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Limitations of current clinical treatments for critical size bone defects have
motivated the development of new strategies for bone tissue engineering. In this
regard, emulating the three dimensional (3D) hierarchical organisation of
biochemical cues found in the native cellular microenvironment is likely to be key to
generate anisotropic biomaterials with distinct levels of functionality. However,
despite advances in tissue engineering (TE), achieving stable structures incorporating
3D micropatterning of biochemical cues, particularly that preserve resolution with an
increase in size has proven challenging. Self-assembling nanoclay-gels have
established potential in TE due to their capacity to sequester proteins for sustained
localised bioactivity. This thesis explores the hypothesis that bottom-up self-
assembly of nanoclay/protein structures can be harnessed to achieve a gradient of
proteins, allowing the delivery of localised spatio-temporal niches for enhanced bone
tissue regeneration. Addition of nanoclay-gels into high concentration protein
solutions promoted self-assembly of a structure with 3D micropatterning of proteins.
Polarised light and scanning electron microscopy confirmed that a reaction-diffusion
process was responsible for the scaffold assembly, where the proteins (or gelator)
reacted with the clay nanoparticles and simultaneously diffused through the clay-gel
in a concentration-dependent manner. The process led to the formation of a protein-
clay complex structure with a periodical arrangement. Furthermore, confocal images
demonstrated that the diffusion front or the interface between the reacted and
unreacted clay-gel region was responsible for the 3D localisation of loaded proteins.
By changing the assembly parameters, such as concentration, ionic strength,
incubation time and temperature. Also, the solute size and net charge it was possible
to control the diffusion coefficient of the assembly solution, and as a result, the
localisation of proteins loaded. Tuning of the assembly and loading process allowed
the generation of scaffolds with punctuated or gradual gradients of different proteins.
Also, the versatility of the system supported the assembly of structures at scale with a
range of dimensions (0.2 to 1 mm) and shapes (droplets, cylinders and strings) while
preserving the resolution of protein patterning. Finally, a subcutaneous mouse model
revealed that the punctuated localisation of BMP-2 inside the scaffold had the
potential to control the spatio-temporal formation of mature bone. Thus, this novel
system provides the opportunity to design customised scaffolds with complex
biochemical gradients, dimensions and shapes for bone with clinical relevance.
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Chapter 1 INTRODUCTION



Overview

Osteoporosis is a health condition that deteriorates the bone mass and micro-
architecture, making it fragile and prone to fractures. In 2000, worldwide was
estimated at nearly 9 million osteoporotic fractures involving the hip, forearm and
vertebra (Johnell & Kanis, 2006). Alarmingly, in 2004, US Surgeon General’s report
suggested that 1 in 2 women and 1 in 5 men will experience a fracture over the age
of 50 (U.S. Dept. of HHS, 2004). This major public health issue costs the European
economy €37 billion each year and owing to the ageing population, and an increase
of 25% of the global cost of osteoporotic fracture is expected during the period 2010
and 2025 (Hernlund et al. 2013). Moreover, the management of complex fractures
possess a risk of mal-union, delayed union and non-union (Ekegren et al. 2018). The
use of BMP growth factor is the current gold standard alternative to autologous bone
graft for bone reconstruction, fracture repair and fusion. However, while widely used
in the absence of effective alternatives, its use presents significant limitations, such
as inflammatory complications, radiculopathy, ectopic bone and wound
complications (James et al. 2016). To address this health problem, new regenerative
medicine and tissue engineering approaches towards bone healing are imperative.
This thesis explores the development of a new self-assembly approach for effective
therapeutic delivery of BMP-2 at the fracture site using clay nanoparticles. After an
introduction to the biology of bone and bone tissue engineering strategies, this
chapter will discuss current BMP-2 delivery strategies and the potential of clay

nanoparticles to provide new opportunities for bone repair.

1.1 Bone tissue engineering and regenerative medicine (TERM)

Regenerative medicine is an interdisciplinary field that aims at the replacement or
regeneration of damaged cells, organs or tissues. Generally, it comprises different
approaches, such as therapeutic (induced pluripotent) stem cells, gene therapies,
tissue engineering or the fabrication of artificial organs. For the purpose of this study,

it will be discussed the tissue engineering approach.



Tissue engineering (TE) is a platform that emerged about 30 years ago intending to
restore the structure and functionality of tissues that have been severely damaged
beyond their self-healing capacity. For this purpose, three distinct components are
used: cells to synthesise the new tissue, scaffolds to serve as an artificial niche for
cells and growth factors to provide the necessary biochemical cues to elicit specific
cells response, though all components are not necessarily used simultaneously (lkada
2006 and O’Brien 2011).

It is essential to recognise that the approach mentioned above is based on biomimetic
design principles. This concept “grew its usage, particularly amongst material
scientists in 1980s” to solve practical problems by understanding and emulating
natures designs (Aziz & El Sherif, 2015). In this regard, the considerable efforts
made to understand the biological principles underlying the form, composition, self-
assembly, developmental or regeneration process and function of tissues, not only
allowed establishing the general component necessary for TE but as well to the

development of numerous methods for restoring tissues functionality.

For example, current orthopaedic bone grafting is fundamentally biomimetic in its
approach since it implicates emulating the macro and microstructure, composition
and regeneration processes observed in bone tissue. For this purpose, grafts or
implants with natural or synthetic biomaterial are commonly built to provide the
mechanical, physical and biochemical cues necessary to repair skeletal defects by
following validated principles of osteogenesis, osteoinduction and osteoconduction.
The result is the design of bioactive grafts with osteogenic, osteoconductive and
osteoinductive properties (Elsalanty & Genecov, 2009 and Roberts & Rosenbaum,
2012).

Thus, a graft with osteogenic properties augments bone formation and remodelling
by providing viable bone-forming cells, an osteoinductive graft delivers
biomolecular signalling required for recruitment and differentiation of bone-forming
cells, and an osteoconductive graft stimulates cell adhesion and proliferation to guide
the growth of new bone along its surfaces (Bose et al. 2012 and Jan et al. 2013).



Following this biomimetic concept, numerous grafts for bone repair has been
designed and successfully approved by the FDA. Ideally, they should be sufficient to
guide bone regeneration. Nevertheless, the clinical practice has shown some pitfalls
mainly related to the graft composition, which include reduced cellular proliferation
and differentiation, inadequate mechanical strength, uncontrolled degradation profile,
reduced bone formation, inefficient bone formation and immune rejection (Walmsley
et al. 2015 and Fernandez-Yague et al. 2015). In this regard, a brief overview of the
main bone grafts used and their advantages, limitations and new TE strategies will be
discussed. For this purpose, the grafts are grouped rendering their primary
component into bone grafts, cells, organic matrix, growth factors, ceramic and

polymer.

Bone grafts

Despite decades of innovation in tissue engineering and regenerative medicine,
autograft continues being the “gold standard” implantable material for bone
regeneration, since it fulfils the three principles for bone grafting (osteogenesis,
osteoinduction and osteoconduction) and also possess suitable histocompatibility and
non-immunogenic properties (Amini et al. 2013). This graft is harvested from the
same patient (usually from the posterior iliac crest) and transplanted to reconstruct
another site of interest. However, the use of autograft is attended by significant
limitations. For example, it cannot be used to repair long bone defects (> 5 cm)
because the available volume to harvest is limited. Furthermore, the patient can
experience chronic pain and post-surgical infections at the donor site (Polo-Corrales
et al. 2014).

Alternative treatments to autograft to increase the quantity of available tissue and to
eliminate the harvesting procedure include bone allografts and xenografts. These
grafts are harvested from human cadavers and animals, respectively and then treated
to remove the cells and antigens. Nevertheless, they lack osteoinductive capacity
owing to the treatment and still have the risk of carrying infectious agents or immune

rejection (Meijer et al. 2007).



Cellular and Organic matrix components

Other biomimetic approaches involve using the cellular and organic matrix
components of the bone. The cellular component is harvested by “bone marrow
aspiration” technique. It is used to treat joints, delayed union and non-union fractures
by placing concentrated mesenchymal stem cell (MSC) in the damaged area to
enhance the osteogenesis. Harvesting MSCs is less invasive compared to the
autograft. However, the amount of MSC obtained can be limiting (instead, more red
blood cells are harvested), and they are not able to repair extensive bone fractures by
themselves. As a result, significant effort has been put into determining the
appropriate delivery system, the sufficient number of cells with osteogenic capacity

and the factors necessary to enhance the osteogenic response (Fei et al. 2012).

Regarding the organic bone matrix, it is obtained from allograft by removing the
mineral component, and they are available in different commercial presentations,
such as putty, powder and sponge. It should retain the collagen and non-collagenous
proteins, including growth factor and act as an osteoinductive agent. However, the in
vitro and clinical studies have shown that it is mainly osteoconductive and that
possesses low osteoinductive capacity. It is suggested to be related to the allograft
pre-treatments. Moreover, they have poor mechanical properties, the bioactivity
depends on the allograft quality and still has the risk of carrying infectious agents
(Campana et al. 2014).

Growth factor

To augment the osteoinductive properties of natural or synthetic grafts, they are
usually enriched with a supra-physiological concentration of growth factors, such as
transforming growth factor-beta (TGF-R) and bone morphogenetic protein (BMP).
Nevertheless, their short biological half-life and fast local clearance are not
favourable, since the bone healing process takes longer periods of time; thus, it is
required a steady and slow release of growth factors (Bose et al. 2012). Moreover,
the high concentrations used have been related to important side effects. For
example, the use of BMP-2 in spine surgery has shown that high dosage (2 - 4.2

mg/patient) support bone formation, but as well produces ectopic bone formation,
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osteolysis, graft subsidence, dysphagia and soft - tissue swelling (Tannoury & An,
2014).

Bioceramics and polymers

To overcome the limitation of grafts based on the naturally occurring components,
including the risk of disease transmission, infection and immunogenicity and low
availability, synthetic alternatives, such as ceramics and polymer grafts are used. In
this regard, the calcium phosphate-based ceramics are available in a wide variety of
forms, such as powder, putty, pellets and as implant coating (to promote their
osseointegration). Generally, they are osteoconductive, but some have shown
osteoinductive properties, such as bioglasses. Nevertheless, they are brittle materials,
unable to maintain their structural integrity before the adequate substitution with new
bone occurs. Furthermore, it is difficult to control their degradation kinetic without
compromising, even more, their mechanical properties (Roberts & Rosenbaum 2012
and Henkel et al. 2013).

Finally, another synthetic approach involves the use of naturally occurring and
synthetic polymers that can be degradable and non-degradable. These grafts are
designed to deliver growth factors and/or supports tissue ingrowth. In general, the
clinical results indicate that they possess osteoconductive and osteoinductive
properties. Nevertheless, they are not completely efficient. For example, the naturally
occurring polymers, such as collagen, alginate and gelatin are inherently
biocompatible, though it is a challenge to make reproducible structures and they have
poor mechanical properties. Regarding the synthetic polymers, such as poly (lactic
acid) (PLA), poly(glycolic acid) (PGA) and polycaprolactone (PCL), their
architecture, degradation kinetic and mechanical properties can be easily tuned.
However, their main drawbacks are the risk of rejection (Henkel et al. 2013 and
Campana et al. 2014).

To conclude, there is an extensive list of currently available grafts approved by the
FDA for bone repair, but their clinical performance is not entirely efficient interns of
bioactivity, biocompatibility and mechanical properties (Fernandez-Yague et al.
2015). In this regard, it could be argued that this TE approach was focused on the
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investigation and reproduction of macro-level structures to build “the essential gross
morphology and generate real-size organ systems”, failing to reproduce the natural
microenvironments cues necessary to enhance bone formation (Wen et al. 2005).
Moreover, there is a need for exploring other biomaterials to improve the

biocompatibility and mechanical properties of the grafts (Fig. 1.1).

Engineering to\ Engineering Engineering Engineering \ Engineering tissue
tissue and organ \ at Tissue level \ at cellular level \ at subcellular level \ with nano-resolution
| l | I | | I I I
1 cm Imm O0.0mm 10um lym  O0.lpm 10nm Inm 0.1 nm
Macro (>0.1 mm) ——><——Micro (>0.1 ym) —><—— Nano (<0.1um)

Figure 1.1 Tissue engineering at different levels. Figure from Wen et al. (2005).

In the last decades, the interdisciplinary advances in nanotechnology, tissue
engineering and biomaterial fields have provided the opportunity to characterise the
nano- and microstructure, and functionality of bone tissue across different length
scales. Also, the development of new techniques and biomaterials to manipulate and
organise matter systematically for emulating cellular microenvironments. This
seems to be a promising approach for the development of more biomimetic, effective
and conservative treatments for bone regeneration. In this regard, the main concepts

and advances in the area will be discussed.

1.1.1 Current state of the art in biomaterials and nanotechnology for tissue

engineering

Biomimicry involves the imitation of nature by studying its composition, processes,
model and systems to understand the underlying principle and implement them to
help to solve human challenges. For centuries, designers and architects have looked
to nature as a source of inspiration to create aesthetic, functional, lightweight
structures and with optimum material and energy usage. For example, Leonardo Da
Vinci’s inventions were inspired by the observation of nature, Gustave Eiffel
emulated the hierarchical structure of trabecular bone to build the skeleton of the
Eiffel Tower. It is a tall and lightweight structure that was meant to stand for at least
20 years and has already 130 (Vincent, 2008). Similar to Gaudi and all his

masterpieces like La Sagrada Familia and La Casa Batll6. Eventually, the concept
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was applied at smaller length scales, such as Velcro, which was designed by George
de Mestral after burrs of the Burdock plant.

The materials scientists only adopted this approach in the 1980s. However,
significant interest surged in the last fifteen years in different fields like biological-
science (Aziz & El Sherif, 2015). Since then, the advances in physicochemical
techniques to characterise nanomaterials lead to an unprecedented understanding of
the composition and the hierarchical levels of organisation omnipresent in biological

systems spanning from nano to macro length scales (Lin et al. 2014).

Moreover, this fact reoriented various research field, including biomaterials,
nanotechnology and tissue engineering, which scope has broadened exploring novel
materials and techniques to design biomimetic and functional structures with nano
and micro size for tissue engineering. For this purpose, the working area was

outlined around basic concepts briefly discussed below (Fig. 1.2):

- Hierarchy: is the arrangement of fundamental units into different asymmetrical

level of order.

- Hierarchical levels: is a standard organisation scheme used to label the
arrangements found in a structure at different length scales. Generally, they are
presented from the lowest level to the highest levels, where the lowest represent
the fundamental building units and the highest levels the maximum and stable
arrangement achieved. For example, the lamellar bone can be divided into 7

hierarchical levels (Fig. 1.3).

- Molecular self - assembly process: is the spontaneous ordered assembly or
aggregation of molecular units through non-covalent interactions to form
complex structures that are usually in equilibrium or metastable states.
Moreover, no human intervention is required since the assembly process is
determined by the chemical properties of the molecular unit (G. M. Whitesides
& Boncheva, 2002).



- Supramolecular self - assemblies: are complex structures that result from
molecular self - assembly processes. Usually, the organised structure formed are
sphere-, rod- or sheet-like species, which dimensions range from nanometres to

micrometres.

- Building blocks: is the fundamental or molecular unit that forms a structure.
They are held either by covalent or non-covalent interactions. For example, the
electron, protons and neutrons are the building blocks that make the atoms, the
atoms make the matter, and the nucleotides are the main component to assemble
the deoxyribonucleic acid (DNA).
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Figure 1.2 lllustration of hierarchical biology concept framework.

The simultaneous blooming of the different engineering fields above mentioned has
supported the development of numerous nano and microfabrication techniques, such
as nanotemplating, electrostatic deposition, molecular self-assembly, electrospinning,
photolithography, emulsion templating and micromachining in order to build
complex or supramolecular frameworks that mimic features of biological systems
(Santo et al. 2012). All these techniques can be grouped according to the assembly

process into top-down and bottom-up approaches.

The top-down approach involves the miniaturisation or scaling down of existing

materials into micro- and nanostructures. It is a directed process that uses tools to



cast the desired size, shape and order (Santo et al. 2012). In contrast, the bottom-up
approach consists in the self-guided assembly of smaller building blocks to form
organised nanostructure. This is a spontaneous process mediated by non-covalent
forces, such as electrostatic interactions and affinity-based binding, hence the

chemical properties of the building block is crucial (Guven et al. 2015).

The bottom-up approach presents more advantages since it attains higher resolution
at nanoscale levels, uses building blocks with similar size to the native nanoscale
components and enables localised spatial array of biochemical cues (Santo et al.
2012). Moreover, it is a more biomimetic approach, since nature relies on it to build

hierarchical and functional structures that span from the nano- to macroscale level.

It has taken nature’s billion years of evolution to achieve remarkable self-assemble
performance toward very complex structures (Thiruvengadathan et al. 2013), and this
still remains a challenge to man. In the laboratory, the “hierarchy mostly occurs
inadvertently, and it is rarely designed into a structure” (Vincent, 2008), and when
achieved, the hierarchy does not translate to higher length scales. For example,
dendron assembly, self-assembly peptides, electrostatic deposition and Langmuir
Blodgett deposition.

Further in vitro analysis of these bioinspired nano and micro frameworks (either built
with top-down or bottom-up approaches) have revealed that the cell response can be
modulated by multi-dimensional arrays of morphological, structural, mechanical and
biochemical cues. In this regard, topographical factors, such as size, shape and
geometrical patterns resulted in being important nano- and microscale cues to
modulate the cell adhesion, migration, alignment and differentiation. Though
optimum parameters strongly depend on the cell type (Nguyen et al. 2016 and
Limongi et al. 2017). Stiffness is an important mechanical cue that cells can sense at
microscale levels, supporting their “migration, proliferation, differentiation and
alterations in cell-cell and cell-matrix adhesion” (Mason et al. 2012). Furthermore, it

can enhance the efficacy of biochemical stimuli (Breuls et al. 2008).

Regarding the biochemical cues, such as growth factors, peptides, chemical moieties
and synthetic molecules can be used to functionalize the surfaces of 2D and 3D
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scaffolds. Usually, when combined with physical and mechanical cues, they show a
synergistic effect. Moreover, it has been designed nanoparticulate carriers to control
and facilitate the transport of growth factors or synthetic molecules across cell
membranes (Santo et al. 2012 and Samorezov & Alsberg 2015). These strategies
seem to enhance the local cell response by binding or controlling the delivery of the

biochemical cues.

Thus, the nanotechnology has allowed an unprecedented understanding of cellular
microenvironments and their emulation with predictable biological, physical and
mechanical properties to control the cells' responses. This seems to be a promising
approach for TE. Nevertheless, many challenges still need to be addressed, like the
assembly of structures with different hierarchical levels and high resolution from

nano- to macroscale and 3D protein micropatterning.

Thus, the present study aims to self-assemble a biomimetic scaffold that incorporates
features of the bone structure. For this, a review of the fundamental of bone biology

at different length scales will be presented in the next section.

1.2 Fundamental of bone biology

1.2.1 Bone structure, composition and functionality

Bone is a hard connective tissue that forms the skeleton of adult vertebrates. Its
major functions include 1) locomotion and protection of soft tissues, 2) storage and
homeostasis of ions, 3) harbouring the bone marrow and 4) aiding the haemopoiesis
(Datta et al. 2008).

Moreover, it possesses unique mechanical properties and remodelling capacity,
which have been linked to its composition and structure at the molecular level (Liu et
al. 2016). In this regard, this heterogeneous tissue comprises an intricate network of
bone-forming cells embedded in a specialised inorganic/organic framework, which

has various anisotropic arrangements at multiple length scales.
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The cellular component form 2% of the bone mass and they aid in maintaining the
bone integrity and vitality by means of four type of cells. The 1) osteoblast
synthesises and mineralises the new bone. During this process, some osteoblast
becomes embedded in the organic framework that they have secreted transforming
into 2) osteocytes, these cells are “primary mechanosensors” that help to orchestrate
the remodelling process. Once the bone is formed, a group of osteoblast changes its
morphology (flattens) and localises at the bone surface, forming the 3) bone-lining
cells, their function is not well understood. However, they have been associated with
the calcium and phosphate homeostasis, the protection of the surface from any
adventitious resorptive activity and to participate in initiating the bone remodelling
(Florencio-Silva et al. 2015). Finally, a key cell involved in the bone (longitudinal)
remodelling, and (bulk) turnover are the 4) osteoclast, these cells have the capacity to
demineralise and degrade the inorganic and organic bone framework respectively
(Datta et al. 2008 and Fogelman et al. 2012).

In 1998, Weiner & Wagner proposed that the inorganic/organic framework, also
known as the extracellular matrix, had some degree of order spanning from the nano-
to the macroscale; thus, they divided the mature bone (lamellar bone) into seven

hierarchical levels, as briefly outlined here (Fig. 1.3):

- Level I (sub - nanostructure 1 nm): here it is found the main components of
bone. 1) The organic framework forms ~30 % (dry weight), of which 90 % is
collagen, mainly type I and the rest non-collagenous proteins (NCPs) and
proteoglycans (GAGS). 2) The inorganic framework forms ~60 % (dry weight)
and is made of carbonated hydroxyapatite crystals with plate-like shape, which
average lengths and widths are 50x25 nm with a thickness is 2 - 3 nm and the
last component is 3) water, forming the remaining 10 % (Palmer et al. 2008 and
Feng 2010).

- Level Il (nanostructure 0.5 pum): interaction of the main components guides the
formation of mineralised collagen fibrils, which in turn forms the building
blocks of bone (Sabet et al. 2015). In this regard, once the type I collagen fibril
has been synthesised and assembled, the hydroxyapatite crystals nucleate and
grow initially within the hole zones inside the fibrils and then in the adjacencies.
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The result is a collagen fibril with minerals that “span the cross-section of the
fibril” (Reznikov et al. 2014).

Level 111 (sub - microstructure): it should be observed the internal structural
organisation and interaction of individual and neighbouring fibril arrays that will
the form fibril bundles (collagen fibres). This is poorly understood, but two
possible orders have been proposed respect to the orientation of the crystalline
structure and the fibril axes. The first would be fully orthotropic, where the
mineralised fibrils align respect to the crystal layers and the fibril axes. The
second arrangement, transversely isotropic, would be only with respect to the
fibril axes (Weiner & Wagner, 1998).

Level 1V (microstructure): it is found a diversity in organisational patterns of
fibril bundles (collagen fibres). In this regard, Weiner & Wagner (1998)
described two patterns, which they named “woven fibre structure” and
“plywood like structure”. The former pattern the in woven bone, it is made of
fibres with a wide range of diameters (up to 30 um), which are poorly packed
and oriented. In addition, it is found an important amount of non-collagenous
proteins and osteocytes. Moreover, the plywood like structure is present in
lamellar bone. Here, sets of parallel fibrils form discrete layers, but the
orientation of each layer is different. It is suggested that layers rotate with a

specific angle and in one direction, resulting in an asymmetric lamellar unit.

Level V (microstructure 10 - 200 um): here, the osteoclast and osteoblast play
an important role. Initially, the osteoclasts would excavate a long tunnel that
then the osteoblasts would refill by depositing the lamella unit above described.
During this process, osteoblast results trapped transforming into osteocytes.
They will reside in spaces called lacunae, which are connected through
canaliculis (Florencio-Silva et al. 2015). At this point, it can be formed two types

of structures:

1) Cylindrical osteon or Haversian systems (100 - 200 pum). In a cross-section,
they look like onions assembled of lamellae layers surrounding a central hole

or Haversian canal, through which the blood vessels run.
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2) Rods or plates - like structures (100 - 200 um) assembled from lamellae
layers, but with no Haversian canal (Parkinson & Fazzalari, 2013).

- Level VI (mesostructure): at this level, two different types of bone will form,

compact and spongy bone (Clarke, 2008).

1) The compact bone is a dense structure made of numerous and well-packed
osteons, which are irrigated by interconnected Haversian canals.

2) The spongy bone is porous; thus, less dense than the compact bone. It is formed
by a trabecular network of interconnected rod and plate-like structures. Since
they lack of Haversian systems and canals, the irrigation is provided by the red

bone marrow found between the trabeculae.

- Level VII (macroscale): finally, the compact and spongy (trabecular) bone will
form the outer and inner layer of the whole bone, respectively. Further detail of
the gross anatomy of bone is beyond the scope of this review. For an overview
of the subject referred to (Clarke, 2008).
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Figure 1.3 The 7 hierarchical levels of organisation of the mature bone. These are modified
images from Weiner & Wagner (1998) except for the rods and plate-like structure, which was
retrieved from Boyde (2012).

The study of the bone architecture, specifically the physical (e.g. porous, osteons)
and chemical (e.g. collagenous and non-collagenous proteins) features found at each

scale level have allowed evaluating their role in the biochemical and biomechanical
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functions of the bone at specific hierarchical levels, which are briefly described
below (Fig.1.4).

