, Australia),
Buprenorphine (Reckitt Benckiser Healthcare, UK), Lacrilube (Allergan, USA) 70% Ethanol
(Chem Supply, Australia), sterile saline buffer (InterPharma Pty Ltd, Australia), Formalin
(Orion Laboratories Pty Ltd, Australia), PBS (HyClone, USA), medical Carbon dioxide gas
(BOC, Australia), EDTA, KOH and Tris-HCI buffer (Chem Supply, Australia). The equipment
to assist the surgery included, a weighing scale (A&D, Australia), alcohol swabs (Briemarpak,
Australia), surgical scissors, sterile disposable scalpel blade, scalpel handle (ProSciTech Pty
Ltd, Australia), biopsy puncture (3 mm diameter, Stiefel Laboratories, Melbourne, VIC),

forceps, needles (18, 25 and 27 gauge) and syringes (1 and 5 ml) (BD, Singapore).
B. TNT/Ti implant fabrication and sterilisation

All TNT/Ti implants were fabricated using the standardised anodisation protocol described in
Chapter 3 (Section 3.2.3, p.91). The model proteins (5 pg/sample), GPC3 and BSA, were loaded
within the nanotubular implants using a vacuum drying technique. Half the samples were
surface coated with 2% chitosan solution and the rest remained uncoated. The specific details
of protein loading and polymer coating have already been described and optimised in Chapter

4 (Section 4.2.4, p.120). Prior to the animal experiments, the protein-loaded implants were
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sterilised using low-temperature hydrogen peroxide gas plasma (STERRAD® 100 NX™

System, Advanced sterilisation Products, Irvine, CA, USA).

C. Animals

All animal experiments were conducted under the approval of Animal Ethics Committees of
the University of Adelaide and the Women’s and Children’s Hospital, Adelaide. They complied
with strict adherence to the Australian code for the care and use of animals for scientific
purposes. Wildtype (C57BI/6 mixed background) and genetically modified Crouzon
(Fgfr2e3#2y* C57BI/6 mixed background) mice were obtained from an ongoing breeding colony
of craniosynostotic mice housed at the animal care facility at Women’s and Children’s Hospital
(CERT-2114 and CERT-2115). Prior to the surgery, all mice were managed using the existing
protocol (AE884/6/15) in a light- and temperature-controlled, pathogen-free environment with

unrestricted access to water and food.
D. Experimental and study groups

The murine experiments were subdivided into two broad categories: (i) to investigate the
Ti/TNT implant biocompatibility (implanted both subcutaneously and adjacent to the exposed
dura) (Chapter 7), and (ii) then to evaluate the ability of glypican-releasing Ti/TNT implants
in preventing bone-regrowth within a critical-sized defect (Chapter 8). For the first set of study,
which was to establish tissue compatibility, the wildtype mice were randomly assigned to two
different groups involving: (i) placement of Ti/TNT implants subcutaneously (n = 5) and (ii)
placement of Ti/TNT vehicle control within the craniectomy (critical-sized) defect. The

implants were surface-coated with biopolymers, Chitosan and Pluronic-F127 to assess the
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localised reactions or undue adverse effects due to the implantation (n = 9, 3 in each subgroup

with uncoated, Chitosan-coated and Pluronic-F127-coated TNTS).

The second set of studies involved both wildtype (WT) and Crouzon (CZ) mice randomised
into 3 treatment groups: (i) craniectomy with no treatment, which served as the surgical control
group (n=6 for CZ and n=6 for WT), (ii) craniectomy with non-specific, bovine serum albumin
(BSA) loaded TNT/Ti implant (sub-grouped into chitosan-coated and uncoated), which served
as the protein control groups (n= 5 in both subgroups for WT), (iii) Craniectomy with GPC3
loaded TNT/Ti implants (sub-grouped into chitosan-coated and uncoated), which served as the

experimental groups (n=8 for WT, n=12 in both subgroups for CZ).
E. Surgical model

Mice were anaesthetised by injecting a mixture of 100 mg/kg Ketamine hydrochloride and 10
mg/kg Xylazine via intraperitoneal route, followed by a subcutaneous injection of 0.05mg/kg
of the analgesic, Buprenorphine. Once the mice was unresponsive to paw-pinching, their eyes
were protected by lacrilube to prevent corneal damage. The hair on the scalp were disinfected
using 70 % ethanol and a C-shaped incision was made on the skin over the parietal bone. The
skin flap was gently lifted to expose the cranium and sutures underneath. The subcutaneous
TNT/Ti implants were carefully placed in the pocket between the skull and the skin, and the

wound was closed with resorbable sutures.

For craniectomy studies, the musculature and the periosteum were reflected and 3 mm
circular critical-sized defects were created, lateral to the left coronal suture, to act as
implantation sites. This was biologically consistent and comparable to human surgical process

where the whole sutural region is removed along with strips from the adjoining bones, to present
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a homogenous cell population during the wound healing. All defects were carefully generated
under lighted magnifying lamp using a fine biopsy puncture, to take out the disc of skull bone,
ensuring that the underlying dura was not damaged. This is critical as damaging the dura might
impair the healing of the overlying bone. A continuous saline buffer irrigation was maintained
to avoid excessive dryness of the cranium during surgery. Meticulous care was also taken to
prevent damage to the underlying vascularisation in order to avoid exsanguination. Intra-
operative images illustrating the ability to create a critical-sized defect at appropriate location

is presented in Figure A.

TNT/Ti Implantation Surgery

Figure A. Skull defect implantation of TNT/Ti disc in Fgfr2 strain wildtype mice. a) a 3 mm
critical-sized defect (CSD) in the mice skull with removed periosteum; b) defect filled with the
TNT/Ti implant (protein-loaded or non-loaded); c) the implant sitting precisely on top of the

CSD; d) incision closed with resorbable suture; e) post-operative care.
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The defects were either left empty (to act as sham controls) or filled with protein-loaded 3
mm TNT/Ti implants (with nanotubular surfaces against dura), with assigned therapeutic
interventions as mentioned in Section D. The protein dosages were chosen based on the
previous in vitro studies (Chapter 4 and 6). The surgical sites were then sutured and the mice
were allowed to recover on a heat pad/incubator or held in the palm of hand to establish
rhythmic breathing, before being transferred into individual husbandry cages. Post-operative
analgesia via subcutaneous administration was provided by injecting 0.25 % Marcaine at the

end of the surgery and 0.05mg/kg Buprenorphine, 8 h post-operatively.

All the mice were kept under observation to look for skin reaction over the implant, weight
loss or distress, twice a day for 10 days post-operation, then weekly up to 3 months. Crouzon
mice also needed mushy food after surgery and a weekly teeth trim. At 12 weeks after
successful surgery, the mice were euthanised via asphyxiation using carbon dioxide (at flow
rate of 0.5%, until the breathing movements ceased). The animal skulls were dissected and the
scalp was incised from the canthi of the eyes down to the parietal bones and occiput of the
cranium. The TNT/Ti implants were retrieved for morphological characterisation with SEM.
Changes in defect area/width and bone volume were assessed using micro-CT scanning,
followed by histological evaluations to observe any adverse tissue/skin reactions and/or new

bone induction for both set of studies.

F. Scanning electron microscopy/EDAX analysis

The morphological characterisation of the post-operative TNT/Ti implant surface was
performed using a field-emission scanning electron microscope (SEM, FEI Quanta 450,
Eindhoven, The Netherlands). The 3 mm TNT/Ti discs were fixed in 10 % neutral buffered

formalin overnight, mounted onto a holder with double-sided conductive tape and coated with
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a layer of 3 nm thick platinum before being imaged. The system was equipped with energy
dispersive X-ray Spectrometry (EDS) software that enabled surface composition (elemental) of
peculiar samples to be analysed. EDS was further coupled with a CPS (Counts per Second)
mapping smart feature that provided a visual representation (map) of the X-ray count rate at
every pixel in the dataset. The mapped surface (different areas of interest) with the brightest
pixels indicated the highest count areas, and dark or black areas indicate little or no X-ray
counts. This showed the chemical/elemental distribution of aggregates across the TNT/Ti

surface.
G. Micro-computed (micro-CT) analysis

At the end of the 3 months study, the skulls of the euthanised mice were dissected from the soft
tissue, cleared with 1 % KOH for skeletonisation, stored in 10 % neutral buffered formalin and
imaged using micro-CT to determine bone-regrowth within the therapeutically intervened
defects, in comparison to the control defects. The micro-CT images were acquired using a small
animal, high-resolution scanner, Skyscan 1076 (Bruker-micro-CT, Kontich, Belgium). Briefly,
the micro-CT scanner was operated at source parameters: 50 kV, 110 pA with a rotation step
of 0.6, 0.5 mm Al filter, scanning width of 35 mm and imaging time of 48 min, to obtain an

image resolution of 8.7 um.

The cross-sectional slices were reconstructed using the Skyscan NRecon software package
(version 1.6.9., Bruker) with a ring artefact correction of 15, beam hardening correction of 30%,
smoothing of 1 pixel, misalignment correction <10 and thresholding limits ranging from 0 to
0.11. The obtained bitmap (BMP) files were realigned using the Data viewer software (version
1.5.1, Bruker) and the coronal sections were saved as datasets. The files were then imported

into CTan software (version v.1.14, Bruker) for 2D and 3D morphometric analysis. From the
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entire data set, a circular region of interest (ROI), with a diameter of 3 mm and a height of 100
scan slices (including the whole defect area with the newly formed bone inside), was selected
for analysis. The ROI was set where the original defect was located, since the margins were
visually recognisable. By auto-interpolation between layers, ROl became the volume-of-
interest (VOI) which formed the essential basis for all quantitative analysis. Parameters
measured were total volume (TV), bone volume (BV) and bone surface area (BS) for each VOI.
The defect was identified and visualised with the aid of 3D reconstruction software package,
Avizo 9.0 (Visualisation Sciences Group, Massachusetts, USA), which volume rendered the

BMPs (resized into half using TCONYV software, v.1.0, Bruker) to obtain a 3D image.

H. Histological analysis

For histological examination, all the cranial specimens were decalcified by submersion in 10%
EDTA in 0.1 M Tris Buffer (pH 7.4) plus 7% sucrose for up to 4 weeks at room temperature
and embedded in paraffin wax. The sections were then cut into 7 um thick serial sections of
sagittal slices using a rotary microtome (Leica Microsystems GmbH, Germany). They were cut
parallel to the surface of the defect, with an intention to observe the new bone formation from
the defect boundary to the centre of the defect. The slices were floated on water bath and
mounted onto APES-coated slides which were dried overnight on slide warmer (Fisher) at 37°C.
After an incubation at 60°C for 16 h, selected slides for each sample were deparaffinised in
xylene and then rehydrated through a graded series of alcohol solutions and distilled water. The
sections were then stained using haematoxylin and eosin (H&E), Movat Pentachrome (MOV),
Periodic Acid-Schiff (PAS), Alcian Blue and/or Picro-Sirius Red (SR) and mounted in Depex
(Sigma-Aldrich). An immunohistochemical Tartrate-Resistant Acid Phosphatase (TRAP)

Staining was also performed on selective slides. The elaborate staining protocols (from
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ihcworld.com, americanmastertech.com or sigmaaldrich.com) and the specific reagents are
described in Appendix A. The slides were imaged using bright field microscope (Carl Zeiss
Jena, Germany) equipped with a DFC480 digital camera (Leica Microsystems, Germany). A
dark field microscope (Leica MZ16FA Stereo Microscope) with a polarisation filter was also

used to analyse selective Picro-Sirius Red slides.
|. Statistical analysis

Statistical analyses were conducted using the SPSS statistics 22 software (IBM Corporation,
USA). The first set of univariate tests (using one-way repeated measures ANOVA, Bonferroni
adjustments) was performed for the tissue response studies (Chapter 7) to determine whether
there were associations between the ‘outcomes’ (changes in BV and BS) and “variables’ (effect
of uncoated and polymer coated TNTSs). The second set of univariate tests (using one-way
repeated measures ANOVA, Bonferroni adjustments) was constructed to test the ‘outcomes’
(changes in BV and BS) with the ‘variables’ (treatment groups) and any interactions between
them, for both CZ and WT mice (Chapter 8). Shapiro-Wilk test of normality was performed
to check the normality of the data distribution. A two-way ANOVA was also constructed to test
the associations in between ‘outcomes’ from different genotypes (CZ and WT) (Chapter 8).

Statistical significance was set at the 0.05 probability level.
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CHAPTER 7: Assessment of In Vivo Tissue Response to

TNT/Ti Implants

7.1. Introduction

The development of an optimal biointerface between the cranial bone and the biomaterial is
essential for the success of titanium implants [103, 251, 252]. The biocompatibility of the implant
surface is governed by its favorable interaction with the living tissues and/or the cellular
environment, adjacent to the placement site [253, 254]. Ideally, the response to implant can be
determined on the basis of three critical factors, including (i) tissue reaction — absence of chronic,
persistent acute inflammation, inflammatory exudates, neutrophil and macrophage influx; (ii)
fibrous capsule formation — absence of excessive fibrous tissues aggregates around the material
post-implantation, along with collagen fibers (immature type I11 or type 1) and glycosaminogylcans
(GAGsS); (iii) mechanical stability and implant safety in the physiological milieu — excellent wear
and corrosion resistance, an elastic modulus comparable to the bone and optimal surface
characteristics [252, 254-257]. Furthermore, for craniosynostosis application, the implant material

should neither induce excessive bone formation nor cause undesired bone resorption (osteolysis).

Rigorous in vivo and in vitro studies (mimicking the physiological environment) have been
integral to assess the ability of implantable biomaterials in generating an appropriate host tissue
response [254, 257-259]. Previously, Chapter 5 described the preliminary in vitro testing of the
proposed TNT/Ti cranial implants in order to minimise the animal numbers in in vivo studies. The
cytocompatibility and biological response, in terms of cell morphology, viability and

biofunctionlity (adhesion and proliferation) of human suture cells on TNT/Ti surface, render these
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implants suitable for craniosynostosis applications. Furthermore, the alteration of TNT/Ti surface
properties, including topography, chemistry, wettability and energy, tend to impact the cellular

response near the local tissue.

Although, the in vitro data can reflect the material response in physiological conditions, its
extrapolation and translation into in vivo situations can be challenging. This chapter focuses on
assessing the in vivo biocompatibility of TNT/Ti implants in the animal model (Fgfr2 wildtype
mice), prior to exploring their glypican delivering efficacy. Currently, the calvarial bone critical-
sized defect (CSD) murine model is the most commonly used animal model in cranial development
and bone regeneration studies [17, 260, 261]. A CSD refers to the smallest size intraosseous wound
that will not heal during the lifetime of the animal, without any therapeutic invention [17, 262,
263]. It forms an ideal model to study the TNT/Ti implant biocompatibility and subsequent bio-
functionality by providing a reproducible, non-load bearing and quantifiable orthotopic site for

assessing changes in cranial bone regeneration.