At macroscale level (mm - cm):

The whole bone shows interesting anisotropic macro-mechanical properties,
primarily owing to the distribution of fundamental components (collagen type 1,
carbonated hydroxyapatite and water) which make some areas stiffer and tougher
than others. As well, the anatomical localisation of both compact and spongy bone,
the orthogonal orientation of the spongy bone trabeculae and the osteonal structures
size and orientation make the bone resistant mainly to compressive forces (Wang et
al. 2010).

At the microscale level (10 - 500 pm):

It can be observed different biomechanical and biochemical functions related to the

microstructure features found in the compact and spongy bone.

- The compact bone architecture and composition makes it a solid and dense
structure. It is stiffer compared to the spongy bone owing to its intrinsic and
higher content of carbonated hydroxyapatite. Moreover, features, such as
osteons, cement lines, Haversian canals or any extensive discontinuities control
its fracture toughness (Augat & Schorlemmer 2006 and Sabet et al. 2015).

- The spongy bone is the main load-bearing bone and its trabeculae are organised
to optimize load transfer from the joints to the compact bone of long bones
(Oftadeh et al. 2015).

- The compressive strength at this level is lower than at the macroscopic level. In
contrast, the torsional strength is significantly higher (Wang et al. 2010).

- The porosity (size and interconnectivity) of both types of bones affect as well the
elastic modulus (Augat & Schorlemmer 2006).

- At this level initiates the mechanotransduction process, where the bone lining
cells and osteocytes sense the physical forces and control the process of adaptive
remodelling by regulating osteoblast and osteoclast function (Oftadeh et al.
2015).
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The bone porosity, interconnectivity, Haversian canals, lacuno-canalicular
network support the cell migration, vascularization and nutrients delivery,

respectively (Jabbarzadeh et al. 2012).

At the nanoscale level (1 nm): distinct biochemical and biomechanical functions

are recognised, including:

The mechanotransduction or conversion of physical forces into biochemical
signals for bone remodelling (Oftadeh et al. 2015).

The biomineralization process is facilitated and controlled by different
biochemical factors. It involves two main events: 1) the release of mineral -
matrix vesicles from the osteogenic cells and 2) the nucleation and growth of
hydroxyapatite crystals (Weiner & Addadi 1997 and Mann 2001).

The processes above-mentioned trigger cell adhesion, migration, differentiation
and function supported by biochemical factors.

Moreover, mechanical properties of the whole bone are not only defined by the
anisotropic arrangement of the material in the space at the micro- and
macroscale levels but as well by the fundamental components and their
organisation at the nanoscale level. For example, the carbonated hydroxyapatite
is a stiff material with good compressive strength. On the contrary, the collagen
has a low elastic modulus, poor compressive strength but good tensile strength.
However, both make the collagen fibril a stiff and tough material (Weatherholt
et al. 2013).

The density and quality of the inorganic/organic framework affect the whole
bone mechanical properties. For example, an agile animal requires bones with
high elasticity and optimum but low mineral content, such a deer. On the
contrary, the bones of a large animal, like a whale or a cow, are very stiff bones
with high hydroxyapatite content (Mann, 2001). Moreover, in pathological
conditions, such as osteogenesis imperfect, it has been shown that the quality of
the collagen type I affects significantly the hydroxyapatite size, shape,
orientation and localisation with respect the collagen fibril, which in turns makes
the bone weak and brittle (Landis, 1995).
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Figure 1.4 Functionality of the bone at each hierarchical level. Images from Weiner & Wagner
(1998) and Boyde (2012).

This brief review provides some insides about the bone structure functionality in
relation to the distinct physical, mechanical and chemical cues found across different
length scales. Interestingly, the chemical cues are the primordial signalling found at
the lowest level, setting the structural bases for the self-assembly of this hierarchical
mineralised structure. In this regard, Mann (1988) and Weiner & Addadi (1997)
proposed that the proteins were not only responsible for the cell's response but in the
modulation of the biomineralization or process by which biological systems
selectively incorporate minerals from the local environment and under strict
biological control to create functional structures with hierarchical organisation and
improved mechanical and biological properties, such as bone or seashell. The same
authors have highlighted some principles. However, the process still remains

unknown.

Thus, the incorporation of chemical cues into the design of the scaffolds for bone
tissue regeneration seems to be crucial. However, further research is required to
understand their presentation format that triggers the formation of such complex

structure.
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1.2.2 Bone development

During early embryonic development, the embryo’s skeleton is constituted by a
fibrous membrane and hyaline cartilage. However, the actual bone formation or
osteogenesis starts by the sixth or seventh week of embryonic life. The process may
follow two different osteogenic pathways, intramembranous or endochondral

ossification, but the mature bone formed is the same regardless of the pathway.

At the intramembranous ossification, de novo bone develops directly from the
connective tissue of mesenchymal (undifferentiated) cells. The first event consists in
the formation of an ossification centre within the connective tissue membrane by
recruitment and differentiation of mesenchymal cells into capillaries and other
osteogenic cells and osteoblasts. Next, the osteoblasts secrete an uncalcified matrix
consisting of collagen precursors and other organic proteins within the connective
tissue, known as osteoid or bone matrix, which calcifies a few days later by
deposition of apatite crystals. The entrapped osteoblasts become osteocytes and the
surrounding cells in the connective tissue condensate and differentiate into osteoblast
at the edges of the new growing bone, becoming the cellular layer of the periosteum,
which is a vascular connective tissue that surrounds the bone. Then, the deposition of
several osteoid clusters between the capillaries and subsequent mineralisation forms
a network of trabecular bone containing a dense vascular tissue that becomes the red
bone marrow. In contrast, the osteoblast localised at the surface secretes the compact
bone (reviewed by Setiawati & Rahardjo, 2018).

Regarding the endochondral ossification, the bone tissue forms by systematic
replacement of growing hyaline cartilage. In this process, the mesenchymal cells
condense and differentiate into chondrocytes or cartilage cells to form a template of
hyaline cartilage. A membrane of connective tissue known as perichondrium
surrounds the avascular matrix of cartilage, whose main function is supplying
nutrients and removing metabolic waste via diffusion. As the cartilaginous template
increases in size, the chondrocytes in the centre undergo hypertrophy and eventual
death. These changes are accompanied by vascular invasion and differentiation of the
perichondrium cells into osteoblasts that will deposit a ring of bone or bone collar at

the edges of the hypertrophic cartilage (reviewed by Long & Ornitz, 2013). Further
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vascularisation supports the invasion and differentiation osteoprogenitors into
osteoblasts establishing an ossification centre to generate the trabecular bone (Maes
et al. 2010).

Both ossification pathways, either intramembranous or endochondral, are finely
coordinated by the spatio-temporal presentation of systemic and locally secreted
factors. Generally, gradients of these factors play a vital role in the fate of
mesenchymal cells at different stages of the ossification pathways by triggering their
migration, proliferation or differentiation in a concentration dependent manner. The
systemic factors may be growth hormone and thyroid hormone, and local factors,
such as insulin-like growth factors, Indian hedgehog, parathyroid hormone, bone
morphogenetic proteins, Wnt family or fibroblast growth factors (FGF) (Mackie et
al. 2008 and Long & Ornitz, 2013). For this reason, some of them have been
actively reviewed for bone tissue engineering applications (Mehta et al. 2012).

1.2.3 Fracture healing

Bone tissue has the capacity to fully regenerate after trauma without forming scars by
following different pathways based on the anatomical characteristics of the fracture.
In this regard, reduction and rigid stabilisation of the fracture allow direct
intramembranous healing. The process consists in the initial remodelling of the
lamellar bone by cutting cones or tunnel of osteoclast that crosses the fracture line
leaving longitudinal cavities, which are later filled with new bone produced by the
osteoblast residing in the rear of the cutting cone. This result in the simultaneous
bone bridging and restoration of the Haversian system without the formation of any
external tissue or callus. This type of healing is fast. However, it is not commonly

observed during the natural process of fracture healing (Marsell & Einhorn, 2011).

In contract, non-rigidly stabilised fracture, exposed to micro-motion and weight-
bearing heals through a more complex and indirect process that involves both
endochondral and intramembranous bone formation. Briefly, the first event that
follows the trauma is an acute inflammatory response. At this point, a hematoma is
formed and stabilised in the fracture gap. Simultaneously, several pro-inflammatory

mediators are significantly elevated in the first few days, having a chemotactic effect
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on other inflammatory cells. In this regard, macrophages phagocytise necrotic areas
of the bone fracture, releasing signalling factors that are responsible for subsequent
recruitment and differentiation of mesenchymal cells into angioblasts, chondroblasts,
fibroblasts, and osteoblasts. These cells will then participate in filling and stabilising
the fracture gap through the formation of a primary cartilaginous callus. Next, the
callus is gradually replaced by woven bone via intramembranous and endochondral
bone formation. Usually, the osteoblasts synthesise intramembranous bone distal to
the fracture sites. On the contrary, endochondral bone formation is observed in
regions that are less mechanically stable. Finally, reabsorption and mineralisation of
the woven bone lead to the formation of mature bone, which is later remodelled back
to its original shape and size (Mountziaris & Mikos, 2008, Marsell & Einhorn, 2011
and Oryan et al. 2015).

Despite the potential of bone tissue to remodel and health without scaring, there are
cases where this capacity is not sufficient to regenerate the lost tissue, either owing to
the type of defect (e.g. non-union fractures, spinal fusions or alveolar bone
augmentation for dental implants) or to the patient physical state (e.g. age,
medication, immune system or concomitant diseases). Thus, medical/surgical
intervention is required to support the bone healing process. As discussed in the
previous section, the gold standard treatments for bone regeneration are the
implantation of autograft and BMP-2 growth factor delivered in concomitant with the
autograft or a collagen sponge.

As described in the previous section 1.1, the autograft possesses important
osteogenic, osteoconduction and osteoinductive properties. However, its use is
attended by significant limitations. For example, it cannot be used to repair long bone
defects (> 5 cm) because the available volume to harvest is limited. Furthermore, the
patient can experience chronic pain and post-surgical infections at the donor site
(Polo-Corrales et al. 2014). Regarding the BMP-2, supra-physiological
concentrations enhance the osteoinductive properties of natural and synthetic grafts.
However, such dosages have been related to important side effects. For example, the
use of BMP-2 in spine surgery has shown that high dosage (2 - 4.2 mg/patient)
support bone formation, but as well produces ectopic bone formation, osteolysis,

graft subsidence, dysphagia and soft - tissue swelling (Tannoury & An, 2014).
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Despite the reported side effects of BMP-2, this growth factor is still widely used.
Therefore, a significant effort has been made to generate the appropriate delivery
system to exploit their strong osteoinductive properties but without the side effects.
In the next section will be studied the significance of BMP-2 during bone

development and regeneration and current delivery systems.

1.3 BMP at bone development and regeneration

In 1965, Urist demonstrated that demineralised bone segments had the capacity to
induce ectopic formation of cartilage and bone tissue. Later in 1971, he postulated
that this morphogenetic property was related to the presence of bioactive factor(s),
which he named “Bone Morphogenetic Protein” (BMP) (Urist, 1965 and Urist &
Strates, 1971). The advances in molecular biology allowed the sequencing and
cloning of BMP proteins, and to date, around 20 BMPs have been identified
(Bragdon et al. 2011). They represent the largest subgroup of the transforming
growth factor B (TGF - B) super-family, except for BMP-1, which is a
metalloprotease (Carreira et al. 2014).

BMPs play a critical role in the development and maintenance of skeletal tissues in
vivo by regulating cell migration, proliferation, differentiation and death (Goldstein
et al. 2005 and Katagiri & Watabe, 2016). In this regard, BMP-2 and BMP-7 are the
strongest inducers of bone and cartilage formation, while BMP-4, BMP-5, BMP-6,
BMP-8, BMP-9, and BMP-10 contribute to the bone formation as well, BMP-3 and
BMP-13 act as BMP inhibitors (Daluiski et al. 2001, Shen et al. 2009, Yang et al.
2014 and El Bialy et al. 2017). They may transduce their signals via classical
BMPs/Smads pathway or by Smad-independent pathways. With regards the former,
BMPs dimers bind to two different types of transmembrane receptors that possess
intrinsic serine/threonine kinase activity, forming a receptor complex that can
phosphorylate the intracellular downstream effectors, which are the Smad proteins.
The translocated complex into the nucleus cooperates with other transcriptional
factors (e.g. Runx2/Cbfal, Osx, DIx5, and Msx2) to direct the transcription of genes
to induce osteogenesis. Another regulatory pathway is the non-classical Smads-

independent, which follows the mitogen-activated protein kinase (MAPK) pathway
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and regulates the expression of target genes to fulfil their roles in the differentiation
of osteoblast as well (Bragdon et al. 2011 and Yang et al. 2014).

It is important to recognise that BMP bioactivity is not limited to osteogenesis, other
BMP members have been recognised as critical in the development of various
organs, including the brain, muscle, kidney, blood vessels and tooth (Ducy &
Karsenty 2000 and Javier et al. 2012).

The structural basis of BMP family members is highly conserved. The mature
monomer possesses seven cysteine residues, of which six form a cysteine knot by
three intramolecular disulfide bonds (Griffith et al. 1996 and Scheufler et al. 1999).
These sites interact with heparin/heparin sulfate macromolecules present on cell
surfaces and the extracellular matrix, which is essential in the regulation process of
osteogenesis (Gandhi & Mancera 2012). The remaining cysteine is involved in the
stabilisation of the dimeric structure through an intermolecular cysteine bridge. This
dimeric conformation of approximately 120 amino acids is vital for their biological
bioactivity (Carreira et al. 2014) (Fig. 1.5 - A).

Regarding other physical and chemical properties of BMPs, they are globular
proteins with a molecular weight ranging from 15 to 30 kDa. These basic molecules
possess isoelectric points ranging from 7.7 to 9, and characteristically present
abundant hydrophobic patches on the surface (Scheufler et al. 1999, Carreir et al.
2014 and El Bialy et al. 2017) (Fig. 1.5 - B).
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Figure 1.5 BMP-2 structure. (A) Stereo view of native BMP-2 dimer reveals the folding topology.
Each subunit (blue and orange) consist of a-helices (spiral), 3-strands (arrow) and internal disulfides
bridges (green). Interaction between the Cys 78 residue of each subunit forms a bridge that stabilises
the dimeric structure. Furthermore, the intersubunit contact is formed by interactions of helix a3 with
the B-sheets of the neighbouring molecule, specifically through the cis-Pro35 and Phe41 (dark grey)
residues. (B) Illustration of the BMP-2 surface reveals the distribution of the surface charge density,
where red and blue colours indicate negative and positive electrostatic potential, respectively; and the
white colour the hydrophobic regions (Scheufler et al. 1999).

1.3.1 BMP gradients

During embryogenesis, spatiotemporal gradients of signalling molecules pattern
developing tissues by instructing the formation of distinct cell types along the dorsal
and ventral axis of the organism in a concentration-dependent manner. In this
process, a limited number of signalling pathways (e.g. BMP, Wnt, Shh and Notch)
coordinate the cell fate and interaction leading to organogenesis (Sanz-Ezquerro et
al. 2017) (Fig. 1.6 - A). Interestingly, the signals and mechanisms utilised throughout
development have been found to be very conserved through evolution (Fig. 1.6 - B).
They are recapitulated at different times and places in the embryo and are involved in
adult tissue homeostasis and regeneration (Le Dréau & Marti, 2012 and Zagorski et
al. 2017) (Fig. 1.6 - C & D).
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Figure 1.6 Dorsal-Ventral patterning of the neural tube. (A) Schematic illustration of the

transversal section of a chick neural tube at Hamburger & Hamilton (HH) development stage 16 (51-
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56 h) and 24 (4 days) reveals distinct ventral and dorsal progenitor proteins patterning distributed
throughout the neural tube along the dorsal-ventral axis (left). Respective reconstruction of
immunostaining images shows the subdivision of the neural tube into 11 distinct domains of neural
progenitors, which then migrates laterally to form the mantle zone (right) (Le Dréau & Marti, 2012).
(B) Moreover, the ventral and dorsal patterning of neural progenitors during the neural tube
development is controlled not only by the spatiotemporal distribution of factors but their graded
signalling, including BMP, Wnt and Shh (Briscoe & Small, 2015). For example, neural tube
development of (C) chicks and (D) mouse, where secreted factors: Shh emanating from the ventral
pole (notochord), and Wnt and BMP signalling dorsally (Le Dréau & Marti, 2012 and Zagorski et al.
2017). Scale bar corresponds to 50 pm.

Spatial and temporal gradients of BMP signalling are crucial in embryogenesis and
skeletal development as they influence naive cells’ fate during early dorsal-ventral
axis patterning and subsequent subdivision for correct formation, positioning and
shape of bones, respectively (Wilson et al. 2013 and Bier & De Robertis, 2015). In
this regard, studies exploring the dynamics of embryonic BMP signalling in
transgenic mice through reporter (LacZ) systems revealed that BMP signalling was
restricted to the apical ectodermal ridge (AER) during early limb development, and
later was localised to pre-cartilage condensations and sides of endochondral
ossification throughout the skeleton (Javier et al. 2012) (Fig. 1.7 - A & B). Similarly,
BMP reporter (eGFP) in transgenic zebrafish and Xenopus embryos revealed a
strong expression in the ventral pharyngeal arches during early dorsal-ventral axis
patterning (Bubnoff et al. 2005 and Alexander et al. 2011). Collectively, these
findings demonstrate a direct relationship between the spatial and temporal restricted
patterns of BMP signalling and the specific morphogenic events during

embryogenesis and development of cartilage and bone.
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Figure 1.7 BMP reporter activity during the mid-gestation stage of a mouse embryo. (A) X-gal
staining reveals BMP expression in different regions and tissues (neural structures, pharyngeal arches,
heart, limbs and ectodermal appendage) throughout development. The yellow circle points out the
limb bud development at different stages and expression of BMP at the apical ectodermal ridge, which
is a specialised epithelium located at the distal edge of the limb bud that directs the outgrowth. (Javier
et al. 2012). Further analysis reveals that (B) a fine balance in the expression BMP in a dosage-
dependent manner is crucial for the normal development of the phalanges and their joints (Dathe et al.

2009). The scale bar corresponds to 0.5 um.

In addition to the role of BMP patterning in development, BMPs exhibit spatial and
temporal restricted activity during bone healing (Wilson et al. 2013). Time course
studies of a non-stabilised bone fracture in mouse reveal BMP expression in multiple
cell types (e.g. chondrocytes, osteoblasts/osteocytes, endothelial cells, periosteal
cells, inflammatory cells), which varies during the process of bone healing via
endochondral ossification (Yu et al. 2010). In this scenario, BMP-2 is considered the
leader of the signalling pathway as it initiates the repair cascade with its MRNA
expression peaking at 24 h after bone injures (Cho et al. 2002). It also regulates the
expression of other BMP members (Edgar et al. 2007) and its presence at early
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stages of fracture healing is imperative for the differentiation of mesenchymal
progenitors into osteoblasts or chondrocytes (Tsuji et al. 2006).

Analysis of temporal patterns over a 28 day period of fracture healing in mouse tibias
reveals upregulation of BMP-2 and 8 at early stages around the injured periosteum
(day 1 - 3). Later a second peak of BMP-2 with BMP-3, 4, 7 and 8 is detected during
the osteogenic stage of bone healing (day 14 - 21) when the resorption of calcified
cartilage, osteoblastic recruitment, and bone formation are most evident (Cho et al.
2002 and Yu et al. 2010). Finally, when the wound-healing resolves, BMP
expression returns to baseline levels. Similar temporal fluctuation has been observed
in transitional studies of human tissue (Kloen et al. 2003) (Fig. 1.8 - A & B).
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Figure 1.8 Spatio-temporal restricted patterns of BMP expression during bone healing. (A)
Milligan’s Trichrome of a non-stabilised long bone fracture in the mouse (upper panel) shows the

healing progression from day 3 to 14. Moreover, respective immunohistochemical staining (lower
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panel) shows distinct spatio-temporal expression of BMP-2 in different tissues and cells types (e.g.
periosteal tissue, granulation tissue, chondrocytes and osteocytes). Scale bars of upper and lower
panels correspond to 100 um and 10 um, respectively (Yu et al. 2010). (B) Time course mRNA
analysis of a human bone fracture and surrounding muscle reveals the expression of BMP-2. Staining
for B-galactosidase indicate that the BMP-2 is expressed primarily by osteocytes, chondrocytes and

endothelial cells (40X and 200X, top and bottom images magnification) (Matsubara et al. 2013).

Thus, the graded distribution of signalling molecules, commonly termed
morphogens, is crucial during embryonic development and tissue regeneration.
Studies indicate that the movement of morphogens from the source throughout the
target field creates the gradients (Lander et al. 2002) (Fig.1.9 - A). However, the
transport and localisation mechanism has been under debate for decades, and several
models have been proposed. They can be generally grouped into the extracellular
diffusion-based mechanism (e.g. free, hindered or facilitated) or cell based-
mechanism (e.g. transcytosis or cytonemes) (Muller et al. 2013). Given the
importance of gradient patterning for this thesis, these various models will briefly be

described (reviewed more fully by Muller et al. 2013).

The free diffusion model is the simple case of morphogen dispersal, in which
morphogens diffuse freely from the source through the target field, and their fast
clearance (relative to the diffusion) generates a gradient. In this scenario, the
clearance could be achieved by rapid degradation (due to their short lifetime) or
permanent immobilisation of the morphogen by the target cell (Zhou et al. 2012)
(Fig. 1.9 - B).

The hindered diffusion model postulates that obstacles and transient binding
interactions hinder the extracellular diffusion of molecules. In this scenario, the cell
packing generates a tortuosity, which strongly influences the movement of
extracellular molecules, as they must go around the cells reducing their overall
dispersal. Moreover, transient binding to receptors or extracellular matrix
components might further hinder morphogen movement generating a spatio-temporal
gradient (Nicholson & Sykova, 1998) (Fig. 1.9 - C & D).

The facilitated diffusion model is an extension of the hindered diffusion model since

a negative diffusion regulator immobilises the morphogens until a positive diffusion
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regulator interferes with the former binding allowing their mobilisation (Fig. 1.9 - E).
Another scenario involves shuttle molecules. When they are produced at a localised
source, the immediate morphogens bind forming a shuttle complex that diffuses
away. However, as the shuttle degrades, the morphogen is immobilised again
creating a gradient (Sawala et al. 2012) (Fig. 1.9 - F).

Alternative to the extracellular diffusion mechanisms. The morphogens could be
transported by two distinct intracellular mechanisms, transcytosis or cytonemes. In
the transcytosis model, the morphogen is uptaken (endocytosis) and released
(exocytosis) by the cells. Repetition of this event leads to the graded dispersion of
morphogens throughout the target field (Fig.1.9 - G) (Gallet et al. 2008). In the
cytonemes model, the cells use filopodial-like structures, known as cytonemes to
transport morphogens. In this scenario, the target cells project cytonemes to the
morphogen-producing cells. The morphogen transport through this extracellular

extension forms a concentration gradient (Kornberg, 2012) (Fig. 1.9 - H).

A Morphogen gradient B Free diffusion C Hindering diffusion: D Hindering diffusion:
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Figure 1.9 Morphogen transport models illustrations. (A) Morphogens secreted from a source of
cells (dark grey) diffuse through the target field exposing the cells to different concentrations and
based on the threshold they will exhibit distinct responses (purple, lilac and light grey) (Kicheva &
Gonzalez-Gaitan, 2008). Here are illustrated distinct diffusion or transport mechanisms that generate
morphogen’s gradients. (B) In the free diffusion model, morphogens (purple dots) diffuse from the

source (dark grey) through the target field (white) where their clearance due to short life or cell
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binding creates a gradient. (C &D) Regarding the hindered diffusion, morphogens movement is
restricted by obstacles and/or binding to a receptor or extracellular components. (E) Similarly, in a
facilitated diffusion, the diffusion of morphogens is restricted and enhanced by interaction with
negative and positive diffusion regulators, respectively. (F) A special case utilises shuttle molecules
that bind, diffuse away the morphogens and when they degrade, the morphogen is immobilised again
generating a gradient. Finally, an alternative to the extracellular diffusion mechanism, morphogens
may be transported through the cells (transcytosis) or along cellular extensions (cytonemes).
Ilustrations modified from(Muller et al. 2013).

The significance and relevance of these various mechanisms for BMP-2 gradient
formation remain to be clarified. However, it is evident that the gradients are crucial
for bone development and regeneration. Thus, understanding and replicating such
spatio-temporal distribution of morphogens in the design of novel and biomimetic
gels will likely be of critical importance for more effectively harnessing BMP-2 in

regenerative medicine.

1.3.2 Therapeutic application of BMP

Understanding of the molecular biology of the bone and more specifically the role of
BMPs signalling in bone healing has led to the identification and characterisation of
more than 30 family members, of which BMP-2 and BMP-7 have shown the
strongest osteoinductive capacity. Today, these molecules referred to as human
recombinant BMP-2 and BMP-7 are produced and purified for therapeutic
applications (Ducy & Karsenty, 2000, Agrawal & Sinha 2016 and El Bialy et al.
2017). In this section, their clinical application will be discussed, along with the

benefits and limitations of existing and new delivery strategies.