In this chapter, a wildtype murine model was used: (i) to evaluate the biocompatibility of
TNT/Ti implants (polymer-coated and uncoated) inserted either subcutaneously or within the CSD,
by histologically assessing the adjacent tissue (skin and bone) response, (ii) to investigate
undesired/excessive bone or cartilage formation inside the CSD, by quantification via micro-CT
imaging and (iii) to characterise the TNT/Ti discs retrieved at the end of the study, by SEM

analysis.

Scanning electron microscopy (SEM) coupled with energy dispersive X-ray spectrometry
(EDS) was used to surface analyse the recovered TNT/Ti implants, post-operatively (Aim III).

Digital photographs were taken to record each step during and after the surgery. For TNT/Ti
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implants to conform to the biocompatibility requirements, two main analytical techniques were
used, including histology and micro-CT scanning. Histologic observations (Aim ) were directed
to evaluate the cellular organisation, extracellular matrix components (adverse inflammatory
reactions and/or abnormal fibrous tissue formation) and mineralisation (if any) around the implant.
The initial histological analysis was performed using H&E stained sections at 12 weeks after
implantation to obtain full cellular details wherein, the cell nuclei appeared blue and the collagen
fibers appeared pale pink [264]. This was followed by Alcian blue staining to identify the presence
of any cartilage corresponding to endochondral ossification (encompassing chrondogenesis) [34].
Alcian blue stains the tissue proteoglycans blue/magenta to purple, and helps to distinguish
chorondocytes from osteogenic cells [264]. Micro-CT imaging (Aim II) further examined the
morphologic changes (volume and spatial density of bone regrowth) within the critical-sized defect
at the end of the 12 week implantation study. This imaging modality used X-ray radiations to
generate numerous projections of the mineralized bone (with hydroxyapatite). These projections

were later processed and converted in high resolution 3D images of the mice skulls.

7.2. Materials and methods

A common materials and methods protocol for all in vivo studies has been described in
experimental section preceding this Chapter (p.214-221). Briefly, the wildtype mice were
implanted with sterilised TNT/Ti implants and divided into four sub-groups, including
subcutaneously implanted TNT/Ti discs (SC, n=5), and uncoated (TNT, n=3), chitosan-coated
(TNT-CH, n=3) and Pluronic-F127-coated TNT/Ti discs inserted within the CSD (TNT-F127,
n=3). A flowchart relating to experimental layout with different implanted groups is shown in

Figure 7.1. All the animals underwent surgery under general anesthesia (Xylazine and Ketamine),
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along with analgesia (Buprenorphine). At doses specified earlier (Section E, p.216), these agents
provided anesthesia for up to 45 min. The subcutaneous insertion under the incised skin flap took
approximately 15 min while the cranial surgery lasted approximately 30 min. All mice were kept
under regular daily observation for 3 months with ad-libitum supply of food and water. The mice
were then euthanised by CO: asphyxiation and the harvested skulls (implantation sites) were
evaluated via histology and micro-CT. The retrieved TNT-Ti implants from all sub-groups were

visually assessed and surface analysed using SEM.

Wildtype mouse with TNT/Ti Implants

Subcutaneous Implantation into the
Implantation (n=5) critical-sized defect

Uncoated TNT/Ti Chitosan-coated E(I)L;&gg '%,S%%
(n=3) TNT/Ti (n=3) (1=3)

Figure 7.1. Flowchart displaying the experimental layout for evaluating tissue response to TNT/Ti

implants.
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7.3. Results and discussion

7.3.1. Visual assessment and implant surface characterisation

Most mice tolerated the surgical procedure well, without any intra-operative complications. A low
5% mortality rate occurred during the procedure from complications with the surgery or operative
hemorrhage. Mice that had post-op hemorrhage were excluded from the further analysis. Rest of
the healthy mice were euthanised 12 weeks post-implantation and the skulls were harvested. No
wound dehiscence was observed in any specimen. Figure 7.2 sums up the post-mortem
characterisation of TNTs implanted subcutaneously, as well as uncoated and polymer-coated TNTs
implanted within the CSD. Upon general observation at necropsy, the tissue around the implant
showed no evident lesions, inflammation, infection or purulence. The implants were either attached
to the skin or the periosteum over the defect and were often surrounded by a thin layer of fibrous
tissue. The surface morphology of the retrieved implant were evaluated by SEM imaging. When
the superficial layer of soft tissues was removed, the top surface of most implants were clearly
visible. The nanotube layer was stable and did not delaminate. The subcutaneous TNT/Ti disc (SC,
Figure 7.2a) showed an intact nanotube layer, with visible open pores underneath a thin
discontinuous fibrous tissue. The surface of uncoated TNT/Ti implants inserted in the defect (TNT,
Figure7.2b) was relatively clear, with an ordered array of nanotubes, open at the top. The chitosan-
coated TNT/Ti discs (TNT-CH, Figure 7.2c) also exhibited open nanotube structure, with a fully
degraded polymer layer by the end of the study. However, the Pluronic-F127-coated implants
(TNT-F127, Figure 7.2d) showed a complex surface topography, with a dense fibrous tissue

capsule completely blocking the nanopores.
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Figure 7.2. The representative images of TNT/Ti implantation in various sub-groups

corresponding to (a) subcutaneous insertion (SC) and placement within the CSD for (b) uncoated
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(TNT), (c) chitosan-coated (TNT-CH) and (d) Pluronic-F127-coated (TNT-F127) discs. The blue

arrows mark the implantation site (defect).

To investigate the peculiar surface characteristics of Pluronic-F127-coated TNTSs, elemental
composition analysis and mapping by Energy Dispersive Spectroscopy (EDS) was performed. This
allowed identification of particular elements and their relative proportions in the layer covering the
TNT-F127 surface. Figure 7.3a presents the X-ray spectrum generated from the scan area of the

corresponding SEM (Figure 7.2d).

Elemental Analysis of Pluronic-F127-coated TNT/Ti Implant

Phosphorus

Aluminium

Figure 7.3. SEM-EDS-CPS characterisation of the materials deposited onto the Pluronic-F127-
coated TNT/Ti implants. a) The EDS spectrum showing the major and minor elements present at
the surface, b) and c¢) elemental mapping and distribution overlaying the implant surface.
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The surface elements comprised mainly of carbon, oxygen, phosphorus and calcium, along
with trace amounts of titanium (from the substrate underneath), silicon and aluminum. This
indicated the deposition of bone-inducing hydroxyapatite onto the surface that was undesirable for
current application. The elemental mapping in area of interest is presented in Figure 7.3b-c,

showing the distribution of various elements across the surface.

7.3.2. Morphological assessment of the skull

The influence of TNT/Ti implants on in vivo bone regrowth was also evaluated within the critical
sized calvarial defects in Fgfr2 wildtype mice. After 12 weeks of implantation, the morphology of
newly formed bone in harvested samples was reconstructed using micro-CT imaging. For
craniosynostosis application, minimal natural bone growth within the CSD is desirable. The
representative digital and micro-CT images from each group (SC, TNT, TNT-CH and TNT-F127)
are shown in Figure 7.4. The results demonstrated no marked difference on SC samples (Figure
7.4a), while the TNT and TNT-CH skulls (Figure 7.4b-c) showed minor new bone formation from
the periphery of the defect (pre-existing bone edge). On the other hand, TNT-F127 skulls (Figure
7.4d) exhibited almost filled defect with substantial amount of newly formed bone, thicker at the
edge and thinner at the centre of defect. This observation was consistent with the SEM results,

confirming the bone-inducing properties of Pluronic-F127-coated TNT/Ti implants.
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Mouse Cranium after 12 Weeks of TNT/Ti Implantation
a) oo

Figure 7.4. The digital and reconstructed micro-CT images of mice cranium, 12 weeks after
implantation, showing the impact of different TNT/Ti implants. a) Subcutaneous implant (n=5);
new bone formation within the 3 mm CSD for (b) uncoated (TNT), (c) Chitosan-coated (TNT-CH)
and (d) Pluronic-F127-coated (TNT-F127) discs (n=3 in each group). The blue arrows on digital

photographs mark the implantation (defect) site for visual observations.

The structural assessment was followed by the quantitative volumetric analysis using CT
analysis software (CTan). The bone regrowth within the 3 mm defect (volume of interest) was
quantified in terms of new bone volume (BV) and bone surface area (BS), represented in Figure
7.4. Bone volume, an indicator of relative amount of newly formed bone, was significantly higher
(p < 0.05) for TNT-F127 coated TNT/Ti group when compared to all the other groups. The BV

quantified in Figure 7.5a was in the following order: control (0.38 + 0.07 mm?®) < uncoated TNT
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(0.34 £ 0.05 mm®) < TNT-CH (0.38 + 0.04 mm?®) < TNT-F127 (0.75 + 0.14 mm®). Bone surface
area (Figure 7.5b) showed almost similar trend in this order: control (9.65 + 1.14 mm?) < TNT-
CH (10.89 + 1.15 mm?) < uncoated TNT (12.18 + 0.71 mm?) < TNT-F127 (23.20 + 2.46 mm?).
The Shapiro-Wilk test of normality was non-significant for all the variables within each group. The
pairwise comparisons (univariate analysis, ANOVA) between the groups and the dependent
variables (BV and BS) showed that the changes in quantitative indices of uncoated and Chitosan-
coated TNTs were non-significant when compared to the control sample (without any implant).
These results reinforced the previous findings from this study, wherein TNT and TNT-CH implants
did not induce unnecessary bone healing (osteoinduction) or bone resorption (osteolysis). The
TNT-F127 samples were excluded from the proposed release studies (Chapter 8) to ensure

experimental accuracy, since it yielded significantly higher bone regeneration than all other groups.

Morphometric Analysis of the Defect
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Figure 7.5. Quantitative micro-CT analyses using CTan software showing a) new bone volume
(BV) and b) bone surface area (BS) in wildtype mice at 12 weeks post-operation. The Pluronic-

F127 coated implant surface induced significantly more bone than rest of the groups (*p<0.05).
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7.3.3. Histological analysis of implant biocompatibility

Micro-CT measurements provided information about the amount of new bone formation within the
defect area, but lacked information about the non-mineralised tissues and cellular response. The
assessment of implant biocompatibility was made by observing the tissue response around the
implantation site. The H&E stained sections of skin (over the implant) and the bone (around the
defect site) permitted identification of different cell types localised in the soft and hard tissues of
interest. Figure 7.6 shows the microanatomy and cellular structure of the skin covering the

subcutaneous implants.

Skin over the TNT/Ti Implantion site
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Figure 7.6. Histological analysis of skin over the subcutaneously implanted TNT/Ti discs at a) low

and b) high magnification.

The 20x micrograph shows a thin epidermis (formed of 2-3 cell layers), the dermis (formed of
dense connective tissue) and the hair follicles associated with the sebaceous glands. The 40x

magnification depicts the details of hair follicles and the adipose tissue layer underneath. There
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was no discernable difference (in comparison with the normal tissue), adverse reaction or

inflammation within the skin layers, establishing the TNT/Ti implant inertness.

The H&E bone histology of the cranial defect, implanted with uncoated and polymer-coated
TNT/Ti implants are shown in Figures 7.7 and 7.8, respectively. For all the groups, there was no
necrosis, lipoma formation or subdural hematoma. Furthermore, there were no signs of chronic
inflammation, i.e. no observable influx of macrophages, giant bodies or neutrophils. The new bone,
within the defect, was presented as a compact structure (in dark pink) while the connective tissue
was observed as a loosely bound network of fibroblasts and collagen (in a pale pink). The bone
cells (osteocytes and osteoblasts) were present within or at the bone surface. The multinucleated

osteoclasts were absent at the implant proximity.

Tissue around Uncoated TNT/Ti Implantation Defect
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Figure 7.7. Histological evaluation of the tissue around the uncoated TNT/Ti implant site.
Representative histology images of a) normal skin over the implant, b) the defect at low

magnification (4x) and c) the defect edge at high magnification (40x).

In the micrographs corresponding to the group with uncoated TNT/Ti implants (TNT), the skin
cells were healthy and normal (Figure 7.7a) and no mineralised bone was observed in the empty

cranial defect. Instead, a thin layer of immature fibrous tissue coverage was found over the dura
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(Figure 7.7b). At 40x resolution at the edge of the defect some fibroblasts and collagen fibers were
present along with small amount of bone tissue. In the TNT-CH group, most of the new bone
emanated from the margins of the defects and an immature but thick and loose fibrous connective
tissue lined the top of the dura (Figure 7.8a). The high resolution images (Figure 7.8b-c) showed

the fibrous layer that was almost acellular around the edge.

Histological evidence further supported the radiographic findings, indicating that the TNT-
F127 group showed nearly complete osseous closure of the defect, with a thin layer of newly
formed bone along the dural surface. A thick, firm and aligned fibrous tissue layer with tightly
packed collagen fibers was also observed over the newly formed bone (Figure 7.8d-f). Few solitary
bony islands scattered on the dura infiltrated the fibrous tissue network. These observations are
based on many histological sections and the extent of bony repair was slightly variable within the

sub-groups.
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Tissue around Polymer-coated TNT/Ti Implantation site

E] g ax )]

Figure 7.8. Histological evaluation of the tissue around the polymer-coating TNT/Ti implant site.
Representative low and high magnification histology images of a-c) chitosan-coated implant (TNT-

CH) and b) Pluronic-F127-coated implant (TNT-F127).
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In order to confirm the mechanism of ossification during new bone formation within the defect,
Alcian blue labelling was performed. This was to eliminate the possibility of progenitor cell
differentiation into chrondogenic cell line, leading to cartilage formation instead of direct
ossification. Figure 7.9 clearly showed the absence of any bright blue regions or large cells,
corresponding to cartilage or cartilage forming cells (chorondocytes or chrondoblasts), indicating

intramembranous ossification.

Alcian Blue-labelled Defect site
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Figure 7.9. Alcian blue staining showing absence of chrondoblasts and cartilage in the fibrous

tissue a) over dura and b) at the defect edge.

7.4. Conclusion

This study assessed the biocompatibility of the TNT/Ti cranial implants, implanted subcutaneously
and within a surgically created critical-sized defect (CSD, 3 mm in diameter). The implants were
sub-grouped into four categories: subcutaneous TNT/Ti (SC); uncoated TNT/Ti (TNTSs), Chitosan-
coated TNT/Ti (TNT-CH) and Pluronic-F127-coated TNT/Ti (TNT-F127), inserted within the

defect. Overall, the necropsy results indicated no adverse skin or bone tissue response to the
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TNT/Ti discs (absence of inflammation, necrosis, infection or large cells such as neutrophils,
macrophages etc.). Visual analysis showed a thin fibrous tissue layer covering TNT/Ti implant
surface that was attached to the skin flap or the periosteum over the defect. Specific morphological
analysis of the retrieved implants using scanning electron microscopy showed a well-adhered
nanotube layer on the Ti disc, with partially open nanopores for the subcutaneously implanted
samples. The TNT and TNT-CH samples exhibited fully open nanotubular structure, with obvious
polymer degradation in the latter case. However, the TNT-F127 sample showed the complete
blockage of nanotube by a dense fibrous tissue layer. EDS-CPS mapping elementally identified the
layer to be associated with deposited hydroxyapatite. These results were consistent with the micro-
CT and histological analysis of the harvested skulls. The H&E labelling showed no abnormal effect
on the tissue morphology in SC mice. Furthermore, the uncoated TNT samples produced
radiologically quantifiable bone growth along the defect edges. This was reconfirmed by
histological images showing minor peripheral bone formation with a thin immature fibrous tissue
over the defect. Similarly, the TNT-CH group showed a relatively thicker, non-mineralised fibrous
layer within the defect with slight bone growth at the margins. The TNT-F127 group showed
prominent osteogenesis with thin new bone across majority of the defect. Thick, mature and highly
organised collagen fibers were also aligned over the newly formed bone, directing bone thickening.
Furthermore, Alcian blue staining showed no cells with chrondogenic descent or signs of cartilage
during bone formation. The TNT/Ti implant biocompatibility was a pre-requisite for long term

implantation and future in vivo therapeutic intervention studies.
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CHAPTER 8: In vivo Protein Release Studies of
Implantable TNT/Ti Delivery System to Inhibit Cranial

Defect Healing

8.1. Introduction

A major challenge of craniofacial research is to reduce the frequency and severity of
complications associated with secondary surgery due to post-operative bone-reossification after
primary cranial vault reconstruction [1]. The desire for developing adjunctive methods to treat
craniosynostosis has triggered extensive research in the molecular and cranial biology to
unravel the mechanisms underlying normal and pathological bone growth events [2-4].
Furthermore, advancements in genetic microarray mapping techniques, and the availability of
clinically relevant, genetically-modified animal models, have contributed towards
understanding the roles of genes and growth factors in the aetiopathology of syndromic
craniosynostosis [2, 5-9]. The well-established Crouzon mouse model displays phenotypic
characteristics and cellular complexities that are similar to Crouzon syndrome in humans
(associated with Fgfr2¢3** mutation) [10, 11]. These genetically heterozygous mutant mice
have dome-shaped rounded skulls, wide set and proptotic eyes, underdeveloped maxilla,
relatively protruded mandibles and prematurely fused coronal sutures (unilateral and/or
bilateral synostosis) in the majority (90%) of cases. The sagittal and lambdoid suture
obliteration has also been reported in 70% and 30-40% of mice, respectively, depending on the
severity of the syndrome [11-13]. A critical-sized defect (CSD) in Crouzon mouse cranium can

be used to study and quantify the post-operative bone healing in a craniosynostosis model.
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The role of bone morphogenetic protein 2 (BMP2) signalling, which occurs downstream to the
Fgfr2 pathway, is well established in normal bone induction and suture fusion (refer to Chapter
2, Section 2.3.4, p.28-32). The perturbation of BMP2 pathway via delivery of BMP2
antagonising molecules (including glypicans, noggin etc.) can inhibit bone formation and
improve treatment outcomes [14-19]. Although noggin has previously been shown to inhibit
BMP-dependent bone formation in different animal models, its effects were short-term and
restricted to initial phases of bone healing (refer to Chapter 2, Section 2.3.5, p.35-36). Recently,
an elaborate micro-array study showed decreased expressions of glypican 1 and glypican 3
(GPC1 and GPC3) in the sutural region during premature suture fusion in affected children,
implicating their involvement in regulating suture patency and osteogenesis [2, 18]. These
observations imply that controlled delivery of these proteoglycans at the craniectomy sites in
optimal concentrations may lead to an effective therapeutic intervention. However, the lack of
clinically viable delivery system to target the bone-forming mechanisms in perisutural area with
desirable pharmacokinetics and release pattern still remains a challenge. Since bone formation
is a continuous process, a localised delivery platform providing a slow and prolonged
application of the glypicans is necessary to observe discernible effects. Moreover, the protein
concentration is critical in craniofacial delivery as the heterogeneous suture cells can respond
paradoxically to the same biomolecule at different concentrations [20]. Chapters 4 and 6 have
demonstrated the in vitro ability of protein-loaded Titania nanotubular implants (TNT/Ti discs)
to provide a sustained delivery of GPC1 and GPC3 over a period of 2 weeks, depending on the
amount of loaded protein. The released glypicans also suppressed the BMP2 activity in
transfected C2C12 cells, confirming successful delivery of potent bioactive molecules from the
nanoengineered implants. These nanotubular implants showed promise and improvement in

terms of release rate and duration over previously researched craniofacial delivery methods
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(such as gene transfer technology, direct application of the protein, absorbable collagen sponges

and hydrogels etc.) [21, 22].

The overall objective of this chapter was to test the in vivo efficacy of chitosan-coated and
uncoated TNT/Ti implants as delivery platforms capable of localising and releasing the
biologically active model proteins (control-BSA and experimental-GPC3) within the murine
cranial defects. As described earlier (refer to Chapter 3, Section 3.4.3, p.102 and Chapter 4,
Section 4.3.3.2, p.129-133), the biopolymer (chitosan) coating should reduce the initial burst
and provide sustained release over a few weeks. The specific aims were (i) to evaluate the
effects of BSA (protein control) and rGPC3 (experimental) released from TNT/Ti implants on
bone re-growth within the defect site in a wildtype mice model, (ii) to assess the bone-
antagonising effect of GPC3 released from TNT/Ti implants (chitosan-coated and uncoated) in
a Crouzon mice model (Fgfr2¢®*?¥* mutated) and to compare it with the wildtype mice, and
(iii) to investigate degradation of chitosan film covering the TNT/Ti surface due to the exposure
to the physiological milieu and fluids in the cranium of the mice, at 1, 2, 5 and 12 weeks post-

operation.

Intra- and post-operative digital photographs were obtained for visual analysis of the cranial
defects. Scanning electron microscopy (SEM) was used to observe the chitosan degradation on
implants retrieved at different time points (1, 2, 5 and 12 weeks post-operation). High-resolution
micro-CT was employed to analyse the amount of bone regenerated within the cranial defect
sites at 12 weeks of implantation. The 3D data reconstruction helped calculate the bone volume
(BV) and surface area (BS) in relation to the non-mineralised medullary space within the defect
site (volume of interest). Qualitative histological analysis of the craniectomy sites using H&E,

Periodic Acid-Schiff (PAS), Movat Pentachrome, Picro-Sirius Red and TRAP staining showed
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the variance in new bone regeneration, defect width and fibrous tissue accumulation between

different groups (refer to Appendix A).

8.2. Materials and methods

A detailed protocol for the in vivo studies has been described in the common experimental
section (p.214-221). Briefly, the ability of Ti/TNT implants to release therapeutic
concentrations of active BSA and/or GPC3 was investigated using a 3 mm critical-sized defect
(CSD) lateral to the left coronal suture, in both wildtype (WT) and Crouzon (CZ) mice. The
creation of CSD in a Crouzon model, along with placement of the implant is shown in Figure
8.1. The mice were implanted with sterilised protein-loaded TNT/Ti implants under general
anaesthetic (Xylazine and Ketamine) and analgesic (Buprenorphine) agents as described earlier

(Section E, p.216)

Critical-sized Defect with TNT/Ti Implant

Figure 8.1. TNT/Ti implant disc placement within the 3 mm critical-sized defect (CSD) in a

Crouzon mouse.

This animal models were divided into two sets involving, the wildtype and Crouzon mice. A
flowchart relating to experimental layout with different treatment groups (therapeutic
interventions) is shown in Figure 8.2. The original defects (control, day 0) on the day of the

surgery were also analysed as a baseline in both the models. All the animals used were adults
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of 3 months of age at the time of surgery, except wildtype control mice that were older adults
of 4 months. The effect of sex on the bone healing was not analysed, but an equal male to female

ratio was maintained throughout the groups.

Protein-loaded TNT/Ti
Implants

Surgical
Control

Wildtype Mouse
(Aim 1)

Surgical Protein
Control Controls

Crouzon Mouse
(Aim 1)

Experimental

Experimental

Craniectomy Chitosan- Uncoated
only with no coated BSA- BSA-loaded
proteins loaded TNT/Ti TNT/Ti

Uncoated Craniectomy Chitosan- Uncoated
GC3-loaded only with no coated GPC3- GPC3-loaded
TNT/Ti proteins loaded TNT/Ti TNT/Ti

(n=8) (n=6) (n=12) (n=12)

(n=5) (n=5)

Figure 8.2. Flowchart explaining the experimental layout with different treatment groups. The
protein controls were preliminarily tested just in wildtype mice, to establish that the inert BSA
did not cause any bone inhibition and the implants did not induce any adverse bone resorption.
The surgical control and uncoated (without any polymer coating) GPC3-treated implantation
sites were directly compared between the genotypes as a part of Aim I1. Aim Il related to the

chitosan degradation process is not included in this flowchart.

All mice were kept under daily observation and provided with regular food and water up to 3
months to encourage full recovery. The Crouzon mice required special access to ground and
mushy food and weekly tooth trimming due to mandibular prognathism. All mice were
humanely euthanised by CO. asphyxiation at 90 days and the skulls were collected and

deskinned for further analysis (Section E, p.218).

The quantitative volumetric analysis was performed using micro-CT and related software
(Section G, p.219). The qualitative histological investigations with H&E showed the newly-
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formed bone (pink) and fibrous tissue (pale pink) in different groups. A Movat Pentachrome
staining helped differentiate new and old bone sections with collagen (light yellow), elastin
(black), muscle (red), mucin (blue to green) and fibrin (intense red) that were labelled
differently in the tissue sections. A Periodic Acid-Schiff (PAS) staining was also performed to
observe secreted mucins and glycogen (red/purple), followed by Picro-Sirius Red staining in
selected samples to identify collagen type I (thick large bundles in red) and type 11 (thin bundles
in red) fibres under a bright field microscope. Sirius red sections were also analysed under
polarised light to visualise a fibre thickness-dependent colour change (from green to yellow to
orange to red with increasing thickness). A Tartrate-resistant acid phosphatase (TRAP) marker
was further used to observe any bone resorption around the delaminated TNTSs in the defects,
marked by presence of osteoclasts (in red) [23-25]. The retrieved TNT/Ti implant surfaces were

analysed using SEM.

8.3. Results and discussion

8.3.1. TNT/Ti implant analysis

8.3.1.1. Surface analysis

Surface characteristics of a representative uncoated TNT/Ti implant retrieved after the release
study (12 weeks post-implantation) are shown in Figure 8.3. The digital and SEM image of the
implanted disc (Figure 8.3a-b) depicted a well adherent TNT layer on the underlying Ti. A
high-resolution SEM (Figure 8.3a-b) confirmed the unique geometry of TNTs with ordered

arrays of open-pored structures (120 + 10 nm in diameter).
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TNT/Ti Implant Cha

Figure 8.3. The surface characterisation of representative TNT/Ti implant (without polymer
coating) retrieved after the in vivo release study showing (a) digital photograph of the implanted

disc and (b-c) scanning electron microscope image of the TNT surface.

In uncoated TNT/Ti implants, the model proteins were released into the CSD and the perisutural
region by passive diffusive transport based on the concentration gradient in the cranial
environment (extracellular matrix and interstitial fluids) [26]. However, for chitosan-coated
TNT/Ti implants (polymer thickness ~1 um; refer to Chapter 3, Section 3.4.3, p.102-103) and
Chapter 4, Section 4.3.3.2, p.129-133), the release kinetics of the protein encapsulated inside

the nanotubes also depended on in vivo polymer degradation and transformation.

The chitosan films undergo enzymatic hydrolysis in the presence of several proteases,
mainly lysozymes (present in body fluids) [27]. The SEM images of chitosan films (coating the
TNT surface) after 1, 2, 5 and 12 weeks of implantation (Figure 8.4) clearly show the
dissolution of chitosan coating over time and its transformation into a microscale mesh. The
partially open pores (with patches of undissolved polymer) were responsible for slow release
of the therapeutic proteins. The rate of in vivo chitosan degradation was much slower than that

previously observed in an in vitro study (degradation in PBS) [28].
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ation over 12 Weeks of Implantation

In vivo Chitosan Degrad
: 1 week| p) 2 week

S week| g) ¢

s S .

Figure 8.4. Top-view SEM images showing the degradation of chitosan spin-coated onto the

TNT/Ti implants after (a) 1 week, (b) 2 weeks, (c) 5 weeks and (d) 12 weeks of implantation.
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8.3.1.2. TNT-tissue interaction

No inflammatory infiltrate was present around the TNT/Ti implants. However, thin fibrous
connective tissue were found at the TNT-tissue interface which led to delamination of the
anodic TNT layer from the Ti surface in certain cases, whilst handling/removing the implant
(Figure 8.5b). The mechanical stability can be compromised due to a number of factors.
From the fabrication perspective, the higher growth rate due to high electrolyte water content
(5%) and anodisation voltage (120 V) might have enhanced the expansion coefficient (in
between the oxide and metal) during anodisation, leading to less adherent anodic film [29,
30]. Presence of “weak spots” that allow electrolyte penetration to the underlying Ti could
also attribute to swelling and delamination of the nanotube layer [29, 31]. However, since the
TNT/Ti implants used for tissue response studies (Chapter 7) maintained their mechanical
integrity throughout and after the 12 weeks implantation period, the delamination of the TNT
layer is unlikely to be a fabrication error. However, the subsequent protein loading under
repeated wetting and vacuum evaporation of the solvent might have weakened the interfacial
barrier layer between the nanotube oxide and Ti disc. Thus, the loading step, along with the
strong adhesion of the implants surface to the periosteum or the skin fibrous tissue, must have
caused the thin barrier layer to coil and delaminate (surface tension dependent phenomenon)
[32]. A change in anodisation parameters to obtain shorter nanotube length and an immersion

loading approach may help resolve this issue in future studies.
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In vivo TNT/Ti Implant Retrieval

Figure 8.5. Representative images of implant retrieval showing a) well-adhered TNTs on Ti
disc and b) delaminated TNTSs in the defect. The blue arrow shows the intact TNT layer while

the red arrows mark the partially detached TNTs on the substrate and the defect site.

The histological evaluation at the TNT-tissue interface (Figure 8.6) showed no adverse
response such as inflammatory or multinucleated cells (macrophages or granulocytes) in the
implant proximity. H&E labelled section of the whole defect at the low magnification (4x)
showed extensive cellular scar tissue encapsulating the nanotubes (Figure 8.6A-a).
Furthermore, the corresponding high magnification (40x) images of TNT interfaces with the
fibrous tissue (with fibroblasts and intravascular blood cells) and bone showed absence of any
chronic inflammatory cells (macrophages, foreign body giant cells or neutrophils) after 12
weeks of implantation (Figure 8.6A-b-c). The PAS stained sections at both 10x and 40x
magnifications were negative for any neutral or acidic mucosubstances such as muco- and
glycoproteins, glycogen and mucopolysaccharides (usually stained red/purple) (Figure 8.6B-

a-c).
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TNT-Tissue Interface

Figure 8.6. Histological evaluation of the interface between delaminated TNTs and
surrounding tissue using A) H&E, B) Periodic Acid-Schiff (PAS), C) Movat Pentachrome and
D) Picro-Sirius Red staining. The magnification scales are mentioned at the top corner of each
panel. The low magnification images (at 4x and 10x) displayed the overall defect
microenvironment while the high magnification images (at 40x) displayed the TNT interface

with the fibrous tissue and the bone (nb: new bone, ft: fibrous tissue, bv: blood vessel).