In 2001, the Food and Drug Administration (FDA) and the European Medicines
Agency (EMA) approved the use of BMP-7, marketed as OP-1® for the treatment of
long bone fracture. To deliver the product into the defect, a powder containing 3.5
mg of BMP-7 with 1 g of bovine collagen (type I) was reconstituted with 3 to 5 ml of
sterile saline with further addition of carboxymethylcellulose to make a putty
(Agrawal & Sinha, 2017). Despite the claimed osteoinductive capacity, this product
failed to demonstrate a higher efficacy in comparison with autogenous bone graft

(Vaccaro et al. 2008). For this reason, in 2014, its use was discontinued in the United
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States (El Bialy et al. 2017). Although it is still used in other countries for long bone
fracture and alveolar cleft reconstruction (Moghaddam et al. 2016 and Ayoub et al.
2016).

Another morphogenic protein approved by the FDA in 2002 to treat long bone
fracture, lumbar spine fusion and maxillofacial reconstruction was BMP-2, marketed
as infuse™ (Krishnakumar et al . 2017). The lyophilised formulation contains 1.5
mg/ml BMP-2 after reconstitution, which is delivered into the defect along with an
absorbable collagen sponge (El Bialy et al. 2017). As bone graft, the BMP-2 has
shown a superior performance than BMP-7. For example, a study performed in 2014
by Conway et al. demonstrated BMP-7 having less efficacy than BMP-2 in the
treatment of long bone fracture since the patients treated with BMP-2 showed better

healing and faster recovery.

Furthermore, the use of BMP-2 augmented the success of numerous procedures,
including dental surgeries, articular cartilage damage, open tibia fractures, cancer and
paediatric use. It showed a positive effect on the consolidation of osteogenic defects,
with no sign of rejection or infection. Patient morbidity and hospital stay were also
reduced in comparison to bone grafting treatment (Gautschi et al. 2007 and Poon et
al. 2016), becoming the second-line treatment in non-union bone defect after

autogenous iliac crest bone graft (Agrawal & Sinha, 2017).

Maintaining spatio-temporal concentrations of BMP is crucial for bone repair.
However, owing to its fast clearance from the collagen sponge and proven short half-
life, supra-physiological doses are usually applied to maintain effective local
concentrations. As a result, the excess of protein circulating in the system caused
numerous unforeseen side effects, such as postoperative inflammation, ectopic bone
formation, osteolysis, excessive immune response, postoperative neurological
impairment, compromised airways and cancer (Zara et al. 2011, Hustedt & Blizzard
2014, Suliman et al. 2015, James et al. 2016 and El Bialy et al. 2017).

Regardless of the side effect, owing to the vital function of BMPs, especially BMP-2
during development and bone healing, substantial research effort has been focused

towards developing an effective delivery system to lower the administered dose,
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localise and prolong its retention time at the site of action. Also, to preserve the
protein stability with the aim of improving its bioactivity and therapeutic potential
(El Bialy et al. 2017).

1.3.3 Current state of the art in biomaterials and nanotechnology to deliver
BMP and other growth factors

Current delivery systems research not only pursues to localise and reduce BMP
dosage to prevent side effects but to recapitulate other essential features of the bone
healing process, including the spatio-temporal localisation of BMP signalling. Their
deliberate incorporation into the design aims to enable and allow greater control over

cellular responses.

Thus, in order to mimic the spatio-temporal signalling, different physical and
chemical immobilisation techniques have been developed to localise and control
BMP, and other growth factor release from a substrate carrier. Such carriers include
hydrogels, microspheres, nanoparticles, fibres or solid structures made of metals,
ceramics, polymers and composites (Mehta et al. 2012 and Agrawal & Sinha, 2017).
Next, will be reviewed various approaches to immobilising growth factors, hydrogels

as a biomimetic carrier of growth factors’ gradients and 3D patterning techniques.

1.3.3.1 Immobilisation of growth factors

Physical entrapment

Physical entrapment of BMP-2 takes advantage of electrostatic interactions,
hydrophobic interactions or hydrogen bonds to bind proteins to a substrate and
regulate their release by either protein desorption, swelling or degradation of the
substrate (King & Krebsbach 2012 and Li & Mooney 2016). Generally, the loading
techniques of proteins based on physical entrapment are quite simple, versatile and
do not require expensive equipment (Migliorini et al. 2016). Next, some techniques

are briefly described.
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Physical adsorption is considered the simplest form to deliver proteins where the
substrate carrier is soaked into the protein solution. For example, loading of BMP-2
into collagen (infuse™) or gelatin sponge. A similar approach can be used to
functionalize substrate surfaces, such as ceramics, bovine or coral derived
hydroxyapatite and tricalcium phosphate (Uludag et al. 1999). Another technique
involves mixing the protein with the substrate carrier. For example, homogenisation
of BMP-2 with polyethylene glycol hydrogel and synthetic bone substitute (Cha et al.
2018), collagen paste (OP-1®) or clay-gel (Gibbs et al. 2016) leads to the entrapment
of the molecules. Nevertheless, the main limitations of these techniques are the
loading efficiency and/or poor control of the release kinetics in vitro and in vivo
(King & Krebsbach 2012 and Draenert et al. 2013).

Some degree of retention and/or release could be attained by varying specific
properties of the material substrate, including surface charge, wettability, roughness
and the presence of functional groups (King & Krebsbach 2012). For example,
functionalized smooth titanium surface with heparin facilitates the physical
adsorption of BMP-2 owing to their binding affinity. This system demonstrated a
controlled release of the growth factor and enhancement of bone formation and
osseointegration compared to pristine titanium in vivo (Yang et al. 2017).

However, significant control over the BMP-2 release profile was achieved when the
protein was entrapped into a layer-by-layer polyelectrolyte film that could be
assembled either over polymeric or metallic substrates (Macdonald et al. 2011, Shah
et al. 2011). For example, Bouyer et al. (2016) coated a (poly(lactic-co-glycolic acid)
(PLGA) tube with a polyelectrolyte film made of poly(L-lysine) and hyaluronic acid,
which was later cross-linked and loaded with BMP-2. In this study, the release
profile of BMP-2 was successfully regulated by tuning the degree of crosslinking of
the film. Moreover, the in vivo study revealed a complete bridging of a rat femoral

critical-size defect after two weeks.

Another technique that has shown control over the protein release profile is the
incorporation of encapsulated BMP-2 in nano or microparticles into a substrate
carrier (Jeon et al. 2008, Patel et al. 2008 and Hettiaratchi et al. 2017). For example,
Wei et al. (2007) demonstrate that encapsulated BMP-7 in PLGA nanospheres
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incorporated into a polylactic acid (PLA) structure was able to control the release of
BMP-7 as a function of time, inducing effective bone formation in a rat model.

The physical entrapment techniques are promising; however, it should be considered
that the bioactive state of the protein can be affected by the orientation,
conformation, and accessibility of its bioactive site when adsorbed on the substrate

surface (Thyparambil et al. 2015).

Chemical crosslinking

Another approach is, therefore, to use chemical crosslinking, which tends to allow a
more stable and sustained release in comparison to physical entrapment. In this type
of immobilisation, both the protein and the substrate carrier are usually
functionalized with reactive groups so that the protein can be covalently coupled to
the substrate. Thus, the protein can be chemically modified or genetically engineered
containing reactive groups, such as thiols, acrylates and azides (Lienemann et al.
2012) and the substrate with hydroxyl, amine and carboxyl groups. For example,
azide functionalized BMP-derived peptide biomolecules were grafted to a
poly(lactide-co-ethylene oxide fumarate) hydrogel via click chemistry (He et al.
2008). Finally, upon chemical immobilisation of the protein, the release can be
mediated by either hydrolysis or reduction reaction or cells mediated enzymatic
cleavage (Censi et al. 2012).

However, the stability of the biological activity of the protein still represents an issue
since controlling the modification site have proven difficult and could potentially
block the active sites or alter the protein conformation. Moreover, it is time and cost
consuming, and the chemistry used may affect the protein activity and the overall
biocompatibility of the carrier (Migliorini et al. 2016 and De Witte et al. 2018).

1.3.3.2 Biomimetic carrier

Hydrogels are attractive candidates for various tissue engineering and regenerative
medicine applications since their innate biocompatibility, hydrophilicity and aqueous

permeability allows the fabrication of structures that mimic the native extracellular
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matrix of different tissues or delivery systems of bioactive factors with controlled
release profile (Hoare & Kohane 2008, Lee et al. 2008 and Geckil et al. 2010).
Advances in materials science have led to the design of “smart hydrogels” that may
swell, self-assemble or degrade at defined rate upon response to specific physical and
chemical stimuli by simply altering their composition, crosslinking and fabrication
method (Vermonden et al. 2012 and Ahmed, 2015).

Conventionally, their water-swollen polymeric 3D network consists of hydrophilic
polymers, and based on their source, the properties of the hydrogel may vary,
showing different advantages and limitations. In this regard, synthetic polymers
consist of a basic structural unit that allows the design of synthetic hydrogels with
tuned mechanical properties and porosity, controlled degradation rate, potentially
long shelf lives and higher strength and capacity for water content (Khansari et al.
2017 and Bai et al. 2018). These hydrogels are prepared by chemical polymerization
techniques. For example, polyacrylamide, polyethylene glycol and poly (2-
hydroxyethyl methacrylate) (Khansari et al. 2017). However, poor biological activity
and adverse tissue response to acidic degradation are their main limitations (Fu et al.
2000 and De Witte et al. 2018). Alternatively, natural hydrogels seem to be better
candidates since they show superior chemical biocompatibility and bioactivity owing
to the presence of protein-ligands and can be absorbed through metabolic or
enzymatic-controlled degradation (Bai et al. 2018). Generally, they are extracted
from natural sources, such as polysaccharide (glucan, hyaluronic acid, chitosan
agarose and alginate) and proteins (collagen, gelatin, fibrin and silk). (Van
Vlierberghe et al. 2011 and Ruedinger et al. 2015). However, some limitations
include reduced control over the degradation rate, poor mechanical strength and
stability, batch variability, inactivation induced by sterilisation, potential
immunogenicity, and fabrication cost (Zhao et al. 2013 and Agrawal & Sinha, 2016).

Combination of both natural and synthetic polymers allows the synthesis of hybrids
or semisynthetic hydrogels with modifiable physical, electrical and chemical
properties and improved mechanical properties. However, further work is required to
evaluate the long-term biocompatibility, nanotoxicity and mechanical strength.
(Khansari et al. 2017).
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There is another group of materials that lie between natural and synthetic polymers.
It includes self-assembly peptides and artificial proteins. These materials are not
naturally occurring yet composed of natural building blocks. The self-assembly
peptides can be synthesised via solid-phase chemistry. Generally, they consist of
hydrophobic and hydrophilic domains of residues and/or lipid chains strategically
placed to support self-assembly of well-defined structures (nanofibers, nanotubes or
nanovesicles) via non-covalent interactions, such as hydrogen bonding, electrostatic
attraction and van der Waals forces, and the process can be triggered by external
stimuli, such as electrolytes, temperature, and pH (Dehsorkhi et al. 2014 and Chen &
Zou, 2019). This nanomaterial has shown good biocompatibility, controlled
degradation and the possible introduction of self-healing, shape memory and shear-
thinning properties. However, there are several challenges. The stability and
consistency need to be improved, further understanding of the immunogenic
mechanism is required, synthesis of proteins with hundreds of residues remains a
challenge (Cui et al. 2010 and Chen & Zou, 2019).

Regarding the artificial proteins, also known as “recombinamers” are synthesised by
bacterial expression of artificial genes. These macromolecules consist of
multidomain or complex monomers that repeat few times generating artificial
proteins with a molecular mass comparable to that of conventional polymers.
Moreover, they undergo reversible gelation in response to changes in pH or
temperature (Petka, 1998 and Rodriguez-Cabello et al. 2009). These materials are
biocompatible, biodegradable, non-immunogenic, stimuli-responsive, bioactive and
with self-assembly properties. However, the concatenation of genes encoding for
large macromolecules over 100 kDa remains a challenge and the incorporation of

phosphorylated sites (Despanie et al. 2016).

As well as the nature of the polymer itself, the crosslinking method between the
polymer chains affects various properties of the hydrogel. In this regard, a chemical
or permanent crosslinking allows control over the degree of porosity and
interconnectivity, which directly influence the mechanical properties, degradation
rate and perfusion of the hydrogels. However, the organic solvent, unreacted
chemical cross-linkers and by-product may be detrimental for the hydrogel

cytocompatibility (Hu et al. 2019). Thus, another option is the self-assembly of
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hydrogels through physical interactions. This type of crosslinking, such as
electrostatic interaction, hydrogen bonds and hydrophobic/hydrophilic interactions
gives reversible hydrogels that can flow and assemble in situ in response to different
environmental triggers (e.g. pH, ionic strength or temperature). However, it is
difficult to control the degree of porosity and pore size, and mechanical properties
(Hoare & Kohane, 2008).

Finally, careful selection of the fabrication method is crucial as it determines the
effective time and cost. For example, the use of equipment, such as electrospinning
and 3D printers to modulate the micro and macrostructure of the hydrogel increases
the manufacturing cost and creates challenges for clinical translation. In this regard,
self-assembling gels that form in situ are attractive. However, these approaches often
rely on the design and synthesis of molecules, such as genetically engineered
proteins, which can also increase the cost and present challenges for clinical

development and regulation (Xu et al. 2005).

1.3.3.3 3D patterning techniques

Notwithstanding the challenges above mentioned, a substantial amount of research
has sought to generate spatio-temporal control over signalling on a substrate carrier
in order to recapitulate the complex 3D patterning of bioactive factors observed
during tissue development and regeneration. In this regard, hydrogels have emerged
as a powerful candidate material since their polymeric three-dimensional network not
only generates a structure similar to the extracellular matrix but also allows the
loading of proteins with 3D spatial localisation, which can be achieved through
different top-down and bottom-up techniques, including photo-patterning,
electrophoresis, 3D printing, reaction-diffusion and microfluidics. Next, will briefly
be presented some techniques; however, further details, advantages and limitations

can be found in the introduction of the results’ chapter 4.
The 3D photo-patterning technique consists in the 3D patterning of a hydrogel bulk

with activated photosensitive groups, which later serves to anchor proteins, creating a

gradient. For example, photosensitive molecules present in an agarose matrix were
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activated using a laser light source. The exposure of functional groups allowed the
coupling of cell-adhesive RGDS peptide (Luo & Shoichet, 2004) (Fig. 1.10 - A).

Another approach takes advantage of the electrophoresis technique commonly used
in molecular biology to separate and analyse macromolecules (e.g. DNA, RNA and
proteins). However, for this application, a mask is placed between the protein source
(e.g. Immunoglobulin G, elastin and fibronectin) and the hydrogel (e.g. poly(ethylene
glycol) diacrylate (PEGDA) pristine or containing gelatin (PEGDA-GelA) to guide
the 3D spatial distribution of proteins that migrates along the direction of the electric
field (Aguilar et al. 2018) (Fig. 1.10 - B).

Regarding the extrusion-based 3D printing technique, it allows printing viscoelastic
fluids or gels containing growth factor by depositing then layer by layer with a pre-
determined design assisted by a computer. For example, Liu et al. (2017) were able
to print multiple biomaterials (e.g. hydroxyapatite, gelatin-methacryloyl
(GelMA)/alginate bioink) to make complex 3D constructs using a seven-channel

printer-head that is connected to individual reservoirs (Fig. 1.10 - C).

Reaction-diffusion systems play a key role in the spontaneous formation of patterned
structures in nature, from the embryonic development to sand ripples (Ball, 2015).
Researches have used the principles of this system to develop a bottom-up technique
for the 3D patterning of biomolecules. In this regard, two reactants (e.g. hydrazide
and aldehyde) positioned at opposite sides of a hydrogel matrix (e.g. agar) diffuses
towards each other, and their chemical reaction at the diffusion fronts leave a pattern
inside the hydrogel, which can be potentially used to anchor proteins (Lovrak et al.
2017) (Fig. 1.10 - D).

Finally, open microfluidics has been recently used to assembled free-standing
hydrogels with gradients concentration of macromolecules, which could be
potentially used for the 3D patterning of growth factors in the near future. In this
regard, Lee et al. (2019) designed a device that allows the progressive deposition of

hydrogel layers (e.g. agarose) with different concentrations manually (Fig. 1.10 - E).

38



A Photo-patterning B Elecirophoresis

200 pm

500 um

. 100 pm S50 pm 50 um

C 3D printing

D Reaction-Diffusion
N
d
>

S p—

Figure 1.10 Top-down and bottom-up techniques used for the assembly of hydrogels with 3D
patterns of macromolecules. (A) Fluorescent images of photo-patterned agarose matrix with
channels of GRGDS oligopeptide-modified (green fluorophore) reveals the migration and extension of
primary rat dorsal root ganglia cells (red fluorophore) into the channel (Luo & Shoichet, 2004). (B) A
modified electrophoresis machine (3DEAL) was used to print Immunoglobulin G (red) and elastin
(green) gradients within polyacrylamide-GelA hydrogel (top image). Moreover, NIH-3T3 cells seeded
onto polyacrylamide-collagen hydrogel functionalized with fibronectin localised into the patterned
regions. However, their migration into the hydrogel was not significant after 14 days (Aguilar et al.
2018). (C) 3D printing by extrusion with a multiple channel print-head was used to build layer by
layer a heart-like structure with a bioink of GeIMA and alginate containing microbeads (blue and red
fluorophores) and human dermal fibroblast (green fluorophore). Also, a cylinder and bone-like
structure were printed with GelMA/alginate bioink containing a gradient of hydroxyapatite as revelled
by the alizarin red staining (Liu et al. 2017). (D) A free-standing hydrogel was assembled by reaction-
diffusion of hydrazide and aldehyde reactants, which were placed in different reservoirs of an agar

matrix to obtain patterns with distinct shapes (Lovrak et al. 2017). (E) Various agarose structures built
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using rail-based open microfluidics. A purple agarose heart inside colourless agarose (top, left),
cylindrical structure with double helix-like internal space filled with inks for visualisation (top &
bottom, right) and structure with multiple agarose concentration containing different dyes to visualise
the gradient (Lee et al. 2019).

These techniques are promising for the 3D patterning of bioactive factors. However,
they are on an early stage of design and optimisation. Thus, further work is required
to evaluate the functionally of patterned hydrogels in vivo in comparison to the
protein release systems, and more specifically for bone tissue engineering
applications. Up to now, their main disadvantage is the time and cost associated with

the hydrogel manufacture and equipment.

Note that the layer-by-layer polyelectrolyte was not included in this review because
the technique does not generate a free-standing macrostructure. Also, in this

scenario, they are mainly used to control the release profile of bioactive factors.

1.4 Clay-gel nanoparticles as a therapeutic delivery system

1.4.1 Clay nanoparticles

Some clay nanoparticles are able to generate highly hydrated colloidal gels, which
offer similar advantages to certain physically cross-linked polymeric hydrogels. In
this regard, colloid gels consist of colloidal network immersed in a fluid that forms
soft-solid materials characterised by finite shear viscosity regardless of their
disorderly molecular organisation and their capacity to exhibit viscoelastic stress

relaxation (Kavanagh & Ross-Murphy, 1998 and Douglas, 2018).

Interestingly, colloidal clay gels have emerged as a promising alternative material for
the design of drug delivery systems due to their high sorptive capacity,

biocompatibility and bioactivity (Dawson & Oreffo, 2013).

Clay nanoparticles are crystalline structures built up of one or more phyllosilicate
minerals or alternating silicate tetrahedral sheet and octahedral sheet containing

either Mg, Al or Fe. The structure and composition of naturally occurring clays vary

40



significantly depending on their geological origin. They are often categorised
according to the composition and arrangement of their octahedral and tetrahedral
sheets into different families, such as kaolinite, smectite (or bentonite) and
palygorskite-sepiolite family (Gaharwar et al. 2019). Clays have been widely used
for curative and protective purposes by humans since ancient times, and more
recently, the advantages of clay nanoparticles, in particular, the smectite groups have
been investigated and exploited for different biomedical applications including the
formulation of pharmaceutical products as active principle or excipient or cosmetics
(Tomaés et al. 2018). More recently, their use in regenerative medicine has gained
interest since their synthetic option, known as Laponite® (XLG) produced by BYK
Additive and Instruments, eliminated the inhomogeneity and impurities of naturally
occurring clays that made them unsuitable and risky for parenteral administration or
implantation, providing a material with highly controlled purity, composition and
dimensions (Tomas et al. 2018 and Gaharwar et al. 2019). Also, with low levels of

heavy metals and as a result, proven minimal toxic effects (Gaharwar et al. 2013).

Laponite® is a synthetic clay mineral that belongs to the smectite group of
phyllosilicates. It is constituted by 2:1 crystalline layered units, where two tetrahedral
silica sheets sandwich one magnesium octahedral sheet, giving rise to a disk-shaped
particle of approximately 25 nm in diameter and 0.92 nm in height with an empirical
formula of Na*o7[(SisMgssLio3)020(0OH)4] %" (Mousa et al. 2018). The chemical
structure provides them with a dual distribution of charges, specifically a permanent
negative charge on the surface and a positive charge at the edges, which changes
with the surrounding pH (Dawson & Oreffo, 2013) (Fig. 1.11).
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Figure 1.11 The structure of smectites. (A) In this case, clays are constituted by two tetrahedral
silica sheets sandwiching an octahedral sheet of metal oxides, usually AI** or Mg?*. (B) Smectites
exhibit dual charge distribution, a permanent negative surface charge generated from isomorphic
cation substitution in the crystal structures and a pH-dependent positively charged edge due to broken
Si-0, Al-OH and Mg-OH groups. (Dawson & Oreffo, 2013 and Mousa et al. 2018).

The anisotropy related to the geometrical shape and charge distribution attributes
distinctive characteristics to clay nanoparticles dispersions (or colloidal solutions), as
their interactions can lead to a variety of structural arrangements (or phases), which
may undergo spontaneous evolution (or ageing) towards the equilibrium or a more
stable state, implying that the observable physical characteristic of the system, such
as nanoparticles diffusion and viscosity of the dispersion evolves with time (Jabbari-
Farouji et al. 2008).

Generally, the behaviour of the colloidal system comprising charged particles like
clay nanoparticles can be explained by the classical Derjaguin-Landau-Verwey-
Overbeek (DLVO) theory, which postulates that the stability/instability of colloidal
particles in suspension is determined by the balance of electrostatic interaction
(repulsive) and van der Waals interaction (attraction) between particles (Ohshima,
2014). The repulsive electrostatic interaction is produced by a cloud of counter-ions
and co-ions that builds around a colloidal particle, also known as electric double-

layer (Ohshima, 2014). Thus, when the repulsive electrostatic interaction becomes
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significant, the colloids remain stable and separate, forming a dispersion (Fig. 1.12 -
A). However, when the electrostatic repulsion is screened, the colloids undergo
steady aggregation and settle out of suspension (flocculation) or form an
interconnected matrix (gelation) under the influence of the van der Waals attraction

(Fig. 1.12 - B).
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Figure 1.12 Double layer model. (A) In an ionic environment, a double layer of ions forms around
individual charged colloidal particles creating a “like” electrical charge, which determines the
interparticle interaction and, therefore, the characteristic of the suspension. The electrical double layer
is constituted by a (Stern) layer of counter-ions firmly attached to the surface of the colloid and a
second (diffusive) layer of counter-ions and co-ions gradients. The figure shows a colloid surrounded
by a charged atmosphere, which thickness will depend upon the type and concentration of ions in the
solution and subsequent overlapping of the electrical double layers of two particles causes their
repulsion (Adair et al. 2001). (B) However, screening of the electrostatic interactions triggers the

aggregation of the dispersion that may undergo flocculation or gelation.

Upon movement of a colloidal particle in the dispersion medium, a layer of the
surrounding liquid remains bound to the particle. The boundary of this layer is called
the slipping plane (shear plane) (Fig. 1.13). The magnitude of the electrical potential
or zeta potential at the slipping plane of an individual colloidal particle is often used
as an indicator to predict their interaction and the colloid stability. Generally,
colloidal particles with zeta potential values greater than +/- 25 mV are in a dispersed
state and have high degrees of stability as the repulsion forces between neighbouring
particles are enough to keep them separate. On the contrary, dispersions with low
zeta potential value (< +/- 25 mV) will eventually aggregate due to van der Waals

inter-particle attractions. For example, 0.5 and 1wt% Laponite® dispersions display
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liquid-like behaviour, which suggests that the nanoparticles must be interacting
repulsively to form a liquid-sol. This assumption is supported by corresponding high
negative zeta potential values, - 49.2 mV (at 0.23 mS/cm and pH 8.2) and - 62.5 mV
(at 0.39 mS/cm, pH 10.0), respectively (Au et al. 2015).