261




CHAPTER 8: In vivo Protein Release Studies of Implantable TNT/Ti Delivery System to stop Bone Re-Growth

The Movat pentachrome staining at 10x magnification (Figure 8.6C-a) distinguished the old
mature bone (dark yellow) with muscles (red) from fibrous tissue with collagen (light yellow)
at the defect site. The strong contrast between the fibrous tissue (collagen) surrounding the
nanotubes and the dark coloured nuclei (purplish-black) at 40x magnification (Figure 8.6C-b-
c) further allowed clear identification of existing cells (osteoblasts, osteocytes and fibroblasts).
The delaminated TNTs encapsulated in connective tissue around the implantation site did not
affect the bone tissue or the underlying dura. Furthermore, the absence of any blue coloured
cartilage or chorondocytes indicated that the defect site had undergone intramembranous

reossification.

The Picro-Sirius Red staining under bright-field microscope at 4x magnification showed the
collagen (red) secreted by cells (around the implant) and deposited within the defect (Figure
8.6D-a). The thickness, length, density and orientation of collagen fibres differentiated collagen
type | from type I1l. While most samples showed deposition of long, tightly packed cylinders
of bone-forming collagen type | fibres within the defect (variable between different groups),

the fibres around the TNTs were relatively loosely bound (Figure 8.5D-b-c).

Furthermore, an enzyme histochemistry staining (using TRAP marker) showed absence of
eroded bone surface (resorptive pits) generated by active osteoclasts (usually marked in red).
Figure 8.7 shows the TRAP negative results for the delaminated TNTs around the bone tissue.

The neutral response indicated that the implants did not cause bone resorption.
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TRAP - stained Section of CZ Mouse Skull

a)

Figure 8.7. Representative Tartrate Resistant Acid Phosphatase (TRAP)-stained histological
sections of cranial defects in mice following 12 weeks of TNT/Ti implantation. (a-b) The defect
edge with broken delaminated TNTs surrounded by fibrous tissue and (c-d) the TNTs around
new bone tissue, showing absence of TRAP positive cells (osteoclast- in red). (nb: new bone,
ft: fibrous tissue, bv: blood vessel, bm: bone marrow, TNT: free standing Titania nanotubes).

These images showed complete absence of osteoclasts or resorptive pits.
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8.3.2. Protein release studies in murine models

8.3.2.1. Selection of the murine model

The use of animal models has made it possible to investigate bone healing in general and with
therapeutically relevant TNT/Ti implants. The phenotypic differences of Crouzon mice with
Fgfr23*2* mutation and their wildtype littermates with a mixed background are summarised

in Figure 8.8.

a)

Figure 8.8. The digital and 3D micro-CT images of (a) Wildtype mouse and (b) Crouzon mouse
with Fgfr2c34%y* mutation (with rounded calvaria, midface shortening and pansynostosis-

premature fusion of all sutures).
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The digital photographs and 3D micro-CT scans of the wildtype mouse (Figure 8.8a) revealed
a normal shaped and sized skull similar to unaffected humans, with open sutures (except for
frontal suture that closes early). The affected mice (Figure 8.8b) exhibited phenotypes that
were analogous to severe human Crouzon patients, with complete fusion of all sutures
(pansynostosis). They also had a characteristic flattened midface, protruding eyes, shorter snout
and an overall shorter and rounded skull (along anteroposterior axis). Both these models were

used to create CSDs over the left parietal bone, next to the coronal sutures.

8.3.2.2. Protein release in Wildtype murine model

The preliminary in vivo testing of proposed TNT/Ti protein releasing implants was conducted
in wildtype murine model associated with normal bone healing and suture formation. Provided
there were no intraoperative complications while creating the defect, most mice tolerated the
surgical procedure well. Two mice were lost during the 12 week follow-up period from non-
surgery related complications. The visual and morphological assessments of the defect sites in
euthanised WT mice 12 weeks after treatment (post-operative) are summarised in Figure 8.9.
All incision sites sealed with resorbable sutures had healed by the end of the study, with no
signs of swelling, infection, abscess and wound dehiscence. A necropsy re-established implant
safety with no evident tissue lesions, inflammation or purulence at and around the implantation
site. Figure 8.9A shows the margins of the original defect with new bone originating from the
edges (blue arrows). The visual analysis indicated variability in bone re-growth within the
defects for the four different treatment groups (craniectomy only- wildtype control, chitosan-
coated and uncoated TNT/Ti implants loaded with BSA- protein controls and TNT/Ti implants

loaded with GPC3- experimental intervention).
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Figure 8.9. Representative images from different treatment groups of wildtype mice (craniectomy control, protein controls and experimental). A) Digital
images showing bone healing at the implantation site (the blue arrows mark the defect), micro-CT images showing B) the 3D reconstructed skull with defects

and C) 2D sagittal section of defect region showing bone re-growth with the comparative H&E histology ( lower panel).
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After 12 weeks of implantation, high-resolution micro-CT imaging was used to compare the
amount and morphology of newly formed bone in harvested skulls, and the representative
images from each group are shown in Figure 8.9B-C. The 3D renderings demonstrated that the
empty defects (control craniectomies) had marked peripheral bone healing along the defect
boundaries while the middle of the defect was unossified (Figure 8.9B-a). In contrast, the
defect sites treated with GPC3 released from TNT/Ti implants showed comparatively larger

defects (diminished bone volumes) with some bone formation over the dura (Figure 8.9B-b).

Both the protein controls (BSA-loaded TNT/Ti implants), with and without chitosan-coating,
showed similar reossification patterns resulting in substantial decrease in the size of the original
defect (Figure 8.9B-c-d). Figure 8.9C-a-d illustrate the 2D sagittal section of the 3D image of
the skull. The 2D results were in coherence with the 3D observations showing a difference in
the bony bridging across the defect sites between the groups. The comparative H&E histological
images of the defect sites displayed in Figure 8.9C-e-h complement the 2D micro-CT sections

in all treatment groups (detailed histology on p.262-266).

In addition, CT-based morphometric analysis was used to quantify the new bone volume (BV)
and surface area (BS) within the defect. The mean BV, quantified in Figure 8.10a, was in the
following order: TNT-BSA-CH (0.59 + 0.06 mm®) > TNT-BSA (0.49 + 0.06 mm?) > control
day 90 (0.41 + 0.08 mm?®) > TNT-GPC3 (0.26 + 0.03 mm®) > control day 0 (0.06 + 0.02 mm?).
Mean bone surface area (Figure 8.10b) showed a slightly different trend in the order: TNT-
BSA-CH (12.34 + 0.53 mm?) > control day 90 (9.64 + 1.48 mm?) > TNT-BSA (8.01 + 1.75

mm?) > TNT-GPC3 (7.68 + 1.64 mm?) > control day 0 (2.68 + 1.16 mm?).
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Figure 8.10. Quantitative micro-CT analyses using CTan software showing new bone volume (BV) and bone surface area (BS) within the defect in wildtype
mice at 12 weeks post-operation. The GPC3-loaded TNT/Ti implants significantly (*p<0.05) reduced the bone formation (BV) compared with the craniectomy

and protein control groups. The initial (control day 0) and final (control day 90) bone growth parameters correspond to original defect and the naturally healed

defect, respectively.
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The Shapiro-Wilk test of normality was non-significant for the variables (BV and BS) within
each group. One-way ANOVA showed a significant effect of the GPC3 treatment on BV but
not on BS. The pairwise comparisons with Bonferroni post-hoc tests revealed that the BV for
GPC3-treated groups was significantly lower than the craniectomy and protein controls
(p<0.05). The diminished bone volume confirms the ability of GPC3-loaded TNT/Ti implants
to therapeutically downregulate the BMP2 activity and hence the bone morphogenesis. There
were no statistically significant differences within and between the chitosan-coated and
uncoated BSA-control and the empty defects. This further reinforces the delivery potential of
TNTSs and justifies the use of BSA as a control protein with no therapeutic action. However, in
most samples, the chitosan coating showed slightly more bone regeneration when compared to
the uncoated implants and the control group. The GPC3 treated group also showed non-
significant difference to the baseline control (day 0, original defect), indicating successful bone-

inhibition.

The micro-CT data was supported by the qualitative microscopic analysis of histological
sections. Non-bony, fibrous tissue was evident within the defect regions, regardless of the
treatment. Figure 8.11 presents the histological analysis of bone regeneration in control group
(craniectomy only) after 12 weeks of surgery. The H&E staining at 4x magnification (Figure
8.11a) revealed a thick band of fibrous connective tissue within the defect, along with newly
woven bone at the defect edges connected to mature osseous bone, narrowing the defect. Figure
8.11b displays the 20x magnified image of the edge of the new, non-vascularised bone with

limited bone marrow.
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Wildtype mouse -Control (Crainectomy Only
a) : 4
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Figure 8.11. Histological analysis of bone regeneration in 3 mm cranial defect after 12 weeks
of healing in wildtype craniectomy control model. Representative low and high magnification

histology images of the defect site and its edge with (a-b) H&E, (c-d) Picro-Sirius red and (e-
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f) Movat Pentachrome staining. The magnification scales are mentioned at the corner of each

panel; black arrows mark the new bone edge (nb: new bone, ft: fibrous tissue).

The Picro-Sirius red labelling showed the thick disorganised collagen fibres bridging the
defects. The 4x magnification (Figure 8.11c) showed the decrease in original defect width due
to the formation of new bone along the margins (Figure 8.11d). The firm fibrous tissue
emanating from the new bone were clearly visible at 20x magnification. The Movat
Pentachrome staining further differentiated the bone from fibrous tissue. The low magnification
image (Figure 8.11e) showed the collagenous fibres lining the dura while the 20x magnification
image (Figure 8.11f) presented a layer with few fibroblasts. The black arrows at the periphery

mark the new defect edge, showing narrowing of the original defect.

The histological observations of the defect sites in protein control groups were also consistent
with the micro-CT data. Figure 8.12 presents the H&E labelled sections of wildtype mice with
BSA-loaded TNT/Ti implants. At 4x magnification, prominent bone reossification was
observed (Figure 8.12a) while at 20x magnification, a section cut across the defect margin
showed prominent defect healing with thick acellular fibrous tissue (Figure 8.12b). In Figure
8.12c, the new bone around the defect edge can clearly be seen. Figure 8.12d displays the
unfused sagittal suture in the wildtype skull and shows that the delaminated TNTs did not pose

any adverse effect on the surrounding tissue.
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Wlldtype Mouse w1tl; TNT/Ti Implant-BSA
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Figure 8.12. Histological analysis of bone regeneration in 3 mm cranial defects implanted with
BSA-loaded TNT/Ti discs, after 12 weeks of healing. Representative H&E images of the defect
site and edge at (a) low and (b-c) high magnifications; (d) the unfused sagittal suture in the
wildtype mouse. The magnification scales are shown at the top right corner of each panel; black
arrows mark the margin of the new bone (nb: new bone, ft: fibrous tissue, bv: blood vessel,

TNT: free standing Titania nanotubes, ss: sagittal suture).

Furthermore, the H&E labelled sections of wildtype mice skull with chitosan-coated BSA-
loaded TNT/Ti discs implanted within the defect are shown in Figure 8.13 (in increasing order
of magnification). These mice displayed significant wound healing with some bony bridging
(Figure 8.13a-b). Isolated bony islands over the dura interpolated with few strands of tightly

packed fibrous tissues were also evident (Figure 8.13c-d).
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Figure 8.13. . Histological analysis of bone regeneration in 3 mm cranial defects implanted
with chitosan-coated BSA-loaded TNT/Ti discs, after 12 weeks of healing; (a-d) Representative
H&E images of the defect site, the bone edge and the newly formed bony islands in increasing
degree of magnification demonstrating significant bone healing (nb: new bone, ft: fibrous

tissue, TNT: free standing Titania nanotubes).

The histological data further supported the notion that the defects implanted with GPC3-loaded
TNT/Ti discs caused bone inhibition, evident by the marginal bone re-growth. Figure 8.14
presents the H&E and Movat pentachrome labelled slices of this experimental group with more
fibrous than bony defect edges. Both H&E (Figure 8.14a-c) and Movat pentachrome (Figure
8.14d-f) stained images (from low to high magnification) revealed larger, unhealed and less

ossified defect sites in comparison with other treatment groups.
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Figure 8.14. Histological analysis of bone regeneration in 3 mm cranial defect after 12 weeks of healing in defects implanted with GPC3-loaded TNT/Ti discs
as therapeutic intervention. Representative images of the defect site, the bone edge and the newly formed bone in increasing degree of magnification with (a-
¢) H&E and (d-f) Movat pentachrome staining. The magnification scales are shown at the top right corner of each panel; black arrows mark the margin of the

new bone (nb: new bone, ft: fibrous tissue, TNT: free standing Titania nanotubes).
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8.3.2.3 Protein release in Crouzon murine model

This section illustrates the delivery potential of GPC3-loaded TNT/Ti implants to stop ectopic
bone growth in pathological Crouzon defect model. This model recapitulates the features of
human Crouzon patients. All Crouzon mice tolerated the surgery well and only three post-
operative deaths (at 1, 2 and 5 weeks) occurred due to non-surgical complications. Figure 8.15
summarises the digital and micro-CT images of mouse skulls harvested after 12 weeks of
implantation. Upon visual observation, the skin wounds appeared to have completely healed
with no signs of infection or wound dehiscence. The peculiar features of the syndromic
craniosynostosis, such as rounded skull, flattened midface, protruding eyes, shorter snout and
wideset eyes, were consistent across all the affected mice, with the variable number of fused
sutures. Retrieval of TNT/Ti implant discs from the euthanised animals showed no visible
implantation damage to regional vascularity. Moreover, the variation in the extent of bone

healing within the CSD between the groups was clearly visible (Figure 8.15A).

The 3D reconstructed micro-CT data revealed that, at 12 weeks post-operation, the craniectomy
control group had almost completed bone healing, with majority of the defect covered with
substantial ossified bone tissue (Figure 8.15B-a). This observation in mice is consistent with
the accelerated bone reossification after primary surgery in human patients (without any
therapeutic intervention) [33]. The defects that were treated with GPC3 via nanoengineered
release system (TNT-GPC3) in the present study showed drastically diminished bone volume
with minimal peripheral bone re-growth (Figure 8.15B-b). However, the experimental group
with chitosan-coated implants demonstrated scattered bony islands over the dura, whilst
maintaining comparatively larger defects than the control group (Figure 8.15B-c). The 2D
renderings of appropriate sagittal sections of the micro-CT images are shown in Figure 8.15C.

In the control group, a thick bony bridge obliterated the defect (Figure 8.15C-a), while the
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experimental groups showed either largely open defect (TNT-GPC3, Figure 8.15C-b) or
ectopic bone formation over the dura (TNT-GPC3-CH, Figure 8.15C-c). These observations
reinforced the delivery results from the wildtype model by displaying significant bone
inhibition in the GPC3-treated experimental groups. The comparative histological images of
the defect sites displayed in Figure 8.9C-e-g complement the 2D micro-CT sections in all

treatment groups (detailed histology on p.272-274).

Bone Re-growth within the Defect Site in Crouzon Mice

C

CZ-Control p CZ-TNT-GPC3 CZ-TNT-GPC3-CH

L
"“ﬁ'_?‘

Figure 8.15. Representative images from different treatment groups of Crouzon mice (control

and experimental), after 12 weeks of implantation. Digital images showing A) bone healing at
the implantation site (the blue arrows mark the defect). Micro-CT images showing B) the 3D
reconstructed skull with defects and C) 2D sagittal section of defect region showing bone re-

growth with the comparative histology (lower panel).
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The morphometric analysis of BV and BS enabled comparison of the bone-inhibiting potential
of the released GPC3 across the groups. The mean BV, quantified in Figure 8.16a, was in the
following order: control day 90 (0.68 + 0.04 mm?®) > TNT-GPC3-CH (0.34 + 0.06 mm®) > TNT-
GPC3 (0.18 + 0.04 mm?®) > control day 0 (0.07 + 0.02 mm?®). Mean bone surface area (Figure
8.16b) showed the same trend in this order: control day 90 (15.98 + 1.26 mm?) > TNT-GPC3-

CH (9.14 + 2.11 mm?) > TNT-GPC3 (7.60 * 1.43 mm?q) > control day 0 (4.62 + 1.00 mm?).

The Shapiro-Wilk test of normality was non-significant for the variables (BV and BS) within
each group. One-way ANOVA showed a significant effect of the GCP3 treatment (released
from chitosan-coated and uncoated TNT/Ti implants) on both BV and BS. The pairwise
comparisons with Bonferroni post-hoc tests between the groups and the dependent variables
(BV and BS) revealed that both the experimental groups (TNT-GPC3 and TNT-GPC3-CH) had
significantly lower mean BV and BS than the craniectomy controls (p<0.05 for each
comparison). The quantitative parameters for uncoated TNT-GPC3 group showed non-
significant difference to the original defects (control-day 0), indicating successful bone

inhibition within the defects.

The defects implanted with chitosan-coated TNT/Ti discs showed relatively greater bone
regeneration than the uncoated groups. This may be attributed to non-uniform degradation of
chitosan exerted by lysozymes in the cranial environment (failing to provide continuous protein
release [34]. Alternatively, bone growth might have occurred centripetally towards the chitosan
surfaces. Even with a low degree of acetylation, the positively charged coating could have
stimulated osteoblast adhesion and differentiation, generating few bony islands [35, 36].

However, it seemed to be counteracted by GPC3 therapeutic action.
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Figure 8.16. Quantitative micro-CT analyses using CTan software showing new bone volume (BV) and bone surface area (BS) within the defect in Crouzon
mice at 12 weeks post-operation. The GPC3-loaded TNT/Ti implants (both uncoated and chitosan-coated) significantly (*p<0.05) reduced the bone formation
compared with the craniectomy control group. The initial (control day 0) and final (control day 90) bone growth parameters correspond to original and the

naturally healed defects, respectively.
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The histological examination correlated well with different degrees of new bone formation after
12 weeks of implantation. Figure 8.17a-c show the control defect (craniectomy only) with
H&E staining in increasing order of magnification displaying primarily mature lamellar bone
covering the majority of the defect, along with thick band of fibrous tissue bridging the rest of
the gap. The black arrows mark the new bone edges. The Picro-Sirius red staining at low and
high magnification (Figure 8.17d-e) displayed the new bone and its margin emanating
connective tissue with tightly packed collagen clusters. The Movat Pentachrome staining

(Figure 8.17f) further confirmed new bone regeneration across the defect.

The defects implanted with GPC3-loaded TNT/Ti discs showed reduced bone healing, with a
large region of the defect containing thin and scattered fibrous tissue. Figure 8.18 presents the
H&E, Movat pentachrome and Picro-Sirius red stained sections from this experimental group.
The low magnification images with all three stains (Figure 8.18a, d and g) showed that most
of the original craniectomy site remained unossified. The H&E and Movat pentachrome
labelled sections at 20x (Figure 8.18b, e and f) and 40x (Figure 8.18c) showed small newly-
formed wedge-shaped bone (woven with limited bone marrow) lined with thick fibrous tissue,
encompassing few bony islets. The Picro-Sirius red labelling revealed a band of aligned
collagen bridging the defect, overlaid by several short fibres with few red blood cells (Figure

8.18g-i).
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~ Crouzon mouse -Control (Cramectomy Only)

Figure 8.17. Histological analysis of bone regeneration in 3 mm cranial defect after 12 weeks of healing in Crouzon craniectomy control model. Representative
histology images of the defect site and its edge with (a-c) H&E, (d-e) Picro-Sirius red and (f) Movat Pentachrome staining. The magnification scales are shown

at the top right corner of each panel; black arrows mark the margin of the new bone (nb: new bone, ft: fibrous tissue).
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Crouzon mouse Wlth TNT/TI Implant-GPC3

Figure 8.18. Histological analysis of bone regeneration in defects implanted with GPC3-loaded
TNT/Ti discs as therapeutic intervention, after 12 weeks of healing. Representative images of
the defect site (with thin discontinuous fibrous tissue), the bone edge and the newly formed
bone with (a-c) H&E and (d-f) Movat pentachrome and (g-i) Picro-Sirius red staining. The
magnification scales are shown at the top right corner of each panel; black arrows mark the

margin of the new bone (nb: new bone, ft: fibrous tissue).

The H&E, Movat and Picro-Sirius red labelled sections of Crouzon mice with chitosan-coated
GPC3-loaded TNT/Ti discs implanted within the defect are shown in Figure 8.19. The group
displayed an incompletely healed defect with ectopic bone formation. These results correlated

well to slightly increased bone volume in the micro-CT findings. The low magnification images
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with all three stains (Figure 8.19a, b, d and g) showed decrease in original defect width with
discontinuous new bone and thick fibrous tissue around the edge. The H&E, Movat
pentachrome and Picro-Sirius red labelled sections at 20x (Figure 8.18e and h) and 40x
(Figure 8.18c, f and i) displayed the newly regenerated bone edge with ectopic bony island
interweaved within the collagen fibres. A combination of micro-CT and histology is useful to

estimate the osseous tissue formation and the extent of mineralisation.

Crouzon mouse with TNT/Ti Implant—GPC3-CH

Figure 8.19. Histological analysis of bone regeneration in defects implanted with chitosan-
coated GPC3-loaded TNT/Ti discs as therapeutic intervention, after 12 weeks of healing.

Representative images of (a-c) H&E and (d-f) Movat pentachrome and (g-i) Picro-Sirius red
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stained defect sites showing ectopic bone growth. The magnification scales are shown at the
top right corner of each panel; black arrows mark the margin of the new bone (nb: new bone,

ft: fibrous tissue).

8.3.2.4. Comparison between Crouzon and Wildtype murine models

The comparative CT morphometric analysis results between the wildtype and Crouzon control
and experimental (TNT-GPC3) groups are shown in Figure 8.20. Two-way ANOVA was
conducted to investigate whether the mean of BV and BS values were significantly different
between the groups. The output revealed statistically significant differences in BV and BS
between control and experimental groups, with therapeutically intervened CZ and WT mice
inhibiting the bone re-growth when compared to their control groups. Furthermore, the bone
regeneration (after 12 weeks) in the Crouzon control model was significantly greater than the
wildtype control littermates (p < 0.05 for all comparisons) as represented by bone volume and
bone surface area values. The significant difference between the genotypes reaffirmed the need

of using a pathological murine model to test therapeutics for craniosynostosis therapy.
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Figure 8.20. Comparative analysis (CTan) between mean BV and BS in Wildtype and Crouzon models for control and experimental (TNT-GPC3) groups.

The statistical difference in BV and BS between experimental and control groups in both WT and CZ model is denoted by * and between the two genotype

controls is denoted by # (p<0.05 for all comparisons).
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The Picro-Sirius red labelled slides were assessed under linear polarised light to observe the
resultant collagen-associated birefringence. The Crouzon control group (Figure 8.21A) with
almost complete healing had a thin layer of tightly aligned collagen type I fibrils (in bright orange)
in the unossified gap. In the wildtype control group (Figure 8.21B), the defect edges emanated a
thick mesh of deep red and orange type | (bone generating) fibres. Since the slides were analysed
under plane polarised light, the shorter fibres did not show any birefringence. A rotation of the
slide base or use of circularly polarised light could have given better contrast among type | and
type 111 collagen. The experimental (CZ-TNT-GPC3) group displayed thin, loosely bound, yellow
to orange fibres radiated from the edge and scattered across the defect site (Figure 8.21C). These

observations were consistent with the previously described histological and micro-CT results.

Picro-Sirius Red Sections under Polarised Light

Figure 8.21. Representative images of Picro-Sirius red labelled sections under polarised light. A)

Crouzon-control, B) Wildtype-control and C) Crouzon-experimental (TNT-GPC3) with variable
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amount, length, thickness and orientation of collagen type | fibrils. The white arrow marks the

defect margins on either side.

8.4. Conclusion

In an attempt to develop a molecular adjunct to standard surgical intervention for craniosynostosis,
this study demonstrated the ability of TNT/Ti (chitosan-coated and uncoated) implants for
controlled delivery of model proteins (control-BSA and experimental-GPC3) locally over the
craniectomy site. After 12 weeks of implantation, the nanotube layer and the implant structure
seemed robust and stable in most animals, with intact porous structure. The chitosan layer covering
the nanopores gradually degraded (over weeks) via hydrolysis by lysozymes present in the cranial

interstitial fluid and extracellular matrix.

In some cases, the TNT layer delaminated off the underlying Ti substrate while retrieving the
implant. The histological evaluation (using H&E, PAS, Movat Pentachrome and Picro-Sirius Red
labelling) of the TNT-tissue interface at the defect site showed no discernible difference to the
normal tissue, with absence of any local inflammatory reaction (such as large, multinucleated
cells). A TRAP labelling further confirmed the implant safety by presenting negative results

pertaining to osteoclasts and resorptive pits.

The TNT/Ti delivery system and its bone-inhibiting potential was tested by surgically implanting
them into critical-sized defects in wildtype and Crouzon mouse models. The wildtype mice
expressed unfused sutures and normal bone healing, while the Crouzon mice displayed
pathologically fused sutures, dome shaped head and other characteristics that were analogous to
human Crouzon syndrome. There were no intra-operative complications and the incision sites

healed well in all the mice. Digital imaging, micro-CT scanning and histological evaluations of
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the implantation sites revealed variable degrees of defect healing across various subgroups in both

the models.

As observed in 3D and 2D micro-CT renderings, the wildtype mice implanted with GPC3-loaded
TNT/Ti discs demonstrated significantly lower new bone volume within the defect, when
compared with control defects (without any therapeutic intervention). This confirmed that TNT/Ti
implants releasing bioactive bone antagonising GPC3 at the craniectomy site could act as post-
operative treatment to inhibit normal bone reossification. Furthermore, the wildtype mice treated
with control BSA released from the TNTSs (both chitosan-coated and uncoated) did not reduce new
bone re-growth and showed highly ossified defects. This justified the use of BSA as a non-
therapeutic protein, whilst showcasing the delivery potential of the nanoengineered implants. The
morphometric analysis from the micro-CT data quantified the mean new bone volume (BV) and
surface area (BS) across the subgroups and only the BV was significantly less in the GPC3-treated
groups. These findings were consistent with the qualitative histological evaluations of the defect
sections, 12 weeks post-implantation. The histological stained sections for control (day 90) showed
substantial peripheral bone growth, narrowing the defect. Rest of the defect was bridged by a dense
layer of collagen fibres. The protein control groups showed prominent bone reossification and
reduction in the original defect in both chitosan-coated and uncoated TNT/Ti implantation sites,
with the former group displaying isolated bony islands interpolating the fibrous tissue in the defect.
As expected, the experimental treatment group with GPC3 releasing implants showed more fibrous

than bony defects, with small amount of proximal bone re-growth.

The micro-CT data collected from the defect sites of Crouzon mice with craniectomy i.e. control
group demonstrated an almost obliterated defect site, with large amount of ossified bone tissue,
due to accelerated bone morphogenesis in this pathological model. On application of GPC3

releasing implants (chitosan-coated and uncoated TNTs) at the craniectomy site, there was a
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significant reduction in re-ossification. The morphometric data collected from different cohorts of
animals, in terms of mean BV and BS were quantified to be significantly lower in experimentally
intervened groups, when compared to the control group. Both the GPC3 implanted sites
maintained a large defect but the presence of chitosan induced some ectopic bone formation over
the dura. These results were asserted by the histological assessment of the defect sites at 12 weeks,
post-operation. The control group displayed an almost complete bridging of the defect region,
while the GPC3 delivery changed the rate of healing and the defects contained thin and scattered
fibrous tissue in the middle and thicker ones at the margins. The chitosan-coated TNT/Ti implants

showed scattered bony islands over the dura and marginal defect healing.

The CZ and WT comparative analysis showed statistical significant difference between the
treatments within the groups as well as in between the control groups. Picro-Sirius Red stained
sections observed under polarised light determined the presence of bone forming collagen type |
fibres lining the unossified defects with variable hue, amounts and thickness between the control

and experimental groups.

The outcomes of this study provide insight into the in vivo protein release capability of TNT/Ti
cranial implant. Overall, the results demonstrated that a molecular adjunctive postoperative
treatment of craniectomy sites with GPC3 released from TNT/Ti implants significantly inhibited
the bone formation within the defect in both normal and pathological model. Although this work
needs further investigations and animal trials to achieve more controlled regulation of new tissue
formation, it is the first attempt to develop a nanoengineered implant for molecular inhibition of
bone re-growth in craniosynostosis treatment. It is envisioned that this technology combined with
glypican-based therapy may improve surgical outcomes by targeting the BMP2 signalling pathway

in secondary surgical sites and potentially avoid primary fusion. The TNT-based system has a potential
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to form a generic delivery platform which can further be tested with different bone antagonising

proteins such as noggin, gremlins etc.

8.5. References

1. Panchal, J. and Uttchin, V. Management of craniosynostosis. Plastic and Reconstructive

Surgery, 2003. 111, 2032-48.