Co-ions

Counter-ions

Charged colloid particle
Stern layer
Double
layer
Diffuse layer

Slipping plane

+/-100 .. .......... feererrrerer——— Surface potential
— O Stern potential
P :
. Zeta potential
0 Distance from particle surface

Figure 1.13 Zeta potential of colloidal dispersions. Generally, the magnitude of the electrical
potential or zeta potential of colloidal particles at the slipping plane is often used as an indicator to
predict their interaction and the colloid stability. In this regard, zeta potential values over +/- 25 mV
suggest that the particles are dispersed and stable. On the contrary, the values under +/- 25 mV
indicate that the particles will eventually aggregate. Illustration modified from Park & Seo, 2011.

The interactions between the charged colloidal nanoparticles can be tailored by
adjusting the pH, ionic strength or by addition of polymers or surfactants as they
affect the range of the double-layer interaction. In this regard, with increasing salt
concentration, the surface potential decreases as electrostatic screening suggests. In
turn, this will increase the attraction between the colloidal nanoparticles leading to
their aggregation (Adair et al. 2001). Interestingly, the absorption of polymers or
surfactants onto the colloidal particle may stabilise the colloidal dispersion by
creating a steric barrier around the particle that prevents their aggregation or on the
contrary, trigger their flocculation by forcing the aggregation of the particle through
depletion or bridging (Adair et al. 2001 and Gong et al. 2014) (Fig. 1.14 - A). Again,
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measurement of the zeta potential can be used to predict the particles interaction and
the stability of the system as a function of the environment changes. For example, a
study performed by Au et al. (2015) on the zeta potential-pH behaviour of 1wt%
Laponite® dispersions with and without pyrophosphate peptizer shows that the zeta
potential is negative across the whole pH range 3 - 12.5 and increases with pH (-
10mV at pH 3 and - 40mV at pH 10). They suggest that the aggregation could be
triggered by the incorporation of ions as the pH decreases or that the nanoparticles
undergo degradation releasing cations that causes their aggregation. Interestingly, the
addition of peptizer increases the negative zeta potential at any given pH. Thus, at
high pH, the system is stable as the nanoparticles repeal each other. However, as the
pH decreases, the z-potential becomes less negative; therefore, the nanoparticles can

agglomerate becoming unstable (Fig. 1.14 - B).
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Figure 1.14 Behaviour of colloidal solutions with changes in pH and addition polymers or
surfactants. (A) Incorporation of polymers or surfactants into a colloidal dispersion may stabilise it
by preventing aggregation via steric barrier or trigger flocculation through depletion (where non-
absorbed polymers generate gradients throughout the dispersion forcing the displacement and
aggregation of the colloidal particles or bridging (where the ends of a polymer chain absorb onto
different particles drawing them together) (Gong et al. 2014). (B) For example, the zeta potential of
1wt% Laponite® dispersion decreases or becomes less negative with the decrease in pH (-10mV at
pH 3 and - 40mV at pH 10), which leads to aggregation. Further addition of pyrophosphate peptizer
(1.83 and 6.0 dwh% P,0+;*") reveals a decrease in the zeta potential with respect the control, which
may prevent aggregation. However, as the pH decreases, a progressive reduction of the steric

repulsion effect is observed as well (Au et al. 2015).

In addition to the electrical potential, the analysis of other physical, chemical and
mechanical properties of colloidal dispersions, such as pH, conductivity, light and x-
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ray scattering and viscosity are performed alongside to understand the interparticle
interaction and the overall behaviour of the system as a function of time or with
changes on the colloid concentration, pH, ionic strength and temperature. Thus, in
the next section, the metastable phase diagram of colloidal clay (Laponite®) as a
function of clay concentration and ions will briefly be discussed, as understanding
the material’s internal structure and behaviour is crucial for the assembly of clay-

based scaffolds.

1.4.1.1 Metastable phase diagram of colloidal clay (Laponite®)

Laponite® dispersions have shown a multiplicity of non-ergodic states, such as gels
and glasses of different nature since the relative stability (or metastable state) is not
able to reach equilibrium due to an arrest mechanism driven by different interparticle
interactions (Awasthi & Joshi, 2009, Ruzicka & Zaccarelli, 2011, Rawat et al. 2014
and Au et al. 2015).

Thus, in pure water, clay nanoparticles dispersions form a liquid/sol phase at low
clay concentrations (< 1 %). However, as the concentration increases from ~1 to 3 %,
this ergodic state (or state with the same behaviour averaged over time) transitions
into different non-ergodic states, forming different gels and glasses as a function of
concentration. In this regard, disordered gels are observed at low densities of
between 1 % to approximately 1.9 % concentration. This is usually attributed to the
formation of particle networks driven by face-to-edge attractive interactions. At
densities between approximately 1.9 % to 3 %, the colloidal solution forms a
disordered repulsive or Wigner glass. In this scenario, the particles do not form a
network, but remain spatially disconnected and arrested in effective cages formed by
(mainly repulsive) interaction with their neighbours (Tanaka et al. 2005, Cipelletti &
Ramos 2005 and Jabbari-Farouji et al. 2008). Another type of Wigner glasses may
form at lower concentrations, where clusters of clay particles are trapped in a
disordered state by electrostatic repulsion. However, with the increase in density,
competition between long-range repulsion and van der Waals attraction may lead to
the transition of repulsive glasses into either attractive glasses or gels (Tanaka et al.
2004) (Fig. 1.15- A to C).
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Furthermore, the formation of ordered nematic gels has been observed over 2.8 %
concentration. The gel exhibited a nematic-threaded texture under cross-polarised
light caused by the periodic arrangement of the clay nanoparticles with the long axis
roughly parallel (Lemaire et al. 2002, Mourad et al. 2006, Jabbari-Farouji et al. 2008,
Shahin & Joshi, 2011) (Fig. 1.15 - D). Finally, a time-frame experiment of seven
years showed the formation of empty liquids at concentrations under 1 % by
separation of the clear liquid and the opaque gel phase, and also equilibrium gels
over 1 % to 2 % concentration (Ruzicka et al. 2011) (Fig. 1.15-E & F).
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Figure 1.15 Metastable state of colloidal clays. Schematic illustrations of (A) gels’ structure shows
disordered clay nanoparticles (purple line) networks interconnected via face-to-edge by attractive
interactions at low densities (1 - 1.9 %). On the contrary, (B) the repulsive or Wigner glass do not
form networks (1.9 - 3 %). The clay nanoparticles are disconnected and arrested by long-range
repulsive interactions with their neighbours (white ellipsoid represents the range of electrostatic
repulsion). (C) The repulsive glass may transient into an attractive glass with an increase in density.
Here the electrostatic repulsion range is shortened, so the clay nanoparticles are closer but still
disconnected (Ruzicka & Zaccarelli, 2011). (D) Furthermore, ordered nematic gels were detected
under at concentrations over 2.8 %. The gel exhibited a nematic-threaded texture under cross-
polarised light (Lemaire et al. 2002). (E) Empty liquids were observed at concentrations under 1% by
separation of a clear liquid and an opaque gel phase in a time-frame of seven years. (F) Also,
equilibrium gels over 1 % to 2 % concentration (Ruzicka & Zaccarelli, 2011). The illustrations A, B
and C were modified from Tanaka et al. (2004), D from Lemaire et al. 2002, and E & F from Ruzicka
& Zaccarelli (2011).
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Despite the mechanism governing the aggregation or transition between phases (gels
and glasses) remains to be elucidated (Barbara Ruzicka & Zaccarelli, 2011), it is
known that the temperature and additive, such as ions affect their phase transition or
ageing similarly to the concentration matter above-described. In this regard, the
ageing mechanism of the glass state of the colloidal clay becomes faster at higher
temperatures (Awasthi & Joshi 2009). Furthermore, the increase of salt concentration
may lead to the formation of attractive glasses as the attraction becomes dominant or
to the macroscopic phase separation, also known as flocculation (Barbara Ruzicka &
Zaccarelli, 2011) (Fig. 1.16).

T T

| Phase Scf):lratinn B 5 ' ]
VI Mourchid; VI, LS Mongondry

. Phase Separation:
| VI, LS Mongondry

2 ;

10 =2 Attractive Glass: SLS, DLS Jabbari -1
Gel: SLS, DLS Nicolai
Unknown: DLS Ruzicka

\E,m Gel Wigner Glass:
-3
O 107k DLS, SLS Nicolai Dilution, DLS, SAXS, i
F DLS, SAXS Ruzicka [ SIM Ruzicka ]

DLS, SLS Jabbari
Repulsive Glass:

[Phase Separation: VI, Equilibrium Gel: DLS, SLS Jabbari
4 |SAXS, SIM Ruzicka IS AXS, SIM Ruzicka . Nematic
10 - - . — T -— 0 N |:\l\1~:‘;h‘:
0 1 2 3
C (%)
w

Figure 1.16 Phase diagram of Laponite® clay nanoparticles colloidal suspensions as a function
of clay nanoparticles concentration (weight/ weight %) and salts (Molar). This graph compiles the
data from different authors (Ruzicka & Zaccarelli, 2011).

Thus, understanding that colloidal clays may undergo distinct structural
rearrangements is crucial for the design of scaffolds for tissue engineering
applications, since their interaction with other molecules (e.g. ions, proteins,
synthetic polymers) or exposure to physical factors (e.g. temperature, pressure) may
alter their physical state and other properties. For example, Shi et al. (2018) reported
that 2.8 % clay-gel stiffened into a stable gel via diffusion of concentrated ion
solution. Interestingly, despite the system did not behave as expected and underwent
flocculation, the approach was shown to have the potential for stem cell

encapsulation and culture.
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1.4.2 Opportunities of clay-gel nanoparticles for TERM

Laponite® XLG is a graded smectite clay with low heavy metal content potentially
suitable for medical applications including in tissue engineering and regenerative
medicine. In recent years, different formats of this material (e.g. nanoplatelet, sol or
gel) have been exploited for numerous applications, such as a bioactive cell culture
additive to modulate cells adhesion or differentiation, additive to crosslink or
improve the mechanical properties of polymeric hydrogels or as a delivery system of
drugs and biomolecules (Wang et al. 2010, Gaharwar et al. 2013 and Wang et al.
2013). The positive outcomes have been correlated to the distinct physico-chemical
properties of the clay nanoparticles. Therefore, the next review will focus on
describing the properties of clay nanoparticles that make them relevant for

biomolecule delivery.

Sorptive capacity

In early studies, the main interest in clay nanoparticles was their sorptive capacity as
delivery systems since their anisotropic structure and charge distribution supports
distinct possible interactions with organic molecules, including the nanoparticle
edges, surfaces, within the inter-layer pores or interparticle spaces through either
cation-exchange, cation bridging, hydrophobic interactions, hydrogen bonding, anion
exchange or proton transfer (reviewed by Dawson & Oreffo, 2013). Moreover, their
high surface area (> 350 m?g™?) provides them with a high chemical reactivity,
which results positive for the sorption of biomolecules (Gaharwar et al. 2013) (Fig.
1.17 - A).

In this regard, a subcutaneous mouse model for ectopic bone formation demonstrated
that gels of clay nanoparticles have the ability to bind and localise BMP-2 in space
and time, restricting their diffusion from the implant site, improving their efficacy
and reducing harmful ectopic effects. Moreover, the effective dose was significantly
reduced, to sub-microgram per ml range, in comparison to those employed in clinical
practice (1.5 to 2 mg/ml) and current carriers in research (Gibbs et al. 2016).
Similarly, a construct of collagen sponge with clay-gel nanoparticles-containing

BMP-2 and vascular endothelial growth factor (VEGF) revealed an enhancement in
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neovascularization in a mouse femur segmental defect corroborating the capacity of
the material to retain and localise the bioactivity of growth factors (Dawson et al.
2011) (Fig. 1.17-B & C).

A . 4 Surface sites
Inter-layer sites P \
Inter-particle sites .
P Edge sites
B
3 *k 3 M
:\3 E 03 * ¥ \ " 1 D
b g VNSE o/ {
g2 = Pl @ 7 A4
2 0 0.2 ' A |
g £ ‘
o =
$ 1 T <01 Collagen »
8 2 e + laponite 4
> 2 | + factors
0 > 0 \ - P
Collagen Collagen Collagen Collagen Collagen Collagen Collagen Collagen / ¢
alone  +laponite +factors +laponite alone  +laponite +factors +laponite
+factors +factors
C Alginate Clay gel

10000 Typical range of

carrier mediated

jose reduction
1000 dost uctio

100

BMP2 delivered per cm® implant (ug)
Bone volume per mlimplant

[
i e & *Published effective dose .
o © Published ineffective dose 500n 40ng|500n 40n
o * Doses tested in present study :1'.: g g g g
0.1 0.0
0.01 1 100 10000 Alginate Claygel Alginate Clay gel
Total BMP2 delivered (pg) 500 ng BMP2 40 ng BMP2

Figure 1.17 Sorptive capacity of clay nanoparticles. (A) Potential interactions between organic
molecules and the clay particle surfaces, edges, inter-layer pores and inter-particle spaces involving a
range of physical mechanisms. (B) Constructs of collagen sponge with clay-gel nanoparticles
containing BMP-2 and VEGF were implanted in a murine critical-sized femoral defect. After 28 days,
respective micro CT analysis revealed the formation of greater vessel volume in comparison to
controls (area = 14 mmd). (C) 40 ng dose of BMP-2 encapsulated in clay-gel nanoparticles and
perfused through a collagen sponge were implanted in a subcutaneous mouse model. After 28 days,
they revealed localised and higher ectopic bone formation in comparison to the alginate control (scale
bar 2.5 mm). Moreover, in contrast with the literature, the clay-gel significantly reduced the effective
dosage (left graph). A & B figures were modified from Dawson et al. (2011) and C from Gibbs et al.
(2016).
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Self-assembly

Molecular self-assembly is ubiquitous in nature and has emerged as a new approach
to fabricate novel supramolecular structures where molecules rearrange without
guidance of an external source. As described on the previous section (1.1.1), the
process consists in the spontaneous association of molecules by weak non-covalent
bonds forming ordered structures with different size (micro- and submicrometre) and
degrees of complexity (Whitesides et al. 1991), which is often determined by the
shape and nature of the molecule.

In this scenario, the inherent anisotropic charge distribution of the Laponite® clay
nanoparticles facilitate their delamination and self-assembly through mainly
electrostatic interactions when dispersed in water, which leads to the formation of
different structure, such as glass, gel or nematic. Moreover, the complexity of the
self-assembled structures can be tuned by the addition of ions and polymeric
molecules, making this material a good candidate to explore bottom-up approaches

for tissue engineering and regenerative medicine.

For example, the pre-assembly of scaffolds outside the body with different shapes
(e.g. droplets, rings and strings) via dropwise addition of clay-gel nanoparticles into
an electrolyte solution (Dawson et al. 2011) (Fig. 1.18), or as injectable in-situ
gelling material for local drug delivery (Page et al. 2019) since the reversible stress-
induced fluidisation allows the clay-gel to pass through a needle with subsequent

structural recovery.
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Figure 1.18 Self-assembly of Laponite® suspensions via thixotropy and in response to an ionic
medium. (A) Thixotropic behaviour of clay-gels nanoparticles allows bridging gaps between tissues
by stress-induced fluidisation through a needle and subsequent reestablishment of the cohesive
microstructure (proof of concept image generated by Dawson et al. 2011). (B) Addition of clay-gel
nanoparticles into electrolyte solutions resulted in the formation of structures with different shapes
including microcapsules of clay-gel nanoparticles (red) sub-encapsulated in a larger host capsule (left
image) (Dawson & Oreffo, 2013), rings or strings of clay-gel nanoparticles-containing hMSCs (right
images) (Dawson et al. 2011). (C) Subcutaneous injection of clay-gel nanoparticles-containing
vascular endothelial growth factor in a mouse model led to its in-situ gelation when in contact with the
physiological fluids. After 21 days, the self-assembled structure maintained its localisation and

integrity, and supported vessels formation as a function of VEGF concentration (Page et al. 2019).

Biocompatibility and bioactivity

Numerous biochemical assessments have been used to determine the
cytocompatibility and bioactivity of clay nanoparticles (Gaharwar et al. 2019). In this
regard, direct exposure of Laponite® XLG platelets was found non-toxic for human
mesenchymal stem cells (hMSCs) when using concentrations lower than 1 mg/ml
(Gaharwar et al. 2013). Moreover, clay nanoplatelets concentrations between 1 to
100 pg/ml were found to induce osteogenic differentiation in the absence of
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osteoinductive factors in a dose-dependent manner (dexamethasone) (Gaharwar et al.
2013). Other studies indicate that the material has the capacity to modulate different
cells response, including adhesion, proliferation and differentiation when added to a
polymeric hydrogel. For example, the addition of clay nanoparticles to polyethylene
glycol hydrogel enhanced the adhesion and proliferation of hMSCs (Gaharwar et al.
2012). Notably, Dawson et al. (2011) reported the viability and chondrogenic
differentiation of encapsulated hMSCs in concentrated clay-gel nanoparticles (28
mg/ml) after 28 days, demonstrating the cytocompatibility of the material to deliver

cells in a gel format.

Interestingly, despite all the biochemical assessments performed, the mechanisms
underlying the bioactivity of clay nanoparticles remain to be elucidated. Some
suggest that the clay nanoparticles may act directly as focal adhesion sites for cell
attachment and spreading through the delivery of functional groups (e.g. Si(OH)4)
(Gaharwar et al. 2012). Alternatively, cell adhesion could be indirectly enhanced via
adsorption of adhesive proteins from the serum media. Another, mechanism could be
that the release of Mg?* ions via degradation promotes cell adhesion (Jain &
Matsumura, 2016). It has also been proposed that the augment of local
concentrations of divalent cations (e.g. Ca?* or Mg?*) on clay surfaces which are
critical for the function of integrins that mediate cell interactions with extracellular
matrix (Hynes, 2002).

Regarding the osteogenic differentiation promoted by clay nanoparticles, it has
mainly been attributed to the degradation products. In the case of Laponite®,
orthosilicic acid, magnesium and lithium ions are known to influence osteogenic cell
function. For example, orthosilicic acid is connected to bone biomineralization and
collagen type 1 synthesis (reviewed by Munjas et al. 2013). The magnesium ions
play a crucial role in the activation of osteogenesis-regulating pathways (HIF-1a and
PGC-1a) (Yoshizawa et al. 2014) and lithium ions activate the Wnt-responsive
osteogenic genes (Hedgepeth et al. 1997 and Williams et al. 2004). More recently,
Mousa et al. (2018) postulated three more mechanisms by which clays could promote
osteogenic commitment in skeletal cell populations, these include 1) the intracellular
uptake of calcium phosphate minerals facilitated by clay nanoparticles and/or their

ions 2) the interference of internalised clay nanoparticles in the signalling pathways
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via clay-protein interaction and 3) the cellular uptake or receptor interaction of
bioactive molecules facilitated by clay nanoparticles (Fig. 1.19).
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Figure 1.19. Osteogenic differentiation promoted by clay nanoparticles. The schematic illustration

was acquired from Mousa et al. (2018).

Overall, the material shows potential for the fabrication of biocompatible structures
to deliver growth factors effectively into the defect site. They can be either self-
assembled in situ or prior to implantation. Moreover, growth factors can be loaded by
adsorption or mixing. However, further work is required to optimise the spatio-
temporal signalling to augment the bioactivity of the construct. To our knowledge, it
has not been reported the use of clay gel nanoparticles or clay-composites to create
spatio-temporal signalling similar to those observed during development and tissue

regeneration through the 3D patterning of growth factor.
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Hypothesis and Aims

The aim of this project is to engineer a scaffold with 3D micropatterning of
biochemical cues similar to those found in the cellular microenvironments during bone
development and regeneration with the goal of controlling the spatio-temporal

formation of bone.

The overall hypothesis of this work is that the known self-assembly properties of clay
nanoparticles and their interaction with proteins could be exploited to assemble

nanoclay gel scaffolds incorporating 3D protein patterning at scale.
The specific objectives were as follow:

e To develop a method for assembling a clay-gel scaffold incorporating 3D
patterning of proteins.

e To evaluate the effect of different fabrication parameters over 3D protein
patterning.

e To characterise the structure of the assembled scaffolds.

e To study the assembly mechanisms by which the protein gradients are formed.

e To evaluate the versatility of the system to assemble scaffolds with different
gradients, dimensions and shapes.

e To test the functionality for BMP-2 bone induction in a subcutaneous mouse

model.
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Chapter 2 METHODOLOGY
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2.1 Materials and Methods

In this thesis, a general method section containing the procedures used throughout
the study was described. However, individual methods’ sections were also included
in each chapter explaining the procedures and experimental setups used to designed,
optimised and characterised the engineered scaffold. Furthermore, the reagents,

material and equipment used can be found in the Appendix, Tables A.1 to A.6.

2.1.1 Laponite® gel or clay-gel preparation

Different concentrations of clay-gel were prepared as a weight percentage (wt/wt%)
of Laponite®/water following the protocol described by Dawson et al. (2011). In
brief, type 1+ deionised water (18.2 MQ, 25°C, pH 7) was added into a glass bottle,
weighed and stirred vigorously until a vortex was formed. Weighed Laponite® XLG
powder (BYK additive limited) was then slowly added and left to stir for 1 h at room
temperature until the colloidal solution was clear before being weighed and
autoclaved for 30 min at 121°C and 15 psi using a benchtop autoclave suitable for
liquids sterilisation (Classic Media Extendable). After cooling the suspension was

weighed again and the lost water added to adjust the concentration.

Note that the concentration n% is used throughout to describe w/w %.

2.1.2 Clay-gel droplet assembly

2.8 % clay-gel was vortexed vigorously for 20 seconds and then used to make 5 pl
droplets with a 10 pl micropipette. Following, the scaffolds were assembled by
placing a droplet directly into different tissue culture (TC) solutions as reported by
Dawson et al. (2011), such as Dulbecco's Modified Eagle's Medium (DMEM)
(Lonza), Dulbecco's phosphate-buffered saline without calcium and magnesium
(DPBS) (Lonza) and foetal calf serum (FCS) (Thermo Fisher Scientific).

Assuming that the clay-gel droplet assembled has a spherical shape. The diameter

expected could be calculated from the known volume, as follows:
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The volume (V) of a sphere is derived from the equation

4
(1) V= §7IT3

Solving for the radius (r) variable

o - b

Substitute the V by 5 mm? into the formula solved (2) as the scaffold was

made with 5 pl droplet of Laponite®.

Consequently, the expected diameter of the scaffold assembled is2.12 mm.
However, taking into consideration a relative error that varies throughout the
micropipette range, a 10 pl micropipette set at 5 pl yields a systematic error of + 4 %
(mean value) and less than + 2 % random error (coefficient of variation). Therefore,
the diameter of the scaffold would be 2.12 £ 0.02 mm mean value (Artel, 2019).

2.1.3 Nanoclay/protein scaffold

In the present study, a method to assemble nanoclay/protein scaffolds containing a
3D micropattern of molecules was developed. Thus, in this section, a general
procedure to build the Laponite® scaffold will be described. However, further details
of the different variable tested will be specified in each chapter with schematic

figures.

Hence, a 5 pl droplet of clay-gel (high viscosity) was placed directly into a TC
solution to assemble a clay-gel droplet and left to stabilise in the same solution. The
scaffold was then rinsed to remove the excess tissue culture molecules and
transferred to a solution containing the proteins of interest to be ‘loaded’. Finally, the

scaffold was rinsed and stored in an aqueous solution for further analysis (Fig. 2.1).
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(1) Clay-gel scaffold self-assembly (3) Protein loading (5) Storage
and stabilization

G (2) Rinse @ (4) Rinse

Figure 2.1 General protocol to make nanoclay/protein scaffolds. A well plate containing different

treatment solutions was used to assemble the scaffolds, 1 per well. They were fabricated at 4°C and
rinsed using an orbital shaker platform. The grey spheres represent the Laponite® gel droplet and the

black rings inside the grey spheres the loaded molecules.

2.1.4 Structural characterisation of the nanoclay/protein scaffold

High water content and non-covalently cross-linked hydrogels are difficult to process
for imaging analysis without resulting in substantial collapse, deformation or
masking of important features. In this regard, only optical imaging techniques that
did not require previous processing of the scaffolds were used to preserve the
structure and prevent the introduction of artefacts, such as confocal laser scanning
microscope (CLSM) and light fluorescence microscopy (LFM).

2.1.4.1 Confocal Microscopy

A Leica TCS SP5 CLSM was used to characterise the internal scaffold architecture
by means of the fluorophores loaded, such as albumin from bovine serum conjugated
with fluorescein isothiocyanate (FITC BSA) (Sigma-Aldrich) and 4',6-diamidino-2-
phenylindole (DAPI) (Invitrogen, Fisher Scientific).

The scaffolds were scanned under wet conditions. To that end, they were transferred
to a glass-bottom well plate (ibidi) containing 100 pl of aqueous solutions, such as
DPBS or plain DMEM.

The general equipment settings used are described in this section (Table 2.1).
However, specific acquisition parameters, such as the gain and channels with their

respective assigned pseudo-colours can be found in the experiment results chapter.
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Table 2.1 General Leica TCS SP5 CLSM hardware settings.