2. Coussens, A.K., Wilkinson, C.R., Hughes, I.P., Morris, C.P., Van Daal, A., Anderson, P.J.,
and Powell, B.C. Unravelling the molecular control of calvarial suture fusion in children

with craniosynostosis. BMC Genomics, 2007. 8, 458-83.

3. Ai-Aql, Z., Alagl, A.S., Graves, D.T., Gerstenfeld, L.C., and Einhorn, T.A. Molecular
mechanisms controlling bone formation during fracture healing and distraction

osteogenesis. Journal of Dental Research, 2008. 87, 107-18.

4. Wilkie, A.O. Craniosynostosis: genes and mechanisms. Human Molecular Genetics, 1997.

6, 1647-56.

5. Coussens, A.K., Hughes, I.P., Wilkinson, C.R., Morris, C.P., Anderson, P.J., Powell, B.C.,
and Van Daal, A. Identification of genes differentially expressed by prematurely fused

human sutures using a novel in vivo—in vitro approach. Differentiation, 2008. 76, 531-45.

6. Kimonis, V., Gold, J.A., Hoffman, T.L., Panchal, J., and Boyadjiev, S.A. Genetics of

craniosynostosis. in Seminars in Pediatric Neurology. 2007. Elsevier.

7. Grova, M., Lo, D.D., Montoro, D., Hyun, J.S., Chung, M.T., Wan, D.C., and Longaker,
M.T. Animal Models of Cranial Suture Biology. The Journal of Craniofacial Surgery,

2012. 23, 1954-58.

289



CHAPTER 8: In vivo Protein Release Studies of Implantable TNT/Ti Delivery System to stop Bone Re-Growth

10.

11.

12.

13.

14.

Pearce, A., Richards, R., Milz, S., Schneider, E., and Pearce, S. Animal models for implant

biomaterial research in bone: a review. European Cells & Materials, 2007. 13, 1-10.

Siegel, M.1. and Mooney, M.P. Appropriate animal models for craniofacial biology. The

Cleft Palate-Craniofacial Journal, 1990. 27, 18-25.

Eswarakumar, V.P., Horowitz, M.C., Locklin, R., Morriss-Kay, G.M., and Lonai, P. A
gain-of-function mutation of Fgfr2c demonstrates the roles of this receptor variant in
osteogenesis. Proceedings of the National Academy of Sciences of the United States of

America, 2004. 101, 12555-60.

Perlyn, C.A., DeLeon, V.B., Babbs, C., Govier, D., Burell, L., Darvann, T., Kreiborg, S.,
and Morriss-Kay, G. The craniofacial phenotype of the Crouzon mouse: analysis of a
model for syndromic craniosynostosis using three-dimensional MicroCT. The Cleft Palate-

Craniofacial Journal, 2006. 43, 740-48.

Perlyn, C.A., Morriss-Kay, G., Darvann, T., Tenenbaum, M., and Ornitz, D.M. A model

for the pharmacological treatment of crouzon syndrome. Neurosurgery, 2006. 59, 210-15.

Liu, J., Nam, H.K., Wang, E., and Hatch, N.E. Further Analysis of the Crouzon Mouse:
Effects of the FGFR2C342Y Mutation Are Cranial Bone-Dependent. Calcified Tissue

International, 2013. 92, 451-66.

Maxson, R. and Ishii, M. The Bmp pathway in skull vault development. Frontiers of Oral

Biology, 2008. 12, 197-208.

290



CHAPTER 8: In vivo Protein Release Studies of Implantable TNT/Ti Delivery System to stop Bone Re-Growth

15.

16.

17.

18.

19.

20.

21.

22.

Uludag, H., D'Augusta, D., Palmer, R., Timony, G., and Wozney, J. Characterization of
rhBMP-2 pharmacokinetics implanted with biomaterial carriers in the rat ectopic model.

Journal of Biomedical Materials Research, 1999. 46, 193-202.

Warren, S.M., Brunet, L.J., Harland, R.M., Economides, A.N., and Longaker, M.T. The

BMP antagonist noggin regulates cranial suture fusion. Nature, 2003. 422, 625-29.

Wu, CJ. and Lu, H.K. Smad signal pathway in BMP-2-induced osteogenesis-a mini

review. Journal of Dental Sciences, 2008. 3, 13-21.

Dwivedi, P., Grose, R., Hii, C., Filmus, J., Anderson, P., and Powell, B. Regulation of bone
morphogenetic protein signalling and osteogenesis by glypicans in human cranial suture

cells. Bone, 2011. 48, S243.

Marie, P.J., Debiais, F., and Hay, E. Regulation of human cranial osteoblast phenotype by

FGF-2, FGFR-2 and BMP-2 signaling. Histology and Histopathology, 2002. 17, 877-85.

Mooney, M.P., Moursi, A.M., Opperman, L.A., and Siegel, M.I. Cytokine therapy for

craniosynostosis. Expert Opinion on Biological Therapy, 2004. 4, 279-99.

Moioli, E.K., Clark, P.A., Xin, X., Lal, S., and Mao, J.J. Matrices and scaffolds for drug
delivery in dental, oral and craniofacial tissue engineering. Advanced Drug Delivery

Reviews, 2007. 59, 308-24.

Shen, K., Krakora, S., Cunningham, M., Singh, M., Wang, X., Hu, F., Post, J., and Ehrlich,
G. Medical treatment of craniosynostosis: recombinant Noggin inhibits coronal suture
closure in the rat craniosynostosis model. Orthodontics & Craniofacial Research, 20009.

12, 254-62.

291



CHAPTER 8: In vivo Protein Release Studies of Implantable TNT/Ti Delivery System to stop Bone Re-Growth

23.

24.

25.

26.

27.

28.

29.

Blumer, M.J., Longato, S., and Fritsch, H. Localization of tartrate-resistant acid
phosphatase (TRAP), membrane type-1 matrix metalloproteinases (MT1-MMP) and
macrophages during early endochondral bone formation. Journal of Anatomy, 2008. 213,

431-41.

Rentsch, C., Schneiders, W., Manthey, S., Rentsch, B., and Rammelt, S. Comprehensive

histological evaluation of bone implants. Biomatter, 2014. 4, 27993.

Rich, L. and Whittaker, P. Collagen and picrosirius red staining: a polarized light
assessment of fibrillar hue and spatial distribution. Journal of Morphological Science,

2005. 22, 97-104.

Lunt, S.J., Kalliomaki, T.M., Brown, A., Yang, V.X., Milosevic, M., and Hill, R.P.
Interstitial fluid pressure, vascularity and metastasis in ectopic, orthotopic and spontaneous

tumours. BMC Cancer, 2008. 8, 2.

Lim, S.M,, Song, D.K., Oh, S.H., Lee-Yoon, D.S., Bae, E.H., and Lee, J.H. In vitro and in
vivo degradation behavior of acetylated chitosan porous beads. Journal of Biomaterials

Science, Polymer Edition, 2008. 19, 453-66.

Gulati, K., Johnson, L., Karunagaran, R., Findlay, D., and Losic, D. In Situ Transformation
of Chitosan Films into Microtubular Structures on the Surface of Nanoengineered Titanium

Implants. Biomacromolecules, 2016. 17, 1261-71.

Gulati, K., Santos, A., Findlay, D., and Losic, D. Optimizing anodization conditions for
the growth of titania nanotubes on curved surfaces. The Journal of Physical Chemistry C,

2015. 119, 16033-45.

292



CHAPTER 8: In vivo Protein Release Studies of Implantable TNT/Ti Delivery System to stop Bone Re-Growth

30.

31.

32.

33.

34.

35.

36.

Albu, S.P. and Schmuki, P. Influence of anodization parameters on the expansion factor of

TiO> nanotubes. Electrochimica Acta, 2013. 91, 90-5.

Di Quarto, F., Doblhofer, K., and Gerischer, H. Instability of anodically formed TiO>

layers. Electrochimica Acta, 1978. 23, 195-201.

Wang, J. and Lin, Z. Freestanding TiO2 nanotube arrays with ultrahigh aspect ratio via

electrochemical anodization. Chemistry of Materials, 2008. 20, 1257-61.

Drake, D.B., Persing, J.A., Berman, D.E., and Ogle, R.C. Calvartal Deformity
Regeneration Following Subtotal Craniectomy for Craniosynostosis: A Case Report and

Theoretical Implications. Journal of Craniofacial Surgery, 1993. 4, 85-9.

Tomihata, K. and lkada, Y. In vitro and in vivo degradation of films of chitin and its

deacetylated derivatives. Biomaterials, 1997. 18, 567-75.

Oktay, E., Demiralp, B., Demiralp, B., Senel, S., Cevdet Akman, A., Eratalay, K., and
Akincibay, H. Effects of platelet-rich plasma and chitosan combination on bone
regeneration in experimental rabbit cranial defects. Journal of Oral Implantology, 2010.

36, 175-84.

Lee, J.-Y., Nam, S.-H., Im, S.-Y., Park, Y.-J., Lee, Y.-M., Seol, Y.-J., Chung, C.-P., and
Lee, S.-J. Enhanced bone formation by controlled growth factor delivery from chitosan-

based biomaterials. Journal of Controlled Release, 2002. 78, 187-97.

293



CHAPTER 9

CONCLUSIONS AND

RECOMMENDATIONS FOR FUTURE

WORK

294



CHAPTER 9: Conclusions and recommendations for future work

9.1. Conclusions

This project advances the Titania nanotube (TNT) technology towards craniofacial delivery of
bone antagonising proteins in order to develop a potential molecular adjunct to standard surgical
treatment of craniosynostosis. The primary focus of this work was on understanding, designing,
and optimising the electrochemical anodisation technique to fabricate novel nanoengineered Ti
cranial implants, capable of localised and controlled release of bone inhibiting therapeutic
proteins (Chapter 3). A series of in vitro studies were designed to establish the ability of
TNT/Ti-based delivery systems to provide sustained release of bioactive glypicans in
physiological buffer, and to modulate osteogenic BMP2 activity in C2C12 murine myoblasts
(Chapter 4 and 6). Furthermore, the impact of nanotopography and implant surface chemistry
on human suture mesenchymal cell behaviour analysed at the TNT/Ti surface (cell-biomaterial
interface) underscored the plausibility of using surface-coated and uncoated TNTs as cranial
implants (Chapter 5). The in vivo efficacy of TNT/Ti implants was analysed in three stages to
assess the use of these nanoengineered protein delivery systems in pre-clinical situations. The
preliminary experiments assessed the hard and soft tissue response to the implanted TNTs
(polymer-coated and uncoated), demonstrating their biocompatibility in a wildtype mouse
model. Chitosan and Pluronic-F127 coatings on the TNT/Ti surfaces also impacted the bone
healing within the critical-sized cranial defect, with the later causing undesired bone induction
(Chapter 7). The next two studies tested the glypican delivery potential of the nanoengineered
implants to regulate and control the post-operative bone regeneration at the craniectomy sites
in both wildtype and Crouzon mouse model of craniosynostosis. The bioactive glypicans
released from the nanotubes caused significant bone inhibition in both the mouse models and

minimised the ectopic bone formation within the pathological defects (Chapter 8). The
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following sections outline the key findings drawn from the systematic investigations throughout

this thesis pertaining to specific aims (Chapter 1), along with the perspective future work.

9.2. Key findings and significance of the work

9.2.1. Nanoengineering of the implants (Aim 1)

Optimisation of electrochemical anodisation technique and the use of Lactic acid containing
ethylene glycol electrolyte at high temperature was shown to provide ultrafast fabrication of
well-ordered and stable TNT/Ti implants with 120 nm pore diameter and 35 pm length. This
improved fabrication method overcame the substantial limitations with traditional electrolytes
(such as ageing of electrolyte, slow anodisation rate, mechanical instability etc.). More than 800
TNT/Ti implants were prepared throughout this project and the fabrication process was highly
reproducible and repeatable. Furthermore, biopolymer deposition onto the implant surfaces via
spin-coating was found to provide desirable surface properties and long-term release of
subsequently loaded therapeutic molecules. This technique may enable easy integration of
TNTs into the existing cranial implant technology owing to the quick and simple

nanoengineering of current Titanium-based (or alloyed) implant surfaces.

9.2.2. In vitro protein release from TNT/Ti implants (Aim 2)

Based on the findings from this research, it was clear that these nanoreservoirs allowed
loading/storage of substantial amounts of active proteins within the nanotubes and resulted in a
biphasic (burst + sustained) in vitro release pattern. A pronounced difference in release duration
between the chitosan-coated and uncoated TNT/Ti implants illustrated the ability of polymer

coatings to extend protein release and improve their release pharmacokinetics. The
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mathematical modelling revealing a zero-ordered sustained release profile enables this protein-

release system to achieve long-term therapeutic delivery in the craniofacial regions.

9.2.3. In vitro protein release: Cell study (Aim 3)

This study demonstrated in vitro sustained release of bone inhibiting glypicans over 2 weeks.
Moreover, the efficacy of the released glypicans in suppressing the BMP2 bioactivity
significantly in transfected C2C12 cells reconsolidated the encapsulation and release capacity
of the TNTs. The preservation of the biofunctionality of the loaded proteins throughout the

release period is a critical requirement for the proposed craniofacial applications.

9.2.4. Pre-in vivo cell study (Aim 4)

The examination of human suture cell behaviour at the TNT-cell interface showed significant
inhibition in cellular activity, adhesion and proliferation when compared with control Ti
surfaces. It was confirmed that the large-diameters of TNTSs led to limited cell adhesion due to
unstable focal contact formation. The polymer coatings also modulated the initial protein
absorption, causing a decrease in cell attachment/metabolic activity. Although the probable
cause of cell behaviour modulation is debatable, it still renders the implant surface suitable for

bone-inhibitory applications.

9.2.5. In vivo tissue response to TNT/Ti implants (Aim 5)

The in vivo interaction between implanted TNT/Ti discs and the tissues around the defect site
elucidated no discernible difference to the normal tissues. Histology of the defect sections

revealed the absence of inflammation, necrosis or infection, confirming implant
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biocompatibility. The micro-CT images further allowed for concomitant assessments of defect
width and new bone volume, and displayed substantially more bone induction in defects
implanted with Pluronic-F127-coated TNT/Ti discs. Moreover, the retrieved implants showed

stable, well-adhered nanotube layers.

9.2.5. In vivo protein release from TNT/Ti implants (Aim 6)

The in vivo protein delivery efficacy of TNT/Ti- based implants was confirmed by successful
localised controlled delivery of incorporated proteins in both Crouzon and wildtype mice.
Combined histology and micro-CT assessments showed that the untreated and BSA-treated
control defects rapidly healed (to variable extent) after 12 weeks of implantation. However, the
GPC3 (BMP2 inhibitors) released from the nanoengineered implants successfully inhibited
post-operative bone growth in the cranial defect models. The TNT/Ti implants retrieved after
the protein delivery showed a decrease in their mechanical stability causing the delamination
of the TNTs from the Ti substrate. Nonetheless, the nanotubes did not leach any toxic

ions/particles ascertained by absence of inflammatory cells or bone resorbing osteoclasts.

The simple fabrication, physiologically relevant nano-architecture and the capability for
localised protein delivery identify TNT/Ti implants as promising interface for craniofacial
applications. To our knowledge, this is the first report that combines bone inhibitory molecules
with implantable TNT/Ti delivery systems to control bone regeneration in clinically relevant
craniofacial models (in significant numbers). This approach has the potential to reduce the
morbidity associated with cranial vault reconstruction and to improve the surgical outcomes.
The TNTSs can be fabricated on the existing fixation plates used in the surgical reconstruction

for early intervention and normal post-operative brain and craniofacial growth. We believe that
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this study is an important progress in the evolving collaborations between nanomedicine and

craniofacial clinical practice and research.

9.3. Recommendations for future work

The investigation and results presented in this thesis explore the use of TNT/Ti-based implants

for craniofacial therapeutic delivery. However, further research is required to increase our

understanding of this interdisciplinary project and refine the implant characteristics to test the

molecular adjunctive therapy. The following points outline possible future directions in the field

of TNTs as craniofacial therapeutic implants:

Although the fabricated implants showed substantial biocompatibility and provided a
sustained release of glypicans to inhibit bone formation within the critical-sized defects,
the delamination of TNT layers presented a potential concern. Further improvements in
implant’s mechanical properties by refinement of the electrochemical anodisation
technique is desirable to fabricate shorter, more stable and better adhered nanotube
structures. Investigating the immersion protein loading technique as opposed to vacuum
drying may also improve the mechanical robustness. Moreover, larger implants and an
increased amount of proteins loaded within the nanotubes may lead to better long-term
osteogenic inhibition.

While the GPC3 release from nanoengineered implants successfully down-regulated the
BMP2-mediated bone reossification, the effective testing of bone-antagonising
potential of GPCL1 released from of TNT/Ti implants (independently and synergistically

with GPC3) in mouse models is required to prove the generic applicability of this
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approach. This will also provide evidence to support the in vitro studies in physiological
buffer and cell culture.

e Since craniosynostosis is a developmental abnormality affecting children, a paediatric
mouse model (instead of an adult one) may serve as a better platform to test potential
therapies, as it would result in rapid bone regrowth. A more elaborate set of in vivo
experiments (with age and sex-dependent studies) are needed to confirm the
reproducibility of results from this thesis.

e Exploring the TNT/Ti-based glypican delivery in Twist mice with Saethre-Chotzen
syndrome may further help develop a generic adjunctive therapy to potentially benefit
many more types of syndromic craniosynostosis.

e Pathological large animal models such as rats, mini pigs and rabbits (with early or
delayed-onset craniosynostosis or human familial, nonsyndromic unicoronal suture
synostosis) may provide simulataneous assessment of experimental and control
treatment groups on either side of the saggital suture within the same animal, resulting

in better accuracy of results.

These future experiments may provide answers to fundamental questions regarding the long-
term functionality of Titania nanotube implants in highly representative scenarios and direct

the use of these interfaces for appropriate clinical applications.
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APPENDIX A

HISTOLOGY PROTOCOL

Appendix A contains detailed protocols for histological staining throughout this research. This
involves optimised procedure for H&E, Periodic Acid-Schiff (PAS), Movat Pentachrome,

Picro-Sirius Red, Alcian Blue and TRAP staining.
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H & E Staining Protocol

e Dewax sections in 2 changes of xylene, minimum 1 min each.

e Remove xylene by washing in 2 changes of absolute ethyl alcohol for 30 sec each.
e Immerse sections in distilled water for 15 sec.

e Stain in Lillie-Mayer’s alum haematoxylin for 6 min.

¢ Rinse in tap water to remove excess haematoxylin.

o “Blue” sections in Scott's tap water substitute for 15 sec.

e Rinse in tap water.

¢ Differentiate haematoxylin stain in 0.25% acid alcohol for approximately 6-8 dips.
e Drain quickly and wash off excess acid alcohol in running tap water.

e “Blue” sections in Scott's tap water substitute for 15 sec.

e Rinse in tap water.

e Stain in alcoholic Eosin for 2 min.

e Drain well, and transfer directly to absolute alcohol, 2 changes for 30 sec each.

e Transfer to xylene, 2 changes, 1 min each. Hold in xylene until ready to coverslip.
Solutions and Reagents:
1. Lillie Mayer alum haematoxylin

Aluminium ammonium sulphate ---- 200 g

Haematoxylin -------------------emnm--- 20g
Ethanol -------------------ememm e 40 ml
Sodium iodate ----------=-=-=-=-=----- 49
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Acetic acid -------------=-m-mommeeeeen 80 ml
Glycerol -------=-=eommmmemm oo eee 1200 ml
Distilled water ------------------------ 2800 ml

In a 4L Erlenmeyer flask, to 1000 ml of the distilled water, add the aluminium ammonium
sulphate. Place the flask on a heater/stirrer, turn on the heater and allow to mix until the alum
dissolves (about 15 mins). Remove the flask from the heater/mixer, allow to cool, then add the
remaining 1800 ml distilled water (to further cool the solution). Add the haematoxylin powder
to the alcohol and dissolve as much of the powder as possible by shaking for a few minutes.
Pour the strong alcoholic solution of haematoxylin into the cooled alum solution and stir to
ensure all the haematoxylin powder is dissolved, preferably overnight. Add the sodium iodate,

acetic acid, and finally the glycerol. Mix well, plug loosely and store.

2. Scott's tap water substitute

Sodium bicarbonate --- 10 gm

Magnesium sulphate ----------- 100 gm

Distilled water ------=-======m==-- 5L

Dissolve the salts in the water. Store stock solutions at room temperature.

3. Acid alcohol 0.3% Acid Alcohol

Commercial grade ethanol ----- 2800 ml

Distilled water ------------------ 1200 ml
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Conc. hydrochloric acid --------- 12 ml

In a sufficiently large container, add the acid to the water, then add the alcohol and mix

thoroughly. The generation of fine bubbles is an indication that mixing is thorough.

4. Alcoholic acetified eosin/phloxine

1% eosin Y -------m-mmmmmmmeee- 400 ml
1% aqueous phloxine ----------- 40 ml
95% alcohol --------------------- 3100 ml
Glacial acetic acid --------------- 16 ml

Mix the above reagents together, and stir well. The solution keeps well.

Results:
Collagen---------------------- pale pink
Muscle-------=-=-=-=-mnmueuu- deep pink

Acidophilic cytoplasm------ red

Basophilic cytoplasm------- purple
Nuclgi-----=-===nmmmmmmmmmmeee blue
Erythrocytes------------------- cherry red
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Sirius Red Staining Protocol

e Dewax sections in 2 changes of xylene, minimum 1 min each.

e Remove xylene by washing in 2 changes of absolute ethyl alcohol for 30 sec each.

e Immerse sections in distilled water for 15 sec.

e Stain with Weigert's haematoxylin for 8 min, and then wash the slides for 10 min in running
tap water.

e Stain in picro-sirius red for one hour

e Wash in two changes of acidified water.

e Physically remove most of the water from the slides by vigorous shaking.

e Dehydrate in three changes of 100% ethanol.

e Clear in xylene and mount in a resinous medium.
Solutions and Reagents:
1. Picro-sirius Red Solution

Sirius red F3B ----------=-=-=-=-m-mn--- 059

Saturated aqueous solution of picric acid --------- 500 ml
Mix the above chemicals together, and stir well.
2. Acidified Water
Add 5 ml acetic acid (glacial) to 1 L of water (tap or distilled).

3. Weigert's haematoxylin
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Weigert’s iron haematoxylin solution, Part A --------- 500 ml

Weigert’s iron haematoxylin solution, Part B --------- 500 ml

Mix the above reagents together, and stir well.

Results:

In bright field:

Collagen---------------------- red

Background ----------------- pale yellow background
Nuclei----------=--=m-emcmmme- grey/black/brown (if stained)

In polarised light:

Large Collagen fibres (Type I) --------------=--=---- bright yellow or orange

Thin Collagen fibres (Type 1) ----------m-mmmmmmmoeeem green

Russell-MOVAT Pentachrome Staining Protocol

e Dewax sections in 2 changes of xylene, minimum 1 min each.

e Remove xylene by washing in 2 changes of absolute ethyl alcohol for 30 sec each.

e Immerse sections in distilled water for 15 sec.

e Place slides in Verhoeff’s Elastic Stain for 15-20 min, and then wash the slides for 10 min

in running tap water.
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Differentiate sections in 2% Ferric Chloride until elastic fibres are sharply defined.
Rinse slides in distilled water and place in 5% Sodium Thiosulphate for 1 min.
Rinse slides in running tap water for 5 min.

Place slides in 3% Acetic Acid for 3 min.

Place slides directly in 1% Alcian Blue solution for 15-30 min, and then wash the slides for
1 min in running tap water.

Place the slides in Crocein Scarlet — Acid Fuchsin for 2 min.

Rinse slides through 3 changes of distilled water.

Dip slides 5 times in 1% Acetic Acid.

Place slide in 2 changes of 5% Phosphotungstic Acid for 2-5 min each.

Dip slide 5 times in 1% Acetic Acid for 1-2 sec each.

Dehydrate slides through 3 changes of fresh absolute alcohol, 1 min each change.
Place slide in Alcoholic Saffron solution for 15 min.

Dehydrate slides through 3 changes of fresh absolute alcohol, 1 min each change.
Clear slides through 3 changes of fresh xylene, 1 min each change.

Coverslip using a permanent mounting media.

Solutions and Reagents:

1. Verhoeff’s Elastic stain

10% Alcoholic haematoxylin ----------------- 100 ml
Reagent Alcohol-------------------ememememeeee- 100 ml
10% Ferric Chloride ----------=-=-=---------- 100 ml
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Universal lodine solution™ ----mceeemeeemo 100 mi

Mix 20 ml of above reagents together, and stir well, just prior to the use.

2. 5% Sodium Thiosulfate--------- 100ml
3. 1% Alcian Blue Solution--------- 100ml
4. 1% Acetic Acid ------------------- 200ml

5. Alcoholic Saffron Solution------- 100ml

6. 3% Acetic Acid--------------------- 100ml

7. 2% Ferric Chloride---------=------- 100ml,

8. Crocein Scarlet-Acid Fuchsin----- 100ml

9. Phosphotungstic Acid-------------- 200ml.
Results:

Collagen---------------------- yellow
Muscle-------=-=-=-=-mneueue- red

Elastin fibres, nuclei ------- black
Fibrinoid--------------------- intense red
Mucins--------=-=-=-=-------- blue to green
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PAS (Periodic Acid Schiff) Staining Protocol

e Dewax sections in 2 changes of xylene, minimum 1 min each.
e Oxidize slides in 0.5% periodic acid solution for 5 min.

e Rinse slides in distilled water.

e Place slides in Schiff reagent for 15 min.

e Wash in lukewarm tap water for 5 min.

e Counterstain in Mayer's haematoxylin for 1 min.

e Wash in tap water for 5 min.

e Dehydrate and coverslip using a permanent mounting medium.
Solutions and Reagents:
1. 0.5% Periodic Acid Solution
Periodic acid ---------------------- 0549
Distilled water -------------------- 100 ml
Mix the above reagents together, and stir well.
2. Schiff Reagent

Test for Schiff reagent: Pour 10 ml of 37% formalin into a watch glass. To this add a few drops
of the Schiff reagent to be tested. A good Schiff reagent will rapidly turn a red-purple colour.
A deteriorating schiff reagent will give a delayed reaction and the colour produced will be a

deep blue-purple.

3. Lillie Mayer alum haematoxylin
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Aluminium ammonium sulphate ---- 200 g

Haematoxylin --------------=----------- 20 g

Ethanol ------------=-=---emeemmeeeeeee 40 mi

Sodium iodate ------------------------ 49

Acetic acid -------------=-mcmomeeeeees 80 ml

Glycerol -------=-=eommmmmemm oo 1200 ml

Distilled water ------------------------ 2800 ml
Results:

Glycogen, mucin and some basement membranes --- red/purple

Background ---------=--mmmmm e e blue

Alcian Blue Staining Protocol

e Dewax sections in 2 changes of xylene, minimum 1 min each.

e Remove xylene by washing in 2 changes of absolute ethyl alcohol for 30 sec each.
e Immerse sections in distilled water for 15 sec.

e Stain in Alcian blue solution for 30 min.

e Wash in running tap water for 2 min and then rinse in distilled water.

e Counterstain in nuclear fast red solution for 5 min.
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e Wash in running tap water for 1 min.
e Dehydrate and through 95% alcohol, 2 changes of absolute alcohol, 3 min. each.

e Transfer to xylene, 2 changes, 1 min each. Hold in xylene until ready to coverslip.

Solutions and Reagents:

1. 3% Acetic Acid Solution

Glacial acetic acid ----------------- 3ml

Distilled water --------------------- 97 ml

2. Alcian Blue Solution (pH 2.5)

AICian blue, 8GX - 1 g

Acetic acid, 3% solution ----------- 100 mi

Mix well and adjust pH to 2.5 using acetic acid.

3. 1% Nuclear Fast Red Solution:

Nuclear fast red ------------------- 0.1g
Aluminium sulfate------------------ 5g
Distilled water --------=------------ 100 ml

Dissolve aluminium sulfate in water. Add nuclear fast red and slowly heat to boil and cool.

Filter and add a grain of thymol as a preservative.
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Results:

Strongly acidic sulphated mucosubstances -------------- blue
NUCIET ====mmmmmmmm e oo pink to red
Cytoplasm =----=--mmemm oo pale pink

Tartrate-Resistant Acid Phosphatase (TRAP) Staining Protocol

Pre-warm sufficient deionised water for a day’s use to 37°C. Check temperature before use.

e Bring Fixative Solution (4% Glutaraldehyde) to room temperature (18-26°C).

e Fix slides by immersing in Fixative for 10 min.

¢ Rinse thoroughly by pipetting deionised water.

e Prepare TRAP solution by mixing deionised water, Naphthol AS-BI Phosphate solution,
Acetate solution and Tartrate solution in a beaker.

e Add 0.5 ml Fast Garnet GBC Base Solution and 0.5 ml Sodium Nitrite Solution in a separate
test tube. Mix by gentle inversion for 30-60 sec. Let stand 2 minutes.

e Filter into a new coplin jar.

e Add slides to coplin jar and incubate for 1-2 h in 37°C water bath protected from light.

¢ Rinse slides thoroughly in deionised water.

e Counterstain with methyl green solution for 8 sec.

¢ Rinse several minutes in alkaline tap water, air dry and evaluate microscopically.
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Solutions and Reagents:

1. TRAP staining solution:

Pre-warmed water --------------------- 44 mi

Naphthol AS-BI Phosphate Solution -------------------- 2 mi
Acetate Solution ----------- 2ml

Tartrate Solution ----------- 2ml

Mix well till homogeneous.