Objective HCX PL FLUOTAR 10.0 x /0.30 DRY
Excitation wavelengths Laser line (nm) Power
405 20.00 %
458 0.00 %
476 0.00 %
488 30.00 %
496 0.00 %
514 0.00 %
561 0.00 %
594 0.00 %
633 0.00 %
Emission wavelengths (channels) begin - end Offset
1 420nm-473 nm -1.0%
2 506 nm -564 nm -1.0%
3 600 nm-699 nm -1.0%
4 700 nm - 800 nm -1.0%
Transmitted light (channel) 5 Bright field 0.0%

Image format Width - 512 pixels
Height - 512 pixels
Resolution - 8 bits

File - LIF.
Step Size 4.99 pm
Scan Speed 600 Hz

Furthermore, a free software Leica Application Suite X (LAS X) Core Offline
version 3.0 was used to analyse the acquired images. To study the spatial localisation
of the fluorescent molecules loaded into the nanoclay gel, their distance from the
surface of the scaffold was manually measured (Fig. 2.2 - A), and the fluorescent

intensity profile from the selected linear region of interest (ROI) (Fig. 2.2 - B).
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Figure 2.2 LAS X software measurements. (A) 3D spatial localisation of fluorescent molecules
loaded into the nanoclay gel measured directly on the image using the scale bar tool, and (B) the ROI

measured with the line profile tool.
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The confocal images were presented throughout the text along the channel of
excitation/emission, ROI graph and the gain or voltage (V) when considered

appropriate.

2.1.4.2 Light Fluorescence Microscopy

A Carl Zeiss AxioVert 200 Inverted Microscope adapted for fluorescence imaging
was employed to perform immediate analysis of the scaffolds structure and the
spatial localisation of the fluorophores loaded. To this end, the scaffolds were stored
in a 96-well microplate, U-bottom (Sigma Aldrich) containing 200 ul of DPBS or
DMEM to be imaged in wet conditions. The general equipment settings used are
described in table 2.2.

Table 2.2 General Carl Zeiss AxioVert 200 Inverted Fluorescence Microscope

hardware settings.

Obijective Fluar 2.5x/0.12 M27

Light source HAL 100 halogen illuminator
Filter set 16

Excitation BP 485/20

Beam splitter FT 510

Emission LP 515

Study identifiers assigned FITC

Camera AxioCam MRm (monochromatic)
Transmitted light Bright field

Image format Width - 1388 pixels

Height - 1040 pixels
Resolution - 16 bits
File - zvi.

The grey-scale images acquired were analysed with AxioVision Rel. 4.8 software.
Manual measurements of fluorescent gradients inside the clay-gel were performed on
the LFM as well since the results showed similar to the CLSM imaging analysis.
Moreover, the confocal can only image to ~2/3 of the scaffold because the lowest
magnification of the equipment is 10X. Thus, the linear dimensions could not be
studied from the CLSM images. In this regard, the LFM demonstrated to be more

suitable since complete imaging of the scaffolds was possible.
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It should be noted that the fluorescent images were presented throughout the text
along the exposure time, millisecond (ms) when considered appropriate. Also, that in
each figure, the features measured from the images acquired, either CLSM or LFM,
in relation to the spatial localisation or patterning (termed from here on

‘localisation’) is described in the figure presenting the results.

2.1.5 Statistical analysis

Statistical significance (p < 0.05) was determined in GraphPad Prism version 8. The
Student's t-test was conducted to compare two groups, in which data were normally
distributed. Otherwise, Mann - Whitney ranks test for paired data was used. In order
to compare between more than two groups, an analysis of variance ANOVA with
Bonferroni’s post hoc correction for normal distributed data was performed;
otherwise, Kruskal Wallis test by mean rank with Dunn's post hoc was used. Finally,
to evaluate the link between dependent and independent variables, a linear or
exponential regression model regression was used. The data are presented and
graphed as means = SD since replicates of the same scaffolds were analysed. Note
that where the error bars are not visible in the graphs, they fall within the area

occupied by the data point.

Furthermore, the p-value significance was reported with asterisks generally, at least

the exact value was necessary (table 2.3).

Table 2.3 Format of p-value according to GraphPad.

Symbol Meaning

— < 0.0001

ke 0.0001 to 0.001
s 0.001t0 0.01

* 0.01 to 0.05

ns >0.05
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Chapter 3 FABRICATION OF
NANOCLAY/PROTEIN SCAFFOLDS
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3.1 Introduction

The aim of this chapter is to develop a scaffold comprising a 3D gradient of
biochemical cues comparable to that found during development and regeneration of
bone tissue through exploitation of the physicochemical properties of clay

nanoparticles and proteins.

During development, gradients of morphogens set the initial path for the
proliferation, differentiation, and pattern distribution of naive cells to form
hierarchically organised and functional structures (Ashe, 2006 and Christian, 2012).
For decades, researchers have striven to elucidate the process by which this graded
concentration of morphogens form and stabilise, and yet the precise mechanisms at
play remain unknown (Entchev & Gonzalez-Gaitan, 2002). Numerous passive and
active transport models of morphogens have been proposed, such as “free or
hindered extracellular diffusion to cell-mediated by transcytosis or cytonemes” (Yan
& Lin 2009 and Muller et al. 2013). However, regardless the mechanism proposed,
the various reports all concur that morphogens travel from their source through
complex environments and somehow this process leads to the development of
gradients in the target tissue (Entchev & Gonzélez-Gaitan, 2002 and Muller et al.
2013) (Fig. 3.1).
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Figure 3.1 Morphogen gradient formation by diffusion. Secreted morphogen (purple dots) is

released from a restricted region (producing cells) in the developing epithelium (receiving cells) and
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forms a stable long-range concentration gradient. Modified illustration from Entchev & Gonzalez-
Gaitan, 2002.

The term morphogen is used to describe molecules that control cell fate in a
concentration-dependent manner during morphogenesis (Christian, 2012) and are
presented as a complex spatial and temporal signalling molecules (Tickle, 1999).
Interestingly, morphogens are also found in regenerative processes (Ducy &
Karsenty, 2000). For this reason, part of the regeneration process is considered a
“recapitulation of embryonic development and morphogenesis” (Reddi, 2003), and
based on this premise numerous tissue engineering strategies employ morphogenic

molecules in the attempt to restore the structure and functionality of damaged tissues.

The morphogens that regulate bone development and repair are termed bone
morphogenetic proteins (BMPSs) and belong to a subgroup of transforming growth
factors. To date, there are more than 30 members already described (Ducy &
Karsenty, 2000). Among them, Bone Morphogenetic Protein-2 (BMP-2), has
demonstrated strong osteoinductive properties and, in 2002, the Food and Drug
Administration (FDA) and the European Medicines Agency (EMA) approved the use
of BMP-2 for the treatment of long bone fracture and spinal fusion (Krishnakumar et
al. 2017).

The use of BMP-2 augmented the success rate of numerous procedures (Gautschi et
al. 2007 and Poon et al. 2016). In fact, it became “the second line of treatment in
non-union bone defect” after autogenous iliac crest bone graft (Agrawal & Sinha,
2017). Nevertheless, unforeseen complications were encountered, such as
postoperative inflammation, ectopic bone formation, osteolysis, excessive immune
response, postoperative neurological impairment, compromised airways and cancer
(Hustedt & Blizzard, 2014 and James et al. 2016) following off-label application.

Maintaining spatio-temporal concentrations of BMP-2 is crucial for bone repair, and
the collagen sponges are the only carrier approved by the FDA (Agrawal & Sinha,
2017). However, owing to its fast clearance from the collagen sponge and proven
short half-life, supra-physiological doses are usually applied (1.5 - 2.0 mg/ml) to

maintain effective local concentrations of BMP-2. As a result, the excess of protein
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circulating in the system causes the side effects above listed (Zara et al. 2011,
Suliman et al. 2015 and Bialy et al. 2017).

Thus, to overcome the downsides of BMP-2, numerous delivery systems have been
investigated to localise and reduce the dose, including hydrogels, microspheres,
nanoparticles, and fibres made of metals, ceramics, polymers, and composites
(Mehta et al. 2012 and Agrawal & Sinha, 2017). Overall, these delivery systems aim
to achieve spatio-temporal gradients observed during bone development and repair
through controlled and sustained release of BMP-2 or localised bioactivity by surface
binding, which can be either in a 2D or 3D design (Fig. 3.2).
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Figure 3.2 Schematic illustration of BMP-2 delivery approaches. (A) Controlled and sustained
release, (B) localised bioactivity by binding the protein to a surface substrate, and (C) 3D gradients
bound to a substrate. The grey square and dark-purple dots represent the substrate and proteins,

respectively.

Hydrogels offer promising candidates to build a spatio-temporal gradient of proteins.
Their three-dimensional polymeric network is similar to the natural extracellular
matrix and allows carrying large quantities of proteins (Bae & Kurisawa, 2016).
Hydrogels also provide an aqueous environment that retains proteins in their active
form and prevents them from denaturation. Nevertheless, the high permeability of the
hydrogels causes the burst release of proteins, which may lead to ineffective
concentrations or different side effects (Vermonden et al. 2012). This has been
tackled with different immobilisation techniques to prevent their diffusion (Suliman
et al. 2015).
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To date, significant effort has been generated in building hydrogels with 3D
gradients of biochemical cues in the form of spatially localised patterns. For this
purpose, several top-down and bottom-up techniques, including photo-patterning,
electrophoresis, 3D printing, reaction-diffusion and microfluidics have been

explored.

In principle, 3D photo-patterning focuses on shining a light beam through a
transparent photosensitive hydrogel to expose the photo-initiators reactive groups.
This provides the template for biomolecule immobilisation, which is chemically
modified or designed to react with the photo-initiator reactive group.

Significant progress has been made in recent years to improve pattern resolution,
hydrogel biocompatibility, and the ability to couple not only peptides but also
proteins. For this, various light sources (UV, single-photon or two-photon
excitation), hydrogels (agarose, hyaluronan and poly(ethylene glycol) modified) and
photo-initiators have been investigated (Luo & Shoichet, 2004, Woshick & Shoichet,
2008, Deforest et al. 2009, Ovsianikov et al. 2012, Mosiewicz et al. 2013, Torgersen
et al. 2013, Li et al. 2013, Hernandez et al. 2016 and Shadish et al. 2019).

Moreover, some studies have demonstrated the functionally of patterned hydrogels in
vitro. Luo & Shoichet (2004) seeded on top of GRGDS-patterned agarose hydrogel,
primary rat dorsal root ganglia cells. After six days, the patterned channels promoted
neurite extension and migration, and 76 + 16 % out of channels contained neurites.
Similarly, Hahn et al. (2006) seeded on top of RGDS-patterned collagenase PEG
hydrogel HT-1080 fibrosarcoma cells, a commonly used cell type in migration
studies. After four weeks, the cells migrated in the hydrogel following the peptide
pattern.

The technique demonstrates excellent control over the localisation and concentration
of biomolecules in the hydrogel, including peptides and proteins (Hahn et al. 2006
and Mosiewicz et al. 2013), as well as simultaneous patterning of two biomolecules
(Wylie et al. 2011). Nevertheless, protein modification and conjugation with the
hydrogel may affect its bioactivity (Spicer et al. 2018). The complete synthesis

process is time-consuming as it may take approximately 1 to 3 days between the
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immobilisation and the dialysis of the photo-reaction by-products and unbound
biomolecules (Luo & Shoichet, 2004, Wylie et al. 2011 and DeForest & Tirrell,
2015). Furthermore, the microscope working distance may limit the thickness of the

patterned hydrogel, and there is a high cost associated with the equipment.

Electrophoresis may offer opportunities for 3D patterning of hydrogels. However,
this area remains underdeveloped. In 2012, Dai et al. adapted a blotting technique to
generate a pattern of molecules in various media. This technique is routinely used in
molecular biology to sort macromolecules. Using an electric field, the
macromolecules can be made to migrate through a gel or sieving medium, which

may assist their separation by size and/or charge.

Thus, to make the 3D patterned hydrogel, the authors placed between the doped gel
and the receiving medium a screening mesh. These three structures were then
sandwiched between two electrode plates, and by applying voltage, the charged
molecules contained in the doped gel migrated to the receiving medium and formed a

pattern guided by the screen mask.

In 2018, Aguilar et al. used a similar approach and demonstrated they could pattern a
wide range of hydrogels. Nevertheless, the hydrogels showed not functionality in
vitro since no significant migration of NIH-3T3 cells in polyacrylamide-collagen
hydrogels patterned with fibronectin was observed after 14 days. The authors
claimed that the low porosity of the gel may have affected cell migration and oxygen

diffusion.

Compared to the photo-patterning technique, 3D electrophoresis is simple, rapid and
cost-effective. In addition, two different types of protein can be patterned in the same
hydrogel (Aguilar et al. 2018). The technique demonstrates control of the protein
localisation and distribution, but the resolution and versatility are not comparable to
the photo-patterning. Moreover, there is no proven control over the concentration of
the proteins. It appears only biomolecules above 150 kDa can be patterned, but the
morphogens for which patterning is of core relevance are typically between 30 to 70

kDa. Finally, more work needs to be done to evaluate the effect of the patterning
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process in the protein bioactivity and verify the spatio-temporal localisation of the

proteins as a function of time because they are not cross-linked with the hydrogel.

3D printing by extrusion has been used to create spatial gradients of bioactive
molecules. In this technique, pneumatic forces are applied to dispense a viscoelastic
fluid or gel containing biomaterials and/or cells through a nozzle that follows a
computer-generated pattern (Ozbolat & Hospodiuk, 2016). With this platform,
viscous gels ranging from 30 to 6 x 10’ mPa s could be used to create complex 3D
structures (Holzl et al. 2016). Moreover, printed macrostructures may have internal

gradients of different biochemical cues (Liu et al. 2017).

Although there are some limitations to be addressed, the structures generated are soft
and, therefore, increasing the gel viscosity and/or gelation post-printing may be
considered to prevent them from collapsing and improving their size, stability and
resolution. Nevertheless, both cases have proven detrimental for nutrients and
oxygen diffusion (Malda et al. 2013 and Holzl et al. 2016). Moreover, the resolution
of the biomolecules’ gradients is significantly lower (100 - 500 um) compared to the
photo-patterning technique (0.1 to 5 um). The printing process is slow and there is a

high cost associated with the equipment (Miri et al. 2019).

Recently, reaction-diffusion systems have been explored to pattern organic
molecules inside hydrogels. For this particular application, multiple reactants are
positioned in a hydrogel matrix so that they diffuse towards each other and react at
the crossing diffusion fronts. Finally, the byproducts form localised patterns or

chemical gradients inside the hydrogel.

In 2017, Lovrak et al. reported the self-assembly of a free-standing macroscopic
patterned structure through a reaction-diffusion system. The authors placed
hydrazide and aldehyde at the opposite sides of an agar or alginate gel matrix. Both
components diffused through the gel and reacted at the interception of the two
diffusion fronts leading to the formation of trishydrazone. This byproduct reaches a
critical concentration that triggers it self-assembly into fibres and the formation of
non-transparent supramolecular patterns. The authors claimed that the patterned

regions could be functionalized with bioactive molecules.
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Similarly, others achieved patterning of enzymes and synthetic DNA in 2D
hydrogels through the reaction-diffusion system (Semenov et al. 2013 and Abe et al.
2019).

This biomimetic approach recapitulates bottom-up self-assemblies observed during
the morphogenesis of living tissues, as mentioned at the beginning of this
introduction. Moreover, it has shown great potential to generate patterns and
biocompatible structures with high levels of complexity and resolution. Moreover,
bottom-up self-assembly allows building structures with controllable shape and size
ranging from several hundred micrometres up to centimetres. Nevertheless, more
work is required to create patterns of biochemical cues, such as peptides or proteins,

so that it can be used for tissue engineering and regenerative applications.

Finally, open microfluidics was used to assembled free-standing hydrogels through
the progressive deposition of hydrogel layers. According to Lee et al. (2019) this
novel technique allows asymmetric designs with multiple components, such as

agarose, type I collagen and PEG containing cell-laden regions.

Similar to the reaction-diffusion approach, it can be used to build structures of
controllable shape and size from millimetres to centimetres with patterned layer of
hydrogels ranging from tens to hundreds of micrometres thick. The process is
performed with a simple pipette with minimum material waste and relatively fast
compared to some of the techniques above described. For example, it takes 10 hours
to fabricate an agarose cylinder of 14x14 mm containing 29 layers of approximately
480 um thick. Drugs and factors may be introduced with along the printed hydrogel.
For example, PEG functionalised with RGDS peptide. However, more work is
required to generate patterns of growth factors and assess their functionality (Lee et
al. 2019).

The top-down and bottom-up approaches discussed are promising. However,
significant challenges remain to create a simple method following which: 1)
immobilisation technique does not affect the protein bioactivity, 2) control is
provided over the concentration of the protein patterned and 3) patterning proteins

with molecular weights between 30 to 70 kDa is possible. Also, it is important that
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these methods can 4) support the loading of multiple proteins, 5) use less chemicals
to improve the biocompatibility, 6) favour a faster synthesis process, and 7) allow
scaling up the hydrogel size. Satisfying these conditions could yield hydrogels with

any desired 3D configuration of bioactive cues for tissue engineering applications.

To address these criteria, the sorptive capacity of Laponite® clay nanoparticles has
been harnessed to design hydrogels with 3D immobilised proteins. This clay
nanoparticle consists of a disk-shaped of approximately 25 nm diameter and 0.92 nm
thickness, which chemical structure provides them with a negative surface charge
and a weak positive rim charge. Owing to this reactive surface, the clay nanoparticles
can interact between them when dispersed in water to form a thixotropic gel at given

conditions or interact and sequester organic or inorganic molecules.

In the last years, Laponite® gel has shown great potential for bone tissue engineering
applications due to its biocompatibility and capacity to 1) immobilise proteins
preventing burst release, 2) localise proteins without affecting their bioactivity, and
3) decrease the concentrations to prevent side effects (Gaharwar et al. 2013, Dawson
& Oreffo, 2013 and Gibbs et al. 2016).

Early work performed by Dawson et al. (2011) demonstrated the capacity of
Laponite® gel to self-assemble into micro and macro-droplets, rings and long strings
under physiological conditions and suggested their use as delivery systems of growth
factors by premixing or adsorbing them over the droplet surface. Moreover, Gibbs et
al. (2016) indicated that the localisation of growth factors with Laponite® gel (either
premixed or adsorbed) enhances the bioactivity of physiological dosage of BMP-2 to
achieve ectopic bone formation in a subcutaneous murine model. Both approaches
highly the benefit of binding and localising proteins in space and time, restricting
their diffusion from the implant site and improving their efficacy. Nevertheless, the
construct failed to show any control over the 3D localisation of the protein, which is

crucial to control its spatio-temporal bioactivity.

In this regard, Min et al. (2014) showed that Laponite® clay nanoparticles could be
used to build a composite microstructure with 2D spatial localisation, organisation

and controlled the release of macromolecules. The authors fabricated a polymer-
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based self-assemble multi-layered structure loaded with rhBMP-2, gentamicin and
Laponite® clay nanoparticles to coat orthopaedic implants using a spray layer-by-
layer (LBL) polyelectrolyte technique. The in vitro study showed that the Laponite®
barrier modulated the release profile of ~300 ng/cm?/day of rhBMP-2 over a 40-day
time course, which resulted in a physiologically relevant dosing to enhance implants

osseointegration.

LBL technique is widely used to functionalize surfaces, control the release of drugs
and improve biomaterials’ biocompatibility (Vander Straeten et al. 2017). LBL
involves alternated polyelectrolyte adsorption on a substrate where proteins can be
trapped within hydrated polyelectrolyte layers. This versatile technique allows using
a wide range of materials from metals, polymers and bio-macromolecules to
nanoparticles and be assembled under mild conditions with simple procedures, such

as immersion, spray and spin coating (Michel et al. 2012).

Similarly, colloid and hydrogel beads have been employed as templates to create 3D
multilayer microstructures. The coating may contain proteins to improve the
biocompatibility, but the primary purpose is to control the release of drugs loaded
into the core (Del Mercato et al. 2014, Sakr et al. 2016 and Timin et al. 2017).

This approach looks promising, but the protein gradient bioactivity is subjected to the
controlled release of proteins and not to their spatio-temporal localisation. To date,
no one has explored building LBL of clay nanoparticles over a solid clay-gels
structure to assemble free-standing micropatterned scaffolds with localised

bioactivity.

Hence, the specific objective of this chapter is to develop a method for assembling
scaffolds with 3D gradients of biochemical cues under mild conditions using
Laponite® gel (or clay-gel) and proteins. For this purpose, the LBL polyelectrolyte
technique will be explored to build functionalized macrodroplets. Here are presented
initial attempts to assemble the nanoclay/protein scaffold followed by understanding

and simplification of the system in terms of composition and fabrication.
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3.2 Materials and Methods

3.2.1 Laponite®/protein layer-by-layer polyelectrolyte scaffold

In this experiment, an immersion LBL polyelectrolyte technique was employed to
generate a nanoclay/protein scaffold containing stratified arrangements of proteins.
For this purpose, a 5 pl droplet of 3 % clay-gel was placed into 100 pg/ml FITC
BSA-media solution to self-assemble a clay-gel droplet, which would then serve as a
substrate for the subsequent deposition of nanoclay/protein “bilayers”. Note that
owing to the sorptive properties of the clay, the deposition of FITC BSA “layer” at
the clay-gel droplet surface was expected simultaneously to the assembly. Further to
this, the assembled clay-gel droplet was rinsed with DPBS to remove the excess
proteins from the surface and transferred to 1 % clay dispersion (low viscosity) in
order to add a “spacer layer”. Again, a second rinse with DPBS took place to remove
the excess clay, and the previous steps were repeated in order to add one more
“bilayer” of nanoclay/protein. Finally, the samples were stored in DPBS and
analysed with light fluorescence microscopy (LFM) to corroborate the binding of the

protein layers at the clay-gel droplet surface.

This experiment was performed in a 24 well plate containing different treatment
solutions (100 pg/ml FITC BSA-media, DPBS and 1 % clay). One scaffold was
assembled per well and transferred to the different treatments using a spatula.
Furthermore, the procedure was performed at 4°C. Table 3.1 shows details of the

volume, time and temperature that the scaffolds were exposed to at every step.
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Table 3.1 Protocol to make a nanoclay/protein LBL polyelectrolyte

Assembly “1 bilayer” “2 bilayers”
Treatment Step 1 Step 2 Step 3 Step 4 Repeat step
1-4
Assembly & Rinse Clay layer Rinse
protein layer deposition
deposition
Solutions FITC BSA- DPBS Clay-gel DPBS
media
Concentration 100 pg/mi 1%
Time 20 min 30 secs 20 min 30 secs
Volume 1ml
Temperature 4°C

3.2.2 Upgraded protocol to make a Laponite®/protein LBL polyelectrolyte.

5 ul droplet of 2.8 % clay-gel was placed into DMEM 10 % FCS and left to stabilise
for 1 h. Afterwards, the assembled clay-gel droplet was transferred to 100 pg/ml
FITC BSA and 1 % clay solutions for 30 min and 1 h, respectively, to deposit “1
bilayer” of nanoclay/protein. Next, the clay-gel droplet was transferred to a (1:20)
DAPI-DPBS solution to stain the previously deposited 1% clay layer, and in order to
add a second “bilayer”, the procedure was repeated. Note that a rinsing step with
plain DMEM took place between every treatment for 5 min - 50 rpm. Finally, the
samples were stored in plain DMEM at 4°C to be analysed by CLSM.

The experiment was performed in a 48 well plate containing different treatment
solutions (DMEM 10 % FCS, 100 pg/ml FITC BSA-media, DMEM plain, 1 % clay
and 1:20 DAPI-DPBS). One scaffold was assembled per well and transferred to the
different treatments using a spatula. Furthermore, the procedure was performed at
4°C. The table 3.2 shows details of the volume, time and temperature that the

scaffolds were exposed to at every step.
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Table 3.1 Upgraded protocol to make a Laponite®/protein LBL polyelectrolyte.

Assembly “1 bilayer” “2 bilayers”
Steps 1 2 3 4 5 6 7 8
Treatment Assembly Rinse Proteinlayer Rinse claylayer Rinse Clay Rinse
deposition deposition staining

. . . . . Repeat Step
Solutions DMEM plain FITC BSA plain 1% Clay- plain DAPI- plain 3-8
(400 ) 10%FCS DMEM - media DMEM gel DMEM  DPBS DMEM
Time 1h 5min 30min 5min 1h 5min 20min 5min
Temp. 4°C

The next experiments were performed in 96 well plates containing 200 pl volume of
each treatment solution following similar setup above described. The concentration
of FITC BSA (100 pg/ml) was maintained throughout the study. However, further
variations of the treatment solutions’ concentrations and volumes, incubation time

and temperature are described in the results.
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3.3 Results

3.3.1 Initial attempts at stratified nanoclay/protein scaffolds

The aim of this study is to harness the properties of nanoclay for self-assembly and
protein binding to construct scaffolds that incorporate spatially stratified
arrangements of proteins. The ultimate aim is to generate 3D patterned presentations
of growth factors in a gel environment able to host and direct stem cell-driven tissue
regeneration. The preliminary strategy was to employ the immersion layer-by-layer
polyelectrolyte technique using a 2 mm diameter clay-gel droplet as a core substrate

for subsequent layer-by-layer deposition.