2. Fast Garnet GBC Base Solution:

Fast garnet GBC base----------------- 7.0 mg/ml,
Hydrochloric acid with stabilizer ------------------- 0.4 mol/l
Sodium nitrite---------=-==mmmmmmm oo 0.1 mol/l.

3. Methyl green Solution:

Methyl green --------------------- 0.05¢g

Distilled water --------------------- 100 ml
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Results:

Acid Phosphatase activity in leukocytes ---------------------- purplish-dark red granules

Note: All protocols were adapted/modified from either www.ihcworld.com,

americanmastertech.com or sigma-aldrich.com.
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APPENDIX B

ANIMAL ETHICS APPROVAL

Appendix B contains Animal Ethics Approval forms from The University of Adelaide (first

page of the approved application) and Women’s and Children’s Animal Ethics Committee.
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21204 AEA - A novel treatment to prevent re-operation In cranlasynosiosls

The University of Adelaide Animal Ethics Committee @ +ADELAIDE
RN g

Application for Ethical Approval of Project Involving Animals

Office Use Approval M-

Application 0000015238 Approval 14-10- Printed 2171072014

Revision 3

Omnly- Mumber. 2014- Code: Diate: 2014 Date: 04:44:24 P Number
138
A novel treatment to prevent re-operation in craniosynostosis

Mouse (Fgfri2e342yv+ Genetically Mouse (C5TBLS waldiype, N/A)
modified mice (C57BL6
background), MN/A)

Animals Required 30 30

Animals Approved 30 30

Procedure Types 5 5

Pain Classifications B

Approval Conditions NiA

Animal Use to Begin 15th October 2014

Animal Use to End 31st August 2015

Project Duration 1 year

Cross Reference M-2014-049

Type Research and Higher Degree

Broad Purpose of Project The Maintenance and Inprovement of Human or Animal Health and

Funds Source

Primary Investigator

Hame

School

Contact details

Comespondence to

Fole ! Responsabality in thas project
Techniques

Which vear did this applicant
complete AEC Training7

Welfare

The wotk has been peer reviewed as this is to be funded by an Australian
Deental Research Foundation grant, whach has already been awarded. (Grant
ID: 18-2013)

Associate Professor Peter John Anderson ()

School of Dentistry,
Faculty of Health Sciences

Ph 81617235 AH 8351 6441 peter andersonjalzdelaide adn.au
School of Dentistry

Supervisory

Name Description
All Procedures N/A
Anaesthesia NiA
Supervision of project N/A
Surgery HiA
Breeding HiA
All aspects of the tial NiA
Humane Eilling by N/A
anaesthetic overdose

2008
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Woman's
& Children‘s
10 June ZU Hospital

Research Secretarlat

LEvel 2, Samuml Way Buiding
Hnlbmr Peter Anduemn _ ::u Klg?;::::;d
Australian Craniofacial Unit Tal OB B161 6521
WCHN / W WER 54 o b

=

Dear Professor
Re: AE977/6/2014. “A novel treatment in Craniosynostosis™.

Thank you for vour letter dated 26 May 2014 in which you responded to matiers raised by the
WCHN Animal Ethies Committee at its April 2014 meeting. At its meeting on 3 June 2014 the
Women's and Children’s Health Network Animal Ethics Committee approved the protocol in full
for the period 3 June 2014 until 30 June 2017.

The AEC is mindful of the need for responsible use of animals and to ensure that where possible,
animals are not used unnecessarily. To that end, the Committee agree that researchers should not
commence research projects until such time as adequate funding is available and that they are
confident that by commencing a project, they are able to at least undertake a phase of an experiment
(involving the use of animals) that is meaningful.

[ remind you that approval is given subject to the following:

» Approval is granted for 30 Fgfr2c342y/+ genetically modified mice and 30 C57BlI/6
wildtype mice to be used.

* Immediate advice (within 48 hours) of any adverse or unexpected event or if, during
the course of the experiments, the morbidity and mortality of the animals varies
significantly from that stated in the original application form submitted to the
Committee. The advice should include full details of the event, the reasons why this
occurred and the strategies being implemented to minimise the mortality and
morbidity.

s The provision of a brief annual report on the state of progress of the study for the purpose
of review by the Committee and collation of statistical data for the responsible Minister.
Additionally, where relevant, a phenotype report MUST also be provided.

» Submission of any proposed changes to the original protocol. Changes must be approved
by the Committee before they are implemented.

Immediate advice, giving reasons, if the protocol is discontinued before its completion.
Advice being given in the event that there is to be a change of Chief Investigator, The
current Chief Investigator is responsible for the conduct of the project until approval has
been granted for the new Chief Investigator.

* Any staff working on this project should be instructed in the detailed care and maintenance
of the animals and in how their actions may affect animal wellbeing and the outcomes of
scientific and teaching activities. Staff should be supervised until such time as they are
competent in the procedures being used. Additionally, all personnel should have access to a
copy of the “Australian code for the care and use of animals for scientific purposes 8%
Edition 2013” and should attend regular ongoing education or training sessions in order to
update their skills and knowledge.
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approval is only for those projects that are funded by the source that is stated on the applicatiot
If the source of funding changes for any reason, the Committee must be notified of this
change and the reasons.

Before commencement of your project, the enclosed *New Project Information Sheet’ must be
forwarded to the Animal House.

Please note the approval number above includes the month and year in which approval expires and
should be included in any future communication regarding this protocol.

Y,

Mr Philip Robinson
Chair
WCHN Animal Ethics Committee

Enc,
Ce:  Lynn Marsden, Manager, WCH Animal House
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Wamen's
& Children's
_{-" Hospital

2 June 2015

Hesearch Secretariot

Lewnl 2, Samisl Way Bulding
Professor Peter Andetson 72 King Weiliam Fosd "
Craniofacial Unit Tel 083161 5390

e : I E
WCH Eﬂ/w AW .00
Dear 'F*rnfmnny{m;

Re: ARS09G2018, A novel treatment to prevent re-operation in craniosynostosis.

Thank vou for your letter deted 20 May 2015 in which vou responded to matters raised by the WCHN
Animal Ethics Comumittes at its December 2014 and Fehruary 2015 meeting. At its meeting on 2 June 2015,
the Women's and Children's Health Network Animal Ethics Committes approved the protocol in full for the
period 2 June 2015 until 30 June 2018,

The AEC is mindful of the nesd for responsible use of animals and to ensure that where possible,
animals are not used unnecsssarily. To that end, the Committee agree that researchers should not
commence research projects until such time as adequate funding is available and that they are
gonfident that by commencing a project, they are able to at least undertake a phase of an experiment
(involving the use of animals) that is mesningful,

I remind vou that spproval is given subjsct to the following:

= Approval is granted for 30 Pefried42y/s mice and 30 C57 BU6 wild type mice (as detniled in
your application) to be used.

o If you have also submined your application for considerstion by another Animal Ethics
Committes in South Australiz, vou must provide a copy of the clearance (in relalion to this
project) from that Committes and work should not commence unfil you heve obtained final
clearance from that Institubion.

* Immedizte advice (within 48 hours) of any adverse or nnexpected event or if, during the
course of the experiments, the morbidity and mortality of the animals varies significantly
from that stated in the original application form submitted to the Committee, The advice
should include Full details of the event, the reasons why this occurred and the strategies being
implemented o minimise the mortality and morbidity.

= The provision of a brief annual repert on the state of progress of the study for the purpose of resview
by the Committees and collation of statistical data for the responsible Minister, Additionally, where
relevant, a phenotype report MUST also be provided.

«  Submission of any proposed changes to the original protocel. Changes must be approved by the
Committes before they are implemented,

»  Tmmediste advice, giving ressons, if the protocol is discontioued before its completion.

+  Adviee befng given In the event that there is to be a change of Chief Investigator. The current Chisf
Investigator is responsible for the conduct of the project until approval has been granted for the new
Chief Investigator.

«  Any siaff working on this project should be instructed in the detailed care and maimtenance of the
animals and in how their actions may affect animal wellbeing and the cutcomes of scientific and
teaching activities. Stalf should be supervised until such time as they are competent in the
procedures being used. Additioneily, all personnel should have access to a copy of the “Anstralian
code for the care and use of animals for scientific purposes £ Edition 20137 and should
attend regular ongeing education or raining sessions in order to update their skills and knowledge.

This approval is only for those projects thet are funded by the soures that iz stated on the application form. 1f
the soures of funding changes for any reason, the Committes must be notified of this change and the reasons.

Government
of South Avstralis

LA Hpadth
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Appendix B: Animal Ethics Approval

Before commencement of vour project, the enclosed *New Project Information Sheet” must be forwarded to
the Animal House.

Plesse note the approval number above inclodes the month and vear in which approval expires and should be
inchuded in any future communication regarding this protocol,

Ce: Lynn Garrard, Manager, WCH Animal House

320



Appendix B: Animal Ethics Approval

(@y\‘ Government of South Australia Women'
Ol n's
14 June 2011 2 Tow & Children's
ST Hospital

AdProf Bamry Powell

i Rasearch Secratariat
WCHRI o 72 Eing Wilkam Rosd
Level 7, Rieger Building Marlh Adelaide 54 5006

=l DRAIE 6521

T=| DEANG] B3H

Dear Professor Bedell L'F:r' Fax 0B 8161 177
W oyt 8 qov.au

Re: ARS84/6/2014. “Breeding colonies of mouse models of suture fusion and eraniosynostosis™

Thank you for submitting the above protocol. At its meeting on 7 June 2011, the Children, Youth & Women’s
Health Service Animal Ethics Committee approved the protocol for the period 7 June 2011 until 30 June 2014
on the following proviso:

e  That no C37/B1/6 mice are to be bred within the CYWHS Animal House. You should discuss this matter
and your requirements for this strain of mouse with the Manager of the Animal House who will arrange
for them to be sounced.

I remind you that approval is given subject to the following:

e Approval is granted for 10 breeding pairs Twistl "mice, 10 breeding pairs Fgfr2e **" mice to be used.
Immediate advice (within 48 hours) of any adverse or unexpected event or if, during the course of
the experiments, the morbidity and mortality of the animals varies significantly from that stated in
the original application form submitted to the Committee. The advice should inelude full details of
the event, the reasons why this occurred and the strategies being implemented to minimise the
mortality and morbidity.

s The provision of a brief annual report on the state of progress of the study for the purpose of review by the
Committee and collation of statistical data for the responsible Mimster,

e Submission of any proposed changes to the original protocol. Changes must be approved by the
Committee before they are implemenied.

Immediate advice, giving reasons, if the protocol is discontinued before its completion,

Advice being given in the event that there is to be a change of Chief Investigator. The current Chief
[nvestigator is responsible for the conduet of the project until approval has been grantcd for the new Chief
[nwvestigator.

s Any staff working on this project should be instructed in the detailed care and maintenance of the animals
and in how their actions may affect animal wellbeing and the outcomes of scientific and teaching
activities. Staff should be supervised until such time as they are competent in the procedures being used,
Additionally, all personnel should have access to a copy of the “Anstralian code of practice for the care
and use of animals for scientific purposes 7" Edition 2004” and should attend regular ongoing education
or training sessions in order to update their skills and knowledge.

This approval is enly for those projects that are funded by the source that is stated on the application form. If
the source of Funding changes for any reason, the Committee must be notified of this change and the reasons,

Refore commencement of your project, the enclosed “New Project Information Sheet” must be forwarded to the
Animal House.

case notathe approval number shove includes the month and year in which approval expires and should be
iHaluded in hnv fulure communication reparding this protocol.

Mr Philip Robinson
Chair
CYWHS Animal Ethics Commuities

Ene,
Ce: Lynn Marsden, Manager, WCH Animal House
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AUSTRALIAN DENTAL RESEARCH
FOUNDATION (ADRF) GRANT APPROVAL

Appendix C contains the grant approval acknowledgement for this project from Australian

Dental Research Foundation (ADRF).
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/)

f Australian Dental Research Foundation Inc.

ABN 54 963 830 138 (Incorporated in the ACT)
14-16 Chandos Street, St Leonards, NSW 2065 Telephone: (02) 9906 4412 Facsimile: (02) 9906 4676
Address all correspondence to: Honorary Secretary, PO Box 520, St Leonards, NSW 1590
20 November 2013 Email: adrf@ada.org.au  Website: www.ada.org.au

Ms Manpreet Bariana

School of Dentistry

University of Adelaide

Colgate Dental Research Centre
ADELAIDE SA 5005

Dear Ms Manpreet Bariana

ADRF GRANT APPLICATION : 18-2013

At their Annual Meeting held on 19 November 2013, the Directors of the
Australian Dental Research Foundation considered your application for a grant to
support the project entitled:

“The application of novel nanoengineered implants for craniosynostosis therapy"
Ms Manpreet Bariana
Dr Sarbin Ranjitkar
A/Prof Peter Anderson
A/Prof John Kaidonis
Prof Dusan Losic
Prof Grant Townsend

It was agreed that your application be supported to the extent of $6,000.00 for
one year. Subject to your agreement to the Conditions, the Directors have
specified your research grant will take effect from January 2014. Australian
Dental Research Foundation grants are normally paid in arrears. However, the
Directors recognise that applicants may incur some unavoidable expenses in
commencing their projects, particularly where equipment is to be purchased, and
would be willing to make an initial payment available to you on receipt of a tax
invoice with a detailed statement of the requirements.

I enclose a document setting out the Conditions of your research grant and I
would be grateful if you would sign the attached acknowledgment form (page 4 of
Conditions) and return it to this office. This exchange will represent the contract
between you, your co-workers and the Foundation. Please ensure that the
acknowledgement form is returned to this office no later than 1 March
2014, or the offer of funds may be withdrawn.

At the conclusion of the project the attached Final Report Coversheet shall be
submitted to the Foundation, together with the abstract (in Word format as only
electronic submission will be accepted) in a form suitable for publication in the
Special Research Supplement of the Australian Dental Journal as described in the
Conditions Governing Research Grants. Please note that these have recently been
updated to facilitate streamlining of the Supplement. Publication of the abstract in
the Australian Dental Journal shall not prevent the author(s) from submitting
more detailed or specialised manuscripts to other scientific journals. It is
permissible also to submit the primary manuscript to another scientific journal,
provided that an abstract is supplied to the Foundation.



Appendix C: ADRF Grant Application

It was the recommendation of the Research Advisory Committee that summaries of
comments from referees and the RAC be made available to you and a copy is enclosed.

May I take this opportunity to wish you every success with your research undertaking.

1 am also taking this opportunity to enclose a Supporter's Form seeking your support.
This has been a difficult year for the Foundation financially and as you no doubt know, it
is difficult to attract funding for dental research as it has to compete with other research
disciplines, which often have a much higher public profile, and the Foundation depends
largely on donations from the profession and the dental industry. Your assistance in
considering support of the Foundation would be much appreciated. Please feel free to
copy and pass on the application form to others who may be interested.

With kind regards

Yours sincerely

Robert N Boyd-Boland
Honorary Secretary

Encls:
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