Initially, a droplet of 2.8 % clay-gel (high viscosity) was added drop-wise into FITC
BSA-DPBS solution to assemble a clay-gel droplet. This structure would then serve
as a substrate for the subsequent deposition of protein and clay “bilayers”. Note that
owing to the sorptive properties of the clay, the deposition of FITC BSA “layer” at
the clay-gel droplet surface was expected simultaneously to its assembly.

Further to this, the formed droplet was rinsed with DPBS to remove the excess
proteins from the surface and then transferred to 1 % clay (low viscosity) in order to
add a “spacer layer”. Again, a second rinse with DPBS took place to remove any

excess of clay (Fig. 3.3 - A).

Finally, the whole process was repeated to add a second “bilayer” of protein and
clay. The samples were analysed with confocal laser scanning microscopy and light
fluorescence microscopy to corroborate the binding of the fluorescent labelled
protein layers at the clay-gel droplet surface (further detail of the experimental setup

can be found in the methods section - 3.2.1).
This initial attempt utilised clay-gel droplets gelled in DPBS as the core substrate for

subsequent layer-by-layer addition of protein and clay “bilayers”. However, results

indicate that the DPBS incubation alone was not sufficient to generate a stable clay-
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gel core (4/8 clay-gels disintegrated during the second round of incubations) or
preserve layer integrity through the wash steps (Fig. 3.3 - B).

A Assembly - 2.8% clay gel droplet (1) FITCBSA - DPBS

@ @

. Bilayer .
(4) Rinsg deposition (2) Rinse
Repeat (1- 4) @ @ Clay gel droplet
- O FITC BSA protein layer
(3) 1% Clay solution O Clay layer

¥

B CLS FLM

“1 bilayer”

“2 bilayer”

(506 - 564 nm) Bright field FITC filter set Bright field

Figure 3.3 Nanoclay/protein LBL polyelectrolyte self-assembly. (A) Schematic illustration of the
onion-like structure formation via a core-mediated immersion method. (B) The CLSM images
revealed a fluorescent layer at the clay-gel droplet surface that could be associated with the binding of
FITC BSA proteins, consistent with Dawson et al. (2011). Furthermore, the LFM images showed
fragments of the layers’ detachment from the clay-gel surface irrespective to the addition of “1 or 2

bilayers”. The scale bars correspond to 200 um (n = 8).

The results above indicated the fundamental need to improve the fabrication process
to create a more stable core and “bilayer of protein and clay” that could withstand

handling.

To address the lack of stability, the clay-gel droplet cores were formed in TC media
containing FCS as previous studies have shown an increase in clay-gel strength
under these conditions (Shi et al. 2018). An additional staining step with DAPI was

applied to allow visualisation of the intermediate clay layer in the assembly as DAPI
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shows a strong affinity for the clay nanoparticles. As above, single and double
bilayer protocols were compared (Fig. 3.4 - A). Further details of the experimental

setup can be found in the methods section - 3.2.2.

Analysis by confocal images of the clay-gel droplets treated with “1 or 2 bilayers”
revealed the formation of comparable fluorescent-layered structures that were stable
to handling. Well-defined, localised and symmetrical fluorescent bands were
observed at the scaffold periphery, a single ‘red’ band (corresponding to the DAPI
emission spectra, 420 - 472 nm) (Fig. 3.2 - D) and two distinct parallel ‘green’ bands
(corresponding with the FITC BSA emission spectra 506 - 564 nm) (Fig. 3.4 - C).

Moreover, the bright-field images showed distinct bands that corresponded

structurally with the localisation of the green fluorescent bands (3.4 - C & E).
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Figure 3.4 Nanoclay/protein LBL polyelectrolyte stabilisation. (A) Schematic illustration of the

onion-like structure formation via a core-mediated immersion method. The CLSM images presented
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by channel, overlay (B) or individual (C, D & E) alongside their line profile chart of the ROI. Observe
that both scaffolds have similar fluorescent-layered structures despite the “1 & 2 bilayers” treatment.

The scale bars correspond to 200 um (n = 3).

Unexpectedly, the organisation of the fluorescent bands did not conform to that
expected by a conventional LBL assembly mechanism. Sequential deposition of “1
and 2 bilayers” of protein and clay were expected in response to the treatments with a
progressive increase in the number of the layers and overall thickness (Fig. 3.5 - A).
However, the localisation of the fluorescent bands is similar irrespectively of the
treatment, one red band and two green bands (Fig. 3.5 - B & C). No further
increment in the number of the layers was observed, and the statistical analysis of the
total thickness of the fluorescent-layered structure showed no significant differences
(unpaired sample t-test, p = 0.7531, n = 3) between the scaffolds treated with “1
bilayer” (176.0 + 11.53 pm) and “2 bilayers” (194.7 + 8.96 um) (Fig. 3.5 - D).

“1 bilayer” assembly “2 bilayers” assembly

Predicted model
(Reconstruction based on the LBL
polyelectrolyte theory)

Practical model
(Reconstruction based on the

CLSM)
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Figure 3.5 Nanoclay/protein scaffold structure conceptual vs actual results. Illustrations of “1 & 2
bilayers” of protein and clay order expected (A) and practical results (B) along with the corresponding
confocal images (C). The green and red “layers” in the illustrations represent the FITC BSA and clay-
DAPI “deposited” respectively over a clay-gel droplet (black core). (D) No significant differences
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were observed in the total thickness of the fluorescent-layered structure of the scaffolds treated with
“1 & 2 bilayers” (unpaired sample t-test, p = 0.7531, n = 3). Data presented as mean + SD. The
illustration scale bars correspond to 500 um and the CLSM images to 100 pm.

Further measurement of the diameter of the scaffolds treated with 1 bilayer (2.37 =
0.10 um) & 2 bilayers (2.36 £ 0.10 um) showed no significant differences (unpaired
sample t-test, p = 0.9256) (Fig. 3.6 - C) despite an expected increase in size by ~8 %

with the “deposition” of a second layer.
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Figure 3.6 Nanoclay/protein scaffold dimensions. The bright field images (A) showed no
significant differences in the size of the scaffold irrespectively of the “1 & 2 bilayers” treatment, this
was confirmed by respective measurement (B) and statistical analysis (C) of both scaffolds (unpaired

sample t-test, p = 0.9256, n = 3). Data presented as mean * SD. The scale bars correspond to 200 pum.

In summary, this new protocol facilitated the building of stable “bilayers” with
defined 3D localisation of molecules and micron resolution from 6 to 200 pum that
withstand handling. However, the patterning suggests that the LBL polyelectrolyte
deposition does not account for the observed fluorophore distribution and that other
mechanisms underlie this 3D localisation of protein around the periphery of the
nanoclay gel droplet, such as diffusion.

Understanding this mechanism may open up new approaches to develop scaffolds for

drug delivery with a high degree of protein localisation and resultant controlled
bioactivity and/or release.
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3.3.2. Formation of fluorescent-layered structures

In order to optimise the assembly protocol, the next experiments were set up to study
the mechanism, process and factors that trigger and control the formation of the

fluorescent-layered structures.

3.3.2.1. Formation of the fluorescent-layered structure due to diffusion and not

the deposition of molecules.

Preliminary findings suggest that the phenomenon observed is not the result of a
deposition process, but rather the diffusion and localisation of molecules within the
clay-gel core structure (Fig. 3.5). In this regard, it was hypothesised that the addition
of an intermediate clay spacer layer is not required to form the fluorescent-layered

structure.

To test this, clay-gel droplets were treated as per the single bilayer protocol above
(Fig. 3.4 - A) and compared the fluorophore distributions that result with and without
an intermediate clay wash step (Fig. 3.7 - A).

Overall, the CLSM images revealed the formation of similar fluorescent-layered
structure regardless of the addition of clay solution. A single red band (420 - 472 nm)
and two green bands (506 - 564 nm), which presumably corresponds to DAPI and
FITC BSA fluorophores, respectively (Fig. 3.7 - B).
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Figure 3.7. Nanoclay/protein scaffold self-assembly, fluorophores deposition vs diffusion. (A)
Schematic illustration to make scaffolds with and without a clay wash. (B) The CLSM images and
respective ROI revealed the formation of fluorescent-layered structures regardless of the clay wash
step. The scale bars correspond to 200 pum (n = 3).

The results indicate that the additional step of rinsing in 1 % clay is not required to
assemble the fluorescent-layered structure. This suggests a diffusion, rather than a
layer deposition, in which the FITC BSA - media and DAPI molecules are absorbed
and localised inside the originally assembled clay-gel droplet.

3.3.2.2. Absorption and preferential localisation of fluorophores into the clay-gel

An interesting feature of the pattern of the fluorophores is the sharp separation
between bands. The DAPI band is separated at the clay-gel edge from the FITC
band, which is internalised within the clay-gel core and separated into two clearly
distinct bands (Fig. 3.7 - B). To evaluate the absorption and localisation process of
the fluorophores, clay-gels were treated as above, but with FITC BSA and DAPI
added in isolation from each other (Fig. 3.8 - A).
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Image analysis of the scaffold assembled in DMEM 10 % FCS and subsequently
treated with DAPI showed a fluorescent band localised next to the surface
corresponding to the DAPI staining (420 - 473 nm) (Fig. 3.8 - 1D). Given the
absence of added fluorophores (FITC BSA) emitting at the wavelength of 506 - 564
nm, one can assume that this arises from fluorescent molecules present in TC media
(Fig. 3.8 - 1C).

Moreover, two fluorescent green bands were observed on the scaffolds treated with
FITC BSA-media alone. A first band localised at ~100 um from the scaffold surface
that could be associated to the FITC BSA, and the second band localised at ~200 pm
that could be associated to the TC media used to assemble the scaffold according to

previous observation (Fig. 3.8 - 2C).

The subsequent addition of DAPI to the droplet treated with FITC BSA showed
fluorescent patterns similar to the previously described scaffolds. Again, a single red
band next to the scaffold surface, corresponding to the DAPI staining and two green
bands localised at ~100 and ~200 um from the scaffold surface, which appears to be
FITC BSA and TC media fluorophores, respectively (Fig. 3.8 - 3B).
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Figure 3.8 Fluorescent-layered structure formation. (A) Schematic illustration of scaffolds loading
with individual fluorophores. The CLSM images presented by channel overlay (B) or individual (C &
D). Observe the localisation of DAPI next to the surface (1 & 3 - B), the FITC BSA at ~100 um
respect to the surface (2 & 3 - B) and unspecified fluorescent band at ~200 um (1,2 & 3 - C). The

images are representative of n = 4, and the scale bars correspond to 200 pum.

To further evaluate if the distribution of fluorescent molecules in the FITC BSA -
DAPI scaffold is related to the addition order (Fig. 3.6 - 3B), the loading treatment
was inverted to DAPI - FITC BSA.

The CLSM images did not show any significant changes in the localisation of the
fluorophore despite changes in their addition order (Fig. 3.8 - 3B & 3.9 - A).
Moreover, it appears that the FITC BSA diffuses through the DAPI band without
disturbing it.
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Figure 3.9 Preferential localisation of fluorophores within the nanoclay/protein scaffold. The
CLSM images reveal the localisation of DAPI next to the clay-gel surface (A & C), FITC BSA at
~100 um respect to the surface and unspecified fluorescent band at ~200 um (B) although the addition
order of DAPI and FITC BSA was inverted. The images are representative of n = 4, and the scale bars

correspond to 200 pm.

Overall, these results indicate that the distribution of patterned molecules is
independent of the order of addition into the system, suggesting the absorption and
preferential spatial localisation of the fluorophores into the scaffold. This
phenomenon could be related to specific interactions between the assembled clay-gel
and the fluorophores loaded because they localise in the same place regardless of

their addition order.

Furthermore, the above experiments revealed that the clay-gel absorbs not only the
FITC BSA and DAPI molecules but also fluorescent components of the media,
which become visible at a wavelength (506 - 564 nm) similar to the FITC BSA.

3.3.2.3. Factors that trigger the fluorophores diffusion

Detailed analysis of the first experiments suggests that components in the tissue
culture media may trigger the diffusion and localisation of fluorophores within the
clay-gel (Fig. 3.4) since the direct assembly of the clay-gel in FITC BSA - DPBS, in
the absence of DMEM FCS, resulted in protein adsorption on the surface (Fig.3.3).
To evaluate this, gels were assembled in different permutations of tissue culture
solutions, including DMEM, DPBS and FCS (Fig. 3.10 - A).
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The fluorescent components present in the media were monitored to assess how the
molecule localisation inside the clay-gel is affected by treatment. For this reason, no

extra fluorophores were added in this experiment.

Overall, the confocal images revealed the emission of localised fluorescent bands
(506 - 564 nm) on the scaffold assembled in DMEM 10% DPBS and DMEM 10%
FCS. In contrast, no fluorescence emitted by the scaffolds treated with DPBS 10%
FCS and DPBS was observed. These results identify the DMEM (components) as the
primary contributor of the fluorescence observed (Fig. 3.10 - B, D & G).

The confocal images and ROI charts also revealed the different distribution of
DMEM molecules in the clay-gels assembled with DMEM 10 % DPBS and DMEM
10 % FCS. They localised next to the surface and internally forming a ring,
respectively. Further measurement of the DMEM diffusion path length (mean + SD,
n = 4) were taken with respect to the scaffold surface (Fig. 3.10 - E). Descriptive
statistics showed an increase of ~55 % in the diffusion path length in DMEM 10 %
FCS (232.0 + 1.83 um) compared with DMEM 10 % DPBS (105.5 + 3.31 um)
treatments (Fig. 3.10 - F).

Moreover, the bright field images revealed a distinct double-ring adjacent to the
surface, but only in those scaffolds treated with 10 % FCS (Fig. 3.10 - C, red arrow).
This feature seems to be related to the further diffusion and localisation of DMEM
molecules into the clay-gel assembled with DMEM 10 % FCS.
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Figure 3.10 Tissue culture solutions and clay-gel droplet interaction. (A) Schematic illustration to
assembled clay-gels in different TC media solution. The (B & G) CLSM images confirm that the FCS
triggers the formation of the fluorescent ring within the clay-gel, also that the DMEM components are
related to the fluorescent emission observed at 506 - 564 nm wavelength. (F) Measurement of the
diffusion path length of the DMEM molecules shows that the addition of 10 % FCS increases their
diffusion by ~55 % compared to DMEM diluted with 10% DPBS. The (C) bright field images of the
clay-gel assembled with FCS reveals the formation of two symmetrical and parallel rings, which
seems to be related to the fluorescent ring formation and localisation in the DMEM 10 % FCS
scaffolds (C, red arrows). The (E & F) diffusion path lengths measured with respect to the gel surface

were presented as the mean and standard deviation of n = 4. The scale bars correspond to 200 pm.

Interestingly, comparison of the fluorescent and bright field images of the clay-gel
assembled with DMEM 10% FCS indicates that the fluorescent band observed starts
right (140 + 2.42 um) where the internal ring apparent in bright field localises (140 £
2.90 um) (Fig. 3.11-B & C).
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Figure 3.11 Clay-gel droplets assembled in DMEM FCS. Analysis of the (A) CLSM images reveals
the colocalisation of the fluorescent ring and the internal ring observed in the bright field image (red
dot, which indicates that the FCS regulates the localisation of DMEM molecules into the clay-gel. (B)
The spatial localization of both features, fluorescent ring and bright field internal ring, within the gel
was analysed with respect to the gel surface and (C) the results presented as the mean and standard

deviation for n = 4. The scale bars correspond to 200 pm.

These observations suggest that while molecules within DMEM cause the
fluorescence, it is FCS (or rather, components therein) that influence the diffusion
and localisation of molecules within the clay-gel droplet. To confirm this, clay-gels
were assembled directly in 100 % FCS and then loaded with FITC BSA (Fig. 3.12 -
A)

Different distributions of FITC BSA in the clay-gel droplet were observed depending
on the treatment. In the presence of FCS, two distinct rings of FITC BSA were
observed near to the core of the clay-gel droplet at ~850 and ~320 pm from the
surface (Fig. 3.12 - 2D & 2F), whereas in the absence of FCS, the FITC BSA was
observed at the droplet surface (Fig. 3.12 - 3D, 3F & I). This layer of proteins bound
to the surface was relatively unstable, and its fragmentation was observed throughout
the experiment (Fig. 3.12 - 3B).
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Interestingly, the bright field images of the clay-gel droplets treated with FCS - FITC
BSA revealed the formation of two internal rings with similar localisation to the
fluorescent rings previously described (Fig. 3.12 - 2B & 2C, red dots, & ).
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Figure 3.12 Diffusion of FITC BSA facilitated by FCS. The (2B & 2D) CLSM images showed the
diffusion and localisation of FITC BSA into the clay-gel facilitated by FCS when compared to the
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scaffolds assembled directly into FITC BSA, (3B & 3D) where the fluorescent proteins stayed next to
the surface. (G & H) Further measurement of the diffusion path length supported this observation
(unpaired sample t-test, p < 0.0001, n = 3). (I) Comparison of the fluorescent and bright field images
of the clay-gel assembled with FCS indicates that the internal rings observed localise at 844.75 + 6.67
pm and 859.34 + 5.57 um from the surface, respectively, and the external rings localise at 324.24 +
5.16 pm and 323.3 + 5.02 um, respectively. The results were presented as the mean and standard
deviation of triplicates. The scale bars correspond to 200 um. Due to significant differences in
fluorescent intensity, different gain settings were used, these are indicated at the bottom-left corner of

the confocal fluorescent images.

These results confirm that the FCS facilitates the diffusion and localisation of FITC
BSA into the clay-gel droplets. Nevertheless, the FCS is a complex solution, and in
order to understand the phenomenon observed, it is essential determining the
minimum FCS constituents necessary to assemble the scaffold. For this purpose, a
bottom-up approach was used to simplify the solution and test the main constituents,
this would allow better control over the variables studied and determine with more
accuracy the individual component of the serum or combination that is responsible

for the 3D localisation of molecules in the clay-gel.

To facilitate analysis, the FCS composition was assessed and divided into two major
phases: organic and inorganic. The organic phase was constituted of mainly proteins,
lipids and carbohydrates, and the inorganic phase of ions. Moreover, from each sub-

group, the respective constituents were evaluated as shown in table 3.3.

Table 3.2 Constituents of serum. Table modified from Freshney (2005) and some
data taken from Cheever et al (2017)*.

Constituents of serum

Main phases Components Sub - components Range of
Concentrations
Organic Proteins Bovine Serum Albumin 20 - 50 mg/mL
Globulin 1-15mg/mL
Growth factors 1-100 ng/mL
Hormones 0.1-200nM
Lipids Triglycerides * 66.85 mg/dL
Cholesterol * 28.33 mg/dL
Free Fatty Acids 0.1-1.0uM
Phospholipids 0.7 - 3.0 mg/mL
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Carbohydrates Glucose 0.6 - 1.2 mg/mL

Vitamins Fat/water soluble 10 ng - 10 pg/ml

Amino acids 0.01-1.0uM

Urea 170 - 300 pg/mL

Inorganic lons Sodium 135 - 155 mM

Potassium 5-15mM
Phosphate 2-5mM
Calcium 4-7mM
Magnesium 0.6 - 1.1 mmol/L
Chlorides 100 uM

According to this brief review, BSA, docosahexaenoic acid 22:6 (n-3) (DHA),
glucose (Glu) and DPBS were selected to represent the overall concentration of
proteins, lipids, carbohydrates and ions present in serum. Different permutations of
these solutions were used to assemble the clay-gels, and the concentrations were

fixed to approximate the overall components’ concentration (Fig. 3.13).

Nanoclay-gel assembly Protein loading
50 min 1h
30 mg/ml BSA 100 pg/ml FITC BSA
100 pg/ml DHA
1 mg/ml Glu 4°C

{

No lons lons
Solvent Water DPBS
Proteins Water - BSA DPBS - BSA
Lipid Water - DHA DPBS - DHA
Sugar Water - Glu DPBS - Glu
Lipid - protein Water - DHA - BSA DPBS - DHA - BSA
Sugar - protein Water - Glu - BSA DPBS - Glu - BSA
Lipid - sugar Water - DHA - Glu DPBS - DHA - Glu

Lipid - protein - sugar Water - DHA - Glu - BSA DPBS - DHA - Glu - BSA

Figure 3.13 Protocol to self-assemble nanoclay/protein scaffolds with different serum
constituents. Bovine serum albumin (BSA), docosahexaenoic acid 22:6 (n-3) (DHA), glucose (Glu)
and Dulbecco phosphate buffer saline (DPBS) were used to represent the overall concentration of
proteins, lipids, carbohydrates and ions present in serum, respectively. Different permutations were
prepared with these components. Note that the DHA solution was prepared by reconstituting 1 g
ampule of DHA (Sigma- Aldrich) with 95 % Ethanol to a concentration of 10 mg/ml as recommended

by the supplier.
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Only clay-gels assembled in water-based solutions containing BSA exhibited
patterning of proteins upon loading. This seems to indicate that the protein fraction

of the FCS is responsible for the phenomenon observed (Fig. 3.14 - A).

Interestingly, the clay-gels assembled with water - Glu - BSA solution did not show
any protein patterning (Fig. 3.14 - 6A). Nevertheless, the 3D localisation of FITC
BSA was observed again upon the addition of DHA (Fig. 3.14 - 8A), which suggest
that the glucose has a detrimental effect on the protein patterning that could be
reversed by the DHA.

Regarding the clay-gel droplets placed in DPBS-based solutions, all of them
preserved their structures irrespective of the organic components. This is in contrast
to gels prepared in water, which dissolved/dispersed in the absence of BSA.
However, only those in DPBS that contained BSA formed a double fluorescent band
of FITC BSA near the scaffold periphery (Fig. 3.14 - 2B, 5B, 6B & 8B).
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Figure 3.14 Assembly of clay-gel droplets in different FCS components. The CLSM images reveal
the 3D localisation of FITC BSA in the core of water-based scaffolds containing BSA (A2, A5 & AS8),
except for the water - BSA - Glu (A6). The DPBS scaffolds containing BSA formed a double
fluorescent band near the scaffold periphery (B2, B5, B6 & B8), this indicates that BSA plays the
main role in the protein patterning and other components (DHA, Glu & ions) could be used to alter

their localisation. The scale bars correspond to 200 um and the images to n = 4.
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The protein patterning observed in the water-based, and DPBS-based scaffolds are
significantly different. Nevertheless, one can conclude that the protein fraction of the
FCS is the critical component for the 3D localisation of the fluorescent molecules
into the clay-gel, and despite the presence of ions, DHA and glucose may not be

necessary, both do affect the molecules localisation.

3.4 Discussion

This chapter aimed to develop a scaffold with a 3D gradient of biochemical cues as a
first step to mimicking the extracellular microenvironment of the repairing bone
callus. The strategy consisted of exploiting the physicochemical properties of clay
nanoparticles and proteins to build non-covalent, bioactive and biocompatible

scaffolds.

Initial attempts to build an LBL polyelectrolyte using 2.8 % clay-gel droplets for the
sequential deposition of FITC BSA and 1 % clay - DAPI layers led to the fabrication
of micron-sized layered structures with a distinctive anisotropic arrangement (Fig.
3.4). Interestingly, subsequent experiments showed that the structure assembled did
not result from a deposition process, but the absorption and interaction of the clay
nanoparticles with the molecules present in the DMEM - FCS, FITC BSA and DAPI
solutions (Fig. 3.8). Further analysis of this structure revealed the preferential spatial
localisation of FITC BSA and DAPI molecules inside the scaffolds irrespective of
their addition order (Fig. 3.8 & 3.9).

This is the first study to describe the 3D micropatterning of molecules in clay-gels.
Hence, to examine the nature of the assembled structure, other diffusion methods or
phenomena that result in spontaneous patterns formation inside hydrogels were
studied.

Hydrogels are characterised for their “ability to restrict the diffusive movement of
solutes” (Amsden, 1998) by either size and/or interaction filtering. The process
depends mainly on the physical and chemical properties of the hydrogels, such as the

composition, crosslinking method, mesh size of crosslink, structure (homogenous or
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heterogeneous), charge and polarity, but as well on the physicochemical properties of

the solute.

The clay-gel used in this study is considered as a physical gel since it is stabilised by
electrostatic interactions. In this regard, different authors indicate that the diffusion
of a solute through a physically cross-linked hydrogel decreases with the increase of
the solute size, increase in the crosslinking density and decrease in the volume
fraction of water within the hydrogel (Johansson 1991 and Amsden 1998). For
example, Dawson et al. (2003) reported that diffusion coefficient of polystyrene
beads through human sputum mucus was significantly reduced as the particle size
was increased from 100 nm to 500 nm, supporting the idea of size filtering (Fig. 3.15
-A).

Conversely, others have demonstrated that complex interactions between the
hydrogel and the diffusing particle, such as electrostatics, hydrophobic interactions,
and chemical binding result in a more intricate selection process called interaction
filtering (Lieleg et al. 2009 and Zhang et al. 2015). For example, Lai et al. (2007)
found that polystyrene beads of 100 nm size were more effectively immobilised
inside human cervicovaginal mucus than were 200 and 500 nm polystyrene beads
contradicting the idea that the finite mesh size of cross-linked hydrogels is solely

responsible for hindered diffusion in hydrogels (Fig. 3.15 - B).

As stated earlier, in this study, the diffusion and preferential spatial localisation of
different molecules in the clay-gel was demonstrated. In this regard, the DAPI and
FITC BSA localised next and at ~100 um from the clay-gel surface, respectively.
(Fig. 3.8). Further comparison of the molecules localisation with respect their
molecular weight suggest that they are not being filtered by size, but through
complex interactions between the molecules and the clay nanoparticles, since the
FITC BSA molecular weight (66.5 kDa) is 240-fold higher compared to the DAPI
molecule (277.32 g/mol) and it diffused further into the gel.

Thus, based on these results, one could hypothesise that the separation of molecules
within the clay-gel is the result of a selective diffusion barrier. However, further

work would be needed to determine the mechanisms governing selective filtering,
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whether it is size and/or interaction dependent since it is not possible to draw a
conclusion based only on two molecules, DAPI and FITC BSA, and furthermore,

they are significantly different in terms of composition and structure.

Also, in considering these results, it should be noted that the DAPI molecule itself
will have a slight influence on the ionic strength of the system which may influence
the gelation dynamics of the clay colloid. Though analysis of the gel structure in
brightfield images reveals no differences between systems with and without DAPI
(Figure 3.8).

A Size filtering B Interactionfiltering

» Restricted diffusion of molecules

v

through hydrogel entanglements

Figure 3.15 Hydrogel generic filtering principles. (A) Size filtering allows smaller molecules than
the hydrogel (black curved lines) cut-off size to pass while larger molecules are rejected. (B)
Interaction filtering allows the diffusion of molecules rendering to their surface properties. In this
regard, a subset of molecules (purple) strongly interacts, either physically or chemically, with

hydrogel entanglements and are trapped, while other molecules (grey) show weak interactions and

thus are allowed to pass. Modified image from Lieleg & Ribbeck (2011).

In order to study the diffusion mechanism by which the patterned clay-gels are
formed, recognising the tissue culture media components that trigger the process is
crucial. Thus, the analysis of different TC solutions’ interaction with the clay-gel
demonstrated that the FCS facilitates the diffusion and localisation of fluorescent
molecules within the scaffold (Fig. 3.10 & 3.11). Moreover, a confirmatory
experiment revealed the diffusion of the FITC BSA inside the scaffold assembled
with FCS compared to the DPBS control, whereas the FITC BSA stayed at the
surface (Fig. 3.12).
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A key feature observed in the bright field images of the scaffolds assembled with
either 100 % FCS or 10 % FCS diluted with DMEM or DPBS was the formation of
two rings, which were not apparent in the DPBS scaffolds or controls (Fig. 3.10 &
3.12). This might be due to changes in the structural density of the clay-gel along the
diffusion process that bends or refracts the light becoming visible to the eye. Further
study is required to understand this optical phenomenon. However, it is interesting
that the rings colocalise with the spatial localisation of the loaded fluorescent
molecule (Fig. 3.12 - 2D, 2E & I).

Overall, the final findings suggest that two distinct phenomena are taking place with
corresponding fabrication steps: 1) a primary diffusion of FCS molecules through the
clay-gel that creates a template (or apparent rings), which then guides 2) the
secondary diffusion and localisation of FITC BSA (Fig. 3.16).

A Diffusion of FCS B Diffusion of FITC BSA
molecules molecules

=

Spontaneous template Localisation of FITC BSA molecules in
formation the template created by the FCS diffusion

Figure 3.16 Diffusion process of FCS and FITC BSA molecules in the clay-gel. (A) Assembly of
clay-gels in FCS solution leads to the formation of two visible rings, which then serve as a template
for the (B) localisation of diffused FITC BSA molecules.

The FCS contains numerous components, including proteins, lipids, sugars, vitamins
and ions, which still makes difficult studying in more detail the diffusion mechanism.
Therefore, it has been sought to determine the specific components in the FCS
related to the diffusion and 3D localisation of molecules. The results indicate that the
BSA is the minimum component necessary to trigger the assembly and 3D
micropatterning of molecules, though the presence of ions, DHA and glucose also
affect the pattern distribution (Fig. 3.14).

97



Interestingly, low concentration of FITC BSA (100 pg/ml) localises at the surface of
a clay-gel droplet (Fig. 3.12). Nevertheless, pre-treatment with 300 times
concentrated BSA (30 mg/ml) allowed the diffusion and internal localisation of the
FITC BSA (Fig. 3.14). These results indicate that the protein concentration is vital to
trigger the diffusion into the clay-gel and overcome the hindering effect of the
electrostatic interactions of the clay nanoparticles.

Nevertheless, a simple diffusion process does not explain how these concentrated
proteins solutions (FCS and BSA) generate an anisotropic structure with a template
for the diffusion and localisation of FITC BSA molecules. Therefore, it has been
hypothesized that an additional process must be happening simultaneously to the

diffusion.

Another possible explanation for the 3D micropatterning of clay-gels could be a
reaction-diffusion system. These mathematical models are widely used to study the
self-assembly of numerous natural or synthetic patterned structures, ranging from
morphogen gradients, pigmentation on a zebra skin to Liesegang rings, Belousov-
Zhabotinskii Reactions and stripes of sand ripples (Ball, 2015). In general, the
models describe activating/inhibiting interactions of molecules in a diffusive system,

in which the final product is the formation of periodic patterns (Fig. 3.17).

A Morphogens gradients B Liesegang rings C Belousov-Zhabotinskii
Reactions

BMP-2 gradient in AgTMA nanoparticle Redox reaction of
neural tube delivered into a gel soaked ferroin in resin matrix
with AgMUA nanoparticle

Figure 3.17 Natural and synthetic patterned structures. (A) Cross-section images of mouse neural
tube revealed the specific localisation of stained pSmad1/5/8, a readout of BMP signalling (red) and
expressed Shh transcriptional reporter (green) (Zagorski et al. 2017). (B) Liesegang rings made of
positively charged silver (Ag) nanoparticles delivered into an agarose gel soaked with negatively
charged Ag. Prior to the process, the nanoparticles were functionalised with N, N, N-trimethyl (11-

mercaptoundecyl) ammonium chloride (TMA) and mercaptoundecanoic acid (MUA) so they acquired
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a positive and negative surface charge respectively. The rings were formed by the periodic
precipitation of AgTMA and AgMUA clusters (Lagzi et al. 2010). Regarding the (C) Belousov-
Zhabotinskii Reactions, thin layers of ferroin-loaded resin use with a reactant solution containing
malonic acid, potassium bromate, and sulphuric acid. An oscillating chemical reaction leads to the
formation of oxidised ferroin catalyst patterns (Maselko et al.1989).

Numerous reaction-diffusion models have been written to explain different
patterning phenomena, but there are two main models that relate to physical gel
matrices. One such model consists in the diffusion of reactants towards each other
which then interact at the crossing diffusion fronts resulting in the formation of
patterns (Semenov et al. 2013, Lovrak et al. 2017 and Abe et al. 2019) (Fig. 3.18 -
A). An alternative model involves the interaction of multiple components, but one of
them is static in the matrix gel (Maki et al. 2011, Wu et al. 2014 and Mredha et al.
2018) (Fig. 3.18 - B).

A Mobile phases B Mobile and static
phase
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® ‘ g ' ® o ® Ps ® \ !} 2 ..
. 0“‘32 '.o ® e ® o‘)hl“:o
© © L4 < L <
6ol 2l e oo °lel
* Tty e 1 R
€
— - AL LY SN
C Diffusionof hydrazide and aldehyde D Diffusionof Ca*?inside 2D
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Figure 3.18 Reaction-diffusion models through physical gels matrix. (A) Schematic illustration of
two mobile phases (grey and dark purple spheres) diffusing towards each other and interacting at the
crossing diffusion fronts (dotted lines) forming patterns (lilac spheres) inside the gel matrix (translucid
grey box). (B) Illustration of one mobile phase (grey spheres) diffusing through a gel matrix
(translucid grey box) that holds a static phase (dark purple spheres). The interaction results in the
formation of periodic patterns (lilac spheres). C and D are an example of both models, respectively.
Thus, C illustrates a free-standing agar gel of 1.5 % (grey figure), which reservoirs (white area) were

filled with hydrazide (green circles) and aldehyde (blue triangles). Interaction of both reactants at the
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diffusion front led to the formation of a non-transparent supramolecular pattern in the gel, as shown in
the images. Scale bar = 1 cm (Lovrak et al. 2017). Moreover, (D) crossed nicols (right) and polarised
light (left) images revealed that reaction-diffusion of CaCl2 through 2 % alginate gel triggers the

formation of a structure with periodic arrangement (Maki et al. 2011).

Based on the above-described reaction-diffusion models, assembly of clay-gels in
FCS seems to share some similarities with the “mobile and static phase” model.
Hence, the diffusion of FCS (mobile phase) through the clay-gel (static phase) would
lead to the self-assembly of a structure as it reacts with the clay nanoparticles.

A similar strategy was reported by Wu et al. (2014). They described the self-
assembly of a physical gel, poly (2,2'-disulfonyl-4,4'-benzidine terephthalamide
(PBDT) governed by reaction-diffusion of calcium ions, which led to the formation
of macroscopic anisotropic structure. Polarised light imaging revealed a progressive
concentric alignment of the PBDT molecules simultaneously to the Ca*? ions
reaction-diffusion. “The electrostatic complexation between the cationic Ca?* and
anionic PBDT resulted in the self-assembly of PBDT molecules into mesoscopic

fibrous bundles that align in parallel to the Ca?* flux front” (Fig. 3.19 - B).

Interestingly, at the gelation front of concentrated PBDT gels (2 & 3 %), a visible
ring was observed. Further characterisation with PLM and SEM confirmed that this
structure was the diffusion front between the reacted and unreacted PBDT molecules,
which displaced towards the core with time. The authors claim that the diffusion
front became visible because the reacted gel contracted and stretched the unreacted
gel (Wu et al. 2014). (Fig. 3.19 - B).

A similar study was reported by Maki et al. (2011). The authors studied the
anisotropic structure of Ca-alginate gels assembled by diffusion setting method.
Crossed polarised light revealed the radial structure, and small-angle x-ray scattering
(SAXS) profile indicated the formation of rod-like fibrils of alginate that were
aligned perpendicularly to the direction of the Ca?* flow (Fig. 3.18 - D).

Moreover, Wu et al. (2014) suggest that the molecules that yield this type of

assemblies possess negative charges and have a rigid or semi-rigid structure. For
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example, PBDT and alginate, endowing them with the ability to form anisotropic

structures by themselves or via electrostatic interaction with cations.

Recently, it has been shown the assembly of optically anisotropic gels by diffusion of
gelation-inducing agents for various kinds of naturally occurring molecules,
including k-carrageenan (Narita et al. 2006 and 2008), carboxymethylcellulose (S. C.
Lin et al. 2010), DNA (Dobashi et al. 2007) and fibril proteins (Furusawa et al.
2012). All of them possess the characteristic above described, except for the chitosan
(Yamamoto et al. 2010) and curdlan (Dobashi et al. 2005), which are positively
charged.

This type of reaction-diffusion process has been exploited in the last years as a
mechanism to assemble physical gels with improved anisotropic properties known as
dialysis-induced gelation, and also proposed as a possible mechanism for the

mesoscopic self-assembly hard and soft tissue (Furusawa et al. 2012).

A Reaction-diffusion B Diffusion of Ca*?inside PBDT gels
gel setting method

1% 2% 3%

Gelator molecule

Visible diffusion front
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Figure 3.19 Reaction-diffusion gelation of physical gels by “one mobile and one static phase”
moadel. (A) Schematic illustration of gelator molecule (small grey spheres) diffusing through (dashed
line) the physical gel. (B) PLM images of different concentrations of PBDT reveals a radial
birefringence corresponding to the reacted gel upon diffusion of calcium ions. Analysis of the PLM
and SEM images reveals the development of an intricate periodic structure. Moreover, at 2 and 3 %
gel, a ring corresponding to the diffusion front was observed moving towards the core with time (Wu
et al. 2014).

The assembled clay-gel structure is similar to the reaction-diffusion system above
discussed in term of procedure, structure and composition. Thus, 1) the gelation is
triggered by the electrostatic interactions between the clay and diffusive FCS or BSA
molecules. 2) The bright field images revealed the formation of two visible rings
upon assembly with FCS, which could be the diffusion front of different components
accordingly to Wu et al. (2014). Finally, 3) the clay nanoparticle is a rigid molecule
that holds a permanent negative charged. Although the BSA is negatively charged,
studies indicate that it binds to the clay-nanoparticle by surface patch binding, which
depends on the protein surface charge anisotropy and not the overall protein net
charge (Das et al. 2016). These last features fulfil the compositional requirement

discussed.

To summarise, there are two different diffusion process taking place in the 3D
micropatterned scaffolds; 1) the diffusion of FCS or BSA molecules through the
clay-gel at the assembly step and, 2) the diffusion of FITC BSA or DAPI at the
loading step. Thus, low concentration of BSA is not able to diffuse into the gel but
high concentrations, which indicates that the concentration is the driving force as
expected in a simple diffusion process. Nevertheless, this does not explain how the
anisotropic structure is assembled. Therefore, it is assumed that a reaction process
between the protein and the clay is occurring simultaneously to the diffusion process,
forming an anisotropic structure, which then guides the localisation of the fluorescent
loaded molecule. Further structural characterisation must be performed to confirm
this assumption, such as PLM to evaluate if the clay-gel acquired an anisotropic
arrangement upon diffusion of concentrated protein solution, SEM to evaluated
changes in the microstructure of the assembled scaffold and TEM to visualize the

spatial distribution and arrangement of the nanoparticles throughout the gel.
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Regarding the diffusion of the loaded molecules, a selective diffusion barrier would
explain their preferential spatial localisation by interaction with the assembled
protein/clay-gel structure. Further work is required to verify this and what forces are
interfering with the diffusion process. For example, evaluating the contribution of
loaded protein’ structure, size, shape and isoelectric point on its diffusion and spatial

localisation within the assembled clay-gel.

Assembly of 3D micropatterned scaffolds with FCS

Assembly step Loading step

Colocalisation of
FITC BSA molecules
in the diffusion front

Apparent
diffusion fronts

!

Reaction-diffusion Selective
gel setting method diffusion barrier

FCS molecules diffusion FITC BSA molecules
diffusion

Figure. 3.20 Diffusion-reaction mechanism to assemble 3D micropatterned structures. It was
hypothesised that the influx of FCS crosslinks the clay nanoparticles molecules intermolecularly by a
“reaction-diffusion process”, resulting in the assembly of an anisotropic structure with a template that
guides the secondary absorption and localisation of molecules through a “selective diffusion barrier”

process.

Finally, the presence of FCS in the system represents an advantage for developing
important knowledge base since the first event to take place upon the implantation of
a biomaterial is the protein-surface interaction, which is crucial as it determines its
ultimate fate and success. Several research groups have reported the positive
biocompatibility of clay containing biomaterials in animal models (Herrera et al.

1995 and Li et al. 2010), and the ability of certain clay-gel systems to stimulate
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regeneration through growth factor delivery (Dawson & Oreffo, 2013 and Gibbs et
al. 2016). Understanding the early stage of plasma protein absorption will be
necessary for characterising early cell responses to clay-gel biomaterials. In this
regard, the scaffold built could serve as an “in vitro” model to study the interaction
of high viscosity clay-gels with the proteins and ions found at the bloodstream, as the
FCS is blood but without form elements (plasma).

Nevertheless, from the biomaterial design point of view, the FCS represents a
disadvantage. This complex solution contains xenogenic species that might induce
some infections (Louét, 2004) and despite it could be replaced by synthetic sera or
human serum, it is not practical since the scaffold would carry proteins and
molecules out of interest that could potentially interfere with the desired cell
response. Moreover, the FCS contains numerous components, including proteins,
lipids, sugars, vitamins and ions, which would then difficult studying in more detail
the diffusion mechanism. Therefore, the next experiments will used BSA or other

protein solution to study the phenomena.

It is important to recognise that current studies about the behaviour of Laponite®
clay nanoparticles dispersion as a function of ionic strength are not comparable with
the phenomena here observed. According to the metastable phase diagram presented
in figure 1.12, preparation of 0.5 - 3 % Laponite® dispersion in 20 mM sodium
chloride solution leads to phase separation of the clay nanoparticles in the form of
flocculation (Mourchid et al. 1998 and Ruzicka & Zaccarelli, 2011). However, when
concentrated Laponite® dispersion, 2.8 %, is drop-cast in a DPBS solution, which
sodium chloride concentration is comparably high, 137.93 mM, the clay
nanoparticles do not flocculate. This unforeseen behaviour could be potentially
related to the method used to incorporate the ions into the system. In the first
approach, the ions are incorporated by mixing them with the clay nanoparticles, and
in the second approach, the ions are let to diffusion through. It could be argued that
the concentrated Laponite® dispersion did not flocculate because it was initially
dispersed with ultrapure water and underwent a heat treatment, which could
potentially accelerate the ageing before the incorporation of the ions. However, Shi
et al. (2018) reported that mixing of DPBS to equivalent system causes flocculation.
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Further work is required to characterise the behaviour of clay nanoparticles upon
ions diffusion. It could potentially be a new physical state the Laponite® dispersions
with relevance in bulk soft matter assemblies, which properties could be exploited in

different research fields, including biology, physics, material science or chemistry.

3.5 Conclusions

This is believed to be the first report describing the assembly of a scaffold with 3D
gradient of molecules involving non-covalent clay-gel opening new avenues of

research for biomimetic drug delivery systems.

Towards understanding the spontaneous patterning of molecules, it is evidently a
result of a complex diffusion process, which is trigger by BSA molecules in a
concentration dependent manner. In this regard, two distinct diffusion process takes
place; 1) a primary diffusion of concentrated protein solution (FCS and BSA)
through the clay-gel that then facilitates 2) a secondary diffusion and localisation of

low concentrated FITC BSA molecules.

Thus, to elucidate the diffusion mechanism two main questions need to be addressed
in the next experiments, how the concentrated protein solution diffuses into the clay-
gel and creates a template for the secondary diffusion of low concentrated BSA, and
what the type of binding interactions or molecular forces regulate the diffusion and

selective trapping of low concentrated BSA.
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Chapter 4 OPTIMISATION OF
FABRICATION PARAMETERS
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4.1 Introduction

In the previous chapter, the treatment of clay-gels with different tissue culture media
and protein solutions resulted in the spontaneous assembly of structures with 3D
micropatterning of molecules. Towards understanding the process, it was recognised
that the phenomenon was the result of two distinct diffusion processes; 1) a primary
diffusion of a concentrated protein solution (100 % FCS or 30 mg/ml - BSA) through
the clay-gel that facilitated, 2) a secondary diffusion and localisation of lower
concentration protein solutions (100 pg/ml - FITC BSA) (Fig. 3.12 & 3.14).
Moreover, the mechanism leading to both diffusion processes were different. In this
regard, it was suggested; 1) that the initial diffusion of concentrated protein solution
into the clay-gel created an anisotropic structure, which serves as a template for the
3D localisation of molecules governed, potentially via a “reaction-diffusion process”
and 2) a secondary diffusion of low concentrated protein solution by a “selective

diffusion barrier” process (Fig. 4.1).

A Diffusion of FCS or BSA B  Diffusion and localisation of FITC
molecules into the clay-gel BSA molecules in assembled clay-gel

=

Governed by a “reaction- Governed by “selective
diffusion” process diffusion barrier” process

Figure. 4.1 3D micropatterned clay-gel assembly hypothesis. Schematic illustration of the clay-gel
assembly by two different diffusion process. (A) Initial diffusion of concentrated protein solution
diffuses into the scaffold creating an anisotropic structure governed by a “reaction-diffusion” process
that serves as a template for the localisation of the loaded protein. (B) Then a “selective diffusion
barrier” process, due to the interaction with the diffusive media, governs the diffusion of the loaded

protein.

Diffusion is a physical process that refers to the movement of molecules from a
region of high concentration to one of lower concentration. Numerous laws and
equations have been written to describe the phenomena and the factors that may alter

it, specifically, the diffusion coefficient (rate) and the diffusion length (distance
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travelled). In this regard, the concentration and temperature are known to have a
linear effect on the diffusion coefficient of solute in free solution. In contrast,
diffusion time is inversely proportional to the diffusion coefficient, which means that
the greater the coefficient, the shorter the time to travel from A to B. However, time
would be proportional to the diffusion length. Moreover, other factors, such as the
ionic strength, particle size and charge may influence the process by affecting the
properties of either the solute or the diffusive media itself, in this case, the Laponite®
gel (reviewed by Anderson et al. 1978 and Del Ri6 & Whitaker, 2016).

Thus, based on these norms and the fact that the scaffold assembly is the results of a
diffusion process. The general objectives of this chapter are 1) to evaluate the effect
of relevant factors on the diffusion coefficient and the diffusion length of the proteins
in the clay-gel 2) to assess the utility of standard diffusion models to account for this
system, also 3) to optimise the fabrication parameters. In doing so, it will test the
hypothesis that introducing changes in the diffusion process may affect the 3D

micropatterning of protein inside the clay-gel.
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4.2 Materials and Methods

4.2.1 Scaffold assembly

Based on previous finding, the procedure to assemble the scaffolds was simplified
into three main steps: assembly, loading and storage. In this regard, the 5 pl droplet
of 2.8 % clay-gel was placed in a concentrated protein solution and left to assemble.
Next, the assembled structure was transferred to another solution containing the
protein of interest to be loaded. Finally, the loaded scaffolds were stored and
analysed (Fig. 4.2).

The procedure was performed in a 96-well plate containing 200 pl of either the
assembly, loading or storage solution. Moreover, only one scaffold was assembled
per well and transferred to the different solutions using a spatula. Generally, a rinsing
step with DPBS took place between the assembly and loading steps. Note that the
rinsing step did not show a significant impact in the final localisation of the protein
loaded, and for this reason, it was not included in this study. Also, most of the
experiments were performed at 4°C, otherwise stated. Finally, to visualise the spatial

localisation of the fluorescent protein, LFM and CLSM were used.

At every fabrication step, various parameters known to affect diffusion processes
were assessed, such as protein concentration, ionic strength, incubation time and
temperature or the isoelectric point and molecular weight of the protein. Details of

the parameters evaluated, and experimental setup can be found in the results section.

—

Assembly Loading Storage

Figure 4.2 Fabrication of nanoclay/protein scaffolds steps.
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4.2.2. Protein quantification

To quantify the amount of proteins depleted by the scaffold as a function of time,
absorbance and fluorometric protein assays were carried out using a

spectrophotometer (Promega).

Based on the Bradford dye-binding method, a protein assay was performed to
determine the concentration of proteins in the media. Initially, a serial dilution
ranging from 0 to 100 pg/ml of FITC BSA was made using DPBS (pH 7.4) as a
diluent to build a standard curve. Afterwards, 90 pl aliquots of samples (scaffolds
incubated) and standard were pipetted to into a clear 96-microplate well in replicates
of four and then mixed with 10 pl of Bio-Rad assay concentrated. Subsequently, the
intensity of the light absorbed by the dye-protein bound at 595 nm was measured
with the spectrophotometer. Final interpolation of the values acquired into the

standard curve provided a relative measurement of protein concentration.

To perform the fluorometric protein assay, formerly, a serial dilution of FITC BSA
(0 to 100 pg/ml) were made using DPBS. After dilution, 100 ul aliquots of samples
(scaffolds incubated) and standards were pipetted into black 96-microplate wells (n =
4). Finally, the spectrofluorometer excitation was set up to 490 nm to detect the FITC
BSA.
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4.3 Results

4.3.1 Effect of assembly variables on nanoclay/protein scaffold structure

To optimise the assembly parameters and shed light on the mechanisms underlying
the patterning process, the current section will evaluate various factors likely to
influence the diffusion coefficient and length at the assembly process, including the
following: i) protein concentration, ii) solvent ionic strength, iii) incubation time and

temperature, and iv) protein size and net charge.

4.3.1.1 Protein concentration of the assembly solution

Towards evaluating the effect of BSA concentration on the protein patterning, clay-
gels were assembled with gradients of BSA diluted in water and subsequently loaded
with FITC BSA (Fig. 4.3 - A).

Qualitative analysis indicated that the clay-gels assembled only in concentrations of
BSA over 20 mg/ml, which suggests that the assembly is concentration-dependent.
Regarding the protein patterning, the confocal images revealed the formation of two
fluorescent rings within the clay-gels; one localised next to the surface regardless of
the concentration of the assembly solution and, one internal that localised closer to
the core until it could not be observed anymaore as the concentration of the assembly
solution increased (Fig. 4.3 - B).

Measurement of the internal fluorescent ring was taken with respect to the scaffold
surface to determine its spatial localisation (Fig. 4.3 - B). Then, a simple linear
regression was carried out to test if the concentration of the assembly solution
predicted the spatial localisation of the internal fluorescent ring. The results showed a
significant regression equation (p < 0.0001), with an R? of 0.98, and the slope of the
regression line predicted that the fluorescent ring displaced towards the core of the
scaffold by an average of 11.61 pm for an increase in 1 mg/ml of BSA (Fig. 4.3-C
& D).
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Figure 4.3 Assembly of nanoclay/protein scaffold as a function of protein concentration. (A)
Schematic illustration to assemble clay-gels in different concentrations of BSA-water. The (B) CLSM
images reveal two fluorescent rings inside the scaffolds. One localised next to the surface and

one internal that localised closer to the core as the concentration of the assembly solution increased.
Measurement (C) and statistical analysis (D) of the internal fluorescent ring with respect the clay-gel
surface indicates that the displacement of the internal fluorescent ring is proportional to the increase in
the protein concentration of the assembly solution (linear regression, R?= 0.98). The results represent

mean + SD for n = 4 and the scale bars to 200 um.
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The results show that the concentration of the assembly solution not only plays an
essential role in the localisation of the molecules loaded (FITC BSA) but in the
stability of the clay-gel assembly itself since the clay-gel disintegrated in BSA

concentrations of <20 mg/ml.

Further analysis of the bright field images revealed a significant decrease in the
scaffold size as the protein concentration increased (Fig. 4.4 - A). Analysis of the
diameter of the scaffolds assembled with 20 and 50 mg/ml BSA-water demonstrated
a decrease in size from 7.7 £ 4.2 % to 26.4 + 1.3 %, respectively (Fig. 4.4 - B & D)
when compared to the calculated theoretical size (see methods section - 2.1.2). A
simple regression analysis confirmed an inverse correlation between the scaffold size
and concentration of the assembly solution (p < 0.0001). The results showed a
significant regression equation with an R? of 0.92, and an average decrease in the
scaffold size by 13.49 um was predicted for an increase in 1 mg/ml of BSA (Fig. 4.4
- C).

A BSA-water B D Measurements performed
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Figure 4.4 Linear dimensions of nanoclay/protein scaffold assembled as a function of BSA
concentration. (A & B) The bright field images and respective statistical analysis reveals a
significant decrease in the scaffold size with respect to the calculated theoretical size, from 7.7 £ 4.2
% to 26.4 £ 1.3 % when the scaffolds are assembled with 20 & 50 mg/ml BSA-water, respectively (C)
The linear regression shows that the shrinkage is inversely proportional to the increase of protein
concentration (R? = 0.92). The illustration (D) shows the measurement performed on the images. The

results represent mean + SD for n = 4 and the scale bars to 200 um
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Overall, these results indicate that the protein concentration of the assembly solution
has a significant effect on the scaffold assembly, fluorescent pattern formation, as
well as the linear dimensions of the clay-gel scaffold. In this regard, both the
assembly and loading process was dependent on a specific range of protein
concentration in the assembly solution since the scaffolds did not assemble under 20
mg/ml, and the internal fluorescent ring was only observed between 20 to 30 mg/mi
BSA-water. Moreover, the scaffolds shrank as the concentration of the assembly

solution increased.

4.3.1.2 Presence of ions in the assembly solution

Next, the effect of ions on the protein patterning was evaluated. Clay-gels were
treated as above, but the BSA was diluted with DPBS instead of water (Fig. 4.5).

Nanoclay-gel assembly Protein loading
50 min 1lh
BSA mg/ml =0, 1, 2.5, 5, 10, 20, 30, 40 & 50 100 pg/ml FITC BSA .
Buffer = DPBS 4cC

Figure 4.5 Effect of ions in the assembly of nanoclay/protein scaffold, experiment setup.

Schematic illustration to assemble clay-gels in different concentrations of BSA - DPBS.

In contrast to the previous experiment, in the presence of DPBS, the clay-gels did
assemble irrespective of the presence or absence of proteins. Again, the confocal
images revealed two fluorescent rings (506 - 564 nm) inside clay-gels, which
corresponded to the FITC BSA emission. One of the fluorescents rings localised next
to the surface and the other localised closer to the core until it could not be observed

anymore as the concentration of the assembly solution increased (Fig. 4.6 - A).

Measurement of the internal fluorescent ring was taken with respect to the scaffold
surface to evaluate the relationship between its spatial localisation and the
concentration of the assembly solutions (Fig. 4.6 - B). As above, a simple regression

analysis confirmed a linear relationship between both variables (p < 0.0001).
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Moreover, the slope of the regression line predicted that the fluorescent ring
displaced towards the core of the scaffold by an average of 41.35 pum for an increase
in 1 mg/ml of BSA (R? = 0.99) (Fig. 4.6 - C).
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Figure 4.6 Effect of ions in the assembly of nanoclay/protein scaffold. (A) The CLSM images
revealed a first fluorescent ring near the surface of all the scaffolds and a second fluorescent ring that
localised closer to the core of the scaffolds as the protein concentration of the assembly solution
increased. The illustration (B) shows the measurement performed on the images. The linear regression
(C) indicated that the displacement of the internal fluorescent ring was concentration dependent (R? =

0.99). The results represent mean + SD for n = 4 and the scale bars to 200 um.

Contrary to earlier experiments, the results indicate that in the presence of ions, the
assembly, or stability, of the clay-gels is not dependent on a minimum protein
concentration. Moreover, the ions cause the displacement of the internal fluorescent
ring towards the core at lower concentrations compared to the water-based samples.
Furthermore, in contrast to scaffolds prepared in water, the clay-gels displayed
similar size regardless of the concentration of the assembly solution (Fig. 4.7 - A), to
confirm this, manual measurements of the diameter of the clay-gel droplets were
taken and analysed with one-way ANOVA (mean + SD, n = 4). The results did not
show any significant changes (post hoc Bonferroni, p > 0.05) in the clay-gels linear
dimensions (2.119 + 0.06 mm - 0 mg/ml) as a function of the protein concentration in
the presence of ions (Fig. 4.7 - B & C).

Interestingly, and again in contrast to water-based assembly, when comparing the
predicted diameter of the scaffold (2.12 £ 0.02 mm) calculated from the initial clay-
gel volume (methods section - 2.1.2) with the assembled structure, it seems that the
linear dimensions did not change (swelling - deswelling) significantly during the
assembly in the presence of ions (Fig. 4.7 - C, the black line represent the theoretical

diameter).
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Figure 4.7 Effect of ions in the linear dimensions of nanoclay/protein scaffold. The bright field
images (A) and respective statistical analysis (C) reveals no significant changes in the size of the
scaffold as the concentration of the assembly solution increases (one-way ANOVA, post hoc
Bonferroni, p > 0.05). The illustration (B) shows the measurement performed on the images. The

results represent mean + SD for n = 4 and the scale bars to 200 um.

The results indicate that the addition of ions affects the clay-gel assembly, protein
patterning and linear dimensions significantly. Contrary to the previous experiment,
all the scaffolds did assemble regardless of the protein concentration, and the
scaffolds did not shrink (Fig. 4.4 & 4.7).

Regarding the fluorescent protein pattern, the ions showed a significant impact as
well. Compared to the previous experiment; the ions reduced the protein
concentration required to form the fluorescent ring, from 20 mg/ml BSA-water to 1
mg/ml BSA-DPBS. Also, it seems that the ions accelerated protein displacement
toward the core of the clay-gel droplet and allowed patterning to occur at a lower and

broader range of protein concentrations (1 to 10 mg/ml BSA) (Fig. 4.3 & 4.6).
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The differences between the water-based and DPBS-based scaffolds represent
practical advantages for clay-gel patterning, as well as better representing
physiological fluids. For these reasons, subsequent experiments were conducted

using DPBS solutions unless otherwise stated.

4.3.1.3 Assembly time

The above results indicate that the diffusion and consequent spatial localisation of
the proteins is concentration dependent, which is characteristic of diffusion
processes. Thus, it should be expected that the assembly time would also regulate the
localisation of the proteins into the clay-gel. To evaluate this, the clay-gels were left
to assemble in the presence of BSA for different lengths of time prior to loading with
labelled protein (Fig. 4.8 - A).

Overall, the LFM images showed the formation of one distinct fluorescent ring
within the green region that moved progressively towards the core of the clay-gel as
a function of assembly time until after 160 mins when a distinct fluorescent band

could no longer be observed (Fig. 4.8 - B).

As above, measurement of the fluorescent ring was taken with respect to the clay-gel
droplet surface to determine the spatial localisation of the FITC BSA (Fig. 4.8 - C).
A simple regression was then calculated to study the relationship between the
localisation of the FITC BSA and the square root of the assembly time (vmin) to
model a simple diffusion process (Fick’s first law). The results confirm that there is a
link between both variables (p < 0.0001). A significant regression equation was
found with an R? of 0.99. The average displacement of the fluorescent ring towards
the core of the clay-gel increased 64.62 um for each vmin of assembly time (Fig. 4.8
-D).
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Figure 4.8 Assembly of nanoclay/protein scaffolds as a function of time. (A) Schematic illustration
of clay-gels assembled at sequential time points. The (B) LFM images showed a progressive
displacement of the fluorescent ring towards the core of the clay-gel as the assembly time increased.

Measurement (C) and respective analysis (D) of the fluorescent ring localisation with respect the clay-

gel droplet surface confirmed that the displacement of the fluorescent ring starting from the surface

(0,0) is proportional to the square root of the assembly time in min (linear regression, R2=10.99, p <

0.0001). The results were presented as the mean £ SD for n = 4, and the scale bars correspond to 200

pm.

To conclude, the assembly time can be used to control the final localisation of the

proteins loaded into the clay-gel droplet.
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Since this is a concentration dependent process, as demonstrated earlier (Fig. 4.3 &
4.6), a similar experiment was set up to assess the time taken to assemble the clay-

gels with different concentrations of the assembly solution.

Overall, the results show a significant linear regression for all the concentrations

(Fig. 4.9 - see respective p values and R? on the table).

(@]
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£ g 40mg/ml 5 <0.0001  0.9939
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Squate root of time
(\/min)

Figure 4.9 Assembly of nanoclay/protein scaffolds as a function of time and concentration of the
assembly solution. A linear regression demonstrated that incubation time is proportional to protein

concentration. The results were presented as the standard deviation for n = 4.

4.3.1.4 Assembly temperature

The objective of the next experiment is to evaluate the effect of the assembly
temperature on the nanoclay/protein scaffold, specifically on the localisation of the
loaded fluorescent protein and on the clay-gel dimensions. For this, clay-gels were
assembled at 4°C and 37°C (for 1 hour), respectively (Fig. 4.10 - A).

Measurements of the fluorescent ring with respect to the clay-gel droplet surface
were taken from the LFM images to evaluate the spatial localisation of the proteins
(mean + SD, n = 4) as a function of the assembly temperature. The analysis of
variance (two - way ANOVA) of the 10 mg/ml BSA and 20 mg/ml BSA clay-gels
showed significant increase in displacement of about 16 % (p = 0.0012) and 22 %
respectively (p < 0.0001) when assembled at 37°C compared to 4°C (Fig. 4.10 - C).

Moreover, to evaluate the dimensions of the clay-gels, a two-way ANOVA was

conducted to compare their diameters (mean £+ SD, n = 4) as a function of
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temperature at a given concentration. The results did not show any significant
changes (p > 0.05) in the diameter of the clay-gel droplet when assembled at 4°C or
37°C and with different concentrations of the assembly solution (Fig. 4.10 - D).
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Figure 4.10 Effect of temperature on the scaffold assembly. (A) Schematic illustration of clay-gels
assembled at different temperature. The (B) LFM images showed that an increase in the assembly

temperature from 4 °C to 37°C accelerates the displacement of the fluorescent ring towards the core of
the clay-gels. A two-way ANOVA (C) analysis confirmed this observation, the fluorescent ring of the

10 and 20 mg/ml BSA clay-gels assembled at 37°C displaced about 16 % and 22 %, respectively
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compared to the 4°C. Evaluation of the diameter of the clay-gel droplets (D) did not show any
significant changes as a function of the assembly temperature and concentration of the assembly
solution (two-way ANOVA, post hoc Bonferroni, p > 0.05). The results were presented as the mean +

standard deviation of n = 4. The scale bars correspond for 200 pm.

Similar to increasing protein concentration, the assembly temperature does not affect
the dimensions of the clay-gel scaffold in DPBS but accelerates the displacement of

the fluorescent ring towards the core.

4.3.1.5 Assembly with different types of proteins

Previous experiments on section 3.3.2.3 demonstrated that the protein phase of foetal
calf serum, more specifically BSA, is key for the nanoclay/protein scaffold assembly
and patterning. However, further work is required to determine if this is the result of
specific BSA/clay nanoparticle interaction or other type of proteins could be used to

produce similar structures.

Moreover, the formation of a “protein corona” should be expected upon contact of
clay nanoparticles with BSA, which in turns affect the biological identity, fate and
behaviour of the clay nanoparticle, since the coating of biomolecules mediates its
interaction with the surrounding environment (Docter et al. 2015). Thus, assembly of
the scaffolds with other proteins could be beneficial to functionalize the clay-gels
according to the application and potentially improve the recognition,
biocompatibility and bioactivity. For these reasons, the objective of the next set of
experiments was to determine if the nanoclay/protein scaffolds could be assembled

with proteins of different shape and physicochemical properties.

The first experiment was set up to compare the assembly of the clay-gels with a fibril
and a globular protein (Fig. 4.11 - A). The confocal images revealed surface binding
and no diffusion of the FITC BSA (506 - 564 nm) inside the clay-gels that were
assembled with type | collagen. On the contrary, diffusion of FITC BSA was
observed in the clay-gels assembled with BSA (Fig 4.11 - B).
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Figure 4.11 Assembly of the nanoclay/protein scaffold with fibril protein vs globular protein. (A)
Schematic illustration of the clay-gel assembled with fibril (type I collagen) and globular protein

(BSA), respectively. The (B) CLSM images and respective ROI showed the localisation of FITC BSA
at the surface of the clay-gel assembled with collagen. On the contrary, the FITC BSA localised inside

the clay-gels assembled with BSA. The images correspond to n = 4 and the scale bar to 200 um.

While a wider range of fibrillar proteins will be required to confirm the requirement
of globular proteins in the process, this result provides an initial indication that the
assembly process required for patterning of labelled BSA (in this case) is not a

generalizable feature of proteins per se.

To further evaluate if the protein patterning is strictly related to the physicochemical
properties of BSA, various globular proteins with different size and net charge were
used to assemble the clay-gels and then loaded with FITC BSA (Fig. 4.12 - A).

Overall, the results confirm that the nanoclay/protein scaffolds can be assembled
with a wide range of globular proteins with different molecular weights (14.3 - 250
kDa) and isoelectric points (4 - 10) (Fig. 4.12 - B).
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Qualitative analysis of the bright field images revealed that the proteins have
different diffusion path length after 3 hours of incubation, which suggest that the

diffusion length is not related to the protein size or charge.

In this regard, comparison of the lysozyme and avidin scaffolds showed similar
localisation of the diffusion front (Fig. 4.12 - B, red arrow). Both proteins possess
similar isoelectric point (~10) but significantly different molecular weight (14.3 kDa
and 68 kDa, respectively). Based on this, it could be assumed that the diffusion

coefficient is governed by electrostatic interactions (Fig. 4.12 - B).

Nevertheless, comparison of the BSA and streptavidin scaffolds showed opposite
results. Despite the proteins possesses similar isoelectric point (4.8 and 5,
respectively) and molecular weight (66.5 kDa and 60 kDa, respectively) it could not
be observed the diffusion front of the BSA scaffolds, because it reached saturation as
confirmed by the fluorescent image. On the contrary, the bright field image of the
streptavidin scaffolds showed the localisation of the diffusion front closer to the clay-

gel surface (Fig. 4.12 - B, red arrow).

These results suggest that every protein may interact differently with the clay-gel
regardless of the size and net charge. Thus, further work is required to understand

what parameters control their diffusion coefficient.

Interesting results were observed when the spatial localisation of the fluorescent
protein, corresponding to the FITC BSA emission (506 - 564 nm) was evaluated
based on the electrostatic interactions between the assembly and loading proteins. In
this regard, the fluorescent ring localised next to the clay-gel surface of those
scaffolds assembled with positively charged proteins (lysozyme and avidin).
Conversely, the fluorescent protein localised internally on those scaffolds assembled
with neutral or negatively charged proteins (myoglobin, casein, BSA streptavidin,

hyaluronidase, haemoglobin, immunoglobulin G (IgG) and catalase) (Fig. 4.12).
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Figure 4.12 Assembly of the nanoclay/protein scaffold with different globular proteins. (A)
Schematic illustration of the clay-gels assembled in different globular protein solutions. The (B)
confocal images were presented according to the molecular weight of the proteins used to assemble
the clay-gels, from the lowest to the highest. The fluorescent pattern distribution differs significantly
between the assemblies, except for the lysozyme and avidin that localises next to the surface. The

images represent n = 3 and the scale bar to 200 um.

Both proteins, lysozyme and avidin possess an isoelectric point of approximately 10,
which makes them positively charged at pH 7 while the FITC BSA with an
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isoelectric point of 4.8 would then be negatively charged (Fig. 4.13 - D). According
to these facts, it could be hypothesised that the positively charged proteins in the
clay-gel prevented the diffusion of the negatively charged FITC BSA due to
attractive interactions and accounted for observation of FITC BSA only at the clay-
gel surface. With regards to the rest of the proteins used to assemble the clay-gels,
there was no attractive protein-protein interaction to hinder the diffusion of FITC
BSA inside the clay-gel, because they were neutral and negatively charged (Fig. 4.13
-B & C).

A B C D

Clay-gel Protein assembly ~ Fluorescent ring localisation (um) pl MW
Net charge at pH 7 (kDa)

2.8% (-) Catalase FITC BSA 5.4 250
Laponite® (neutral) 1gG 47 (-) 6.87 100

(-) (+) Avidin 105 68
(-) Haemoglobin 45-6 64.5

(-) Hyaluronidase 45 61

(-) Streptavidin i 5 60

(-) BSA - 4.8 66.5

(-) Casein i 4-5 19

(‘neutral) Myoglobin A 1 68-74 1738

(+) Lysozyme 10 143

0 500 1000 1500

Figure 4.13 Effect of assembly and loading protein interaction in the fluorescent pattern
distribution. It was hypothesised that (A) clay-gel acquires the net charge of the (B) protein absorbed
at the assembly step. Then, subsequent diffusion and distribution of proteins in the clay-gel, at the
loading step, could be the result of electrostatic interactions between the assembly and loading
proteins and not the size. The (C) graph shows a descriptive analysis of the localisation of the
fluorescent ring with respect to the surface of the clay-gel. It seems that the positively charged
proteins (lysozyme and avidin) prevented the diffusion of negatively charged FITC BSA by attraction
forces. Contrarily to the rest of the proteins that were neutral and negatively charged and the repulsive

forces or none governed the process. The results presented as the mean + SD for n = 3.

To conclude, a wide range of globular proteins can be used to assemble the scaffolds.
Nevertheless, the secondary absorption and localisation of the protein loaded (FITC
BSA) could be the result of a protein-protein interaction governed by electrostatic
interactions. Further work will be undertaken to study this hypothesis in the next
section (4.3.2.3).
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4.3.2 Effect of loading variables on the nanoclay/protein scaffold structure

4.3.2.1 Protein absorbed as a function of time

So far, in this chapter, the focus has been on the influence of the initial assembly
parameters. This next experiment aims to evaluate the loading of the protein of
interest following scaffold assembly. Thus, the first experiment was set to test the
maximum loading capacity of the scaffolds as a function of time. For this purpose,
assembled clay-gel droplets were loaded with a fluorescent protein, 100 pg/ml FITC
BSA, and respective imaging and measurement of the protein absorbed were
performed at different time points over the course of 11 days (Fig. 4.14 - A)
(methods section - 4.2.2).

The protein assay demonstrates that the scaffolds assembled with BSA reach its
maximum absorption capacity at day 7. It absorbs up to 1.51 + 0.35 ug of BSA per
ul of clay-gel, which corresponded to 36.50 + 4.07 % of the total protein in the
loading solution (Fig. 4.14 - C).

Moreover, the protein absorbed in the BSA scaffold at the day 1 is 0.16 £ 0.11 ug per
ul of clay-gel and accordingly to the confocal images, the protein is concentrated in
the fluorescent ring. Interestingly, the fluorescent ring also maintains its localisation
regardless more protein is being absorbed mainly in the core of the gel as a function
of time (Fig. 4.14 - B).

Regarding the DPBS scaffolds, the absorption of 100 ug/ml FITC BSA from the
solution was almost complete, with up to 89.99 + 0.36 % FITC BSA absorption
achieved after 11 days of static incubation. This corresponds to 4.6 + 0.46 pg of
protein per pl of clay (Fig. 4.14 - C). The confocal images revealed the absorption
and localisation of the fluorescent protein next to the surface, which diffused
progressively towards the core (Fig. 4.14 - B). Both results indicate that the DPBS
scaffold did not reach the maximum absorption capacity; thus, more protein may be

loaded into the clay-gel.
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The bright field images reveal the development of opacity in the scaffolds, assembled
with either BSA or DPBS, the spatial distribution of which corresponds to the
localisation of the protein absorbed, as observed in the confocal image (Fig. 4.14 -
B). Thus, at day 11, the FITC BSA localises in the core mainly and next to the
surface of the BSA and DPBS scaffolds, respectively.
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Figure 4.14 Maximum loading capacity of the nanoclay/protein scaffold. (A) Schematic
illustration shows the different incubation times of the scaffolds in 100 pg/ml FITC BSA. (B) The

confocal images reveal the absorption of FITC BSA (506 - 564 nm) in the clay-gel, as a function of
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time. It localises in the core mainly and the surface of the BSA and DPBS scaffolds, respectively (C)
A one phase equation predicted the protein absorbed satisfactorily. The BSA scaffold reached its
maximum absorption capacity at day 7. Approximately, 36.50 + 4.07 % of FITC BSA from the
solution was absorbed, corresponding to 1.51 + 0.35 pg per pl of clay-gel. The DPBS scaffold
absorbed almost all the FITC BSA, ~89.99 + 0.36 % that corresponds to 4.6 + 0.46 g of protein per
pl of clay-gel. The half adsorption time or half-life for the BSA and DPBS clay-gels was 3.66 and
3.33 days, respectively, with associated rate constants of 0.19 £ 0.1 and 0.2 + 0.06 days. The results

were presented as the mean * standard deviation for n = 3. The scale bars correspond to 200 pm.

These results indicate that the BSA scaffolds have significant absorption capacity
and it is essential to mention that the protein absorbed is not homogeneously
distributed, but localised and, therefore, concentrated in specific areas of the clay-gel

as intended.

Further work is needed to understand how the fluorescent ring observed at day 1 was
not disturbed by the continuous diffusion of proteins as a function of time, also, why
the proteins localise mainly in the core of the clay-gel and not at the rest of the

structure.

4.3.2.2 Effect of temperature

Similar to the assembly temperature experiment (section 4.2.1.4), the effect of the
loading temperature in the localisation of the fluorescent ring was examined. For this
purpose, the clay-gels were assembled at 4°C for 50 min and loaded with 100 pg/ml
FITC BSA for 1 hour at 4°C and 37°C, respectively (Fig. 4.15).

The LFM images showed similar localisation of the fluorescent rings regardless of
the loading temperature. This was confirmed by an unpaired sample t-test (mean *
SD, n =5). Measurement of the fluorescent rings with respect to the clay-gel surface
did not show any significant differences between their spatial localisation and the
temperature treatment (p < 0.05) (Fig. 4.15).
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Figure 4.15 Effect of loading temperature on the fluorescent pattern distribution. The images
and respective statistical analysis show no significant differences in the spatial localisation of the
fluorescent ring in the clay-gel regardless of the loading temperature (unpaired sample t-test, p <
0.05). The results were presented as the mean * standard deviation for n = 4. The scale bars

correspond to 200 pum.

The results indicate that the loading temperature does not affect protein localisation
after 1 h of incubation. Thus, in the following experiments, the protein will be loaded

at 4°C to preserve protein stability, unless otherwise stated.

4.3.2.3 Loading globular proteins

To determine if other proteins different from BSA could be loaded into the scaffolds
and evaluate the effect of their size and charge in their spatial localisation into the
scaffold, assembled clay-gels were incubated in 1.5 uM of fluorescently labelled
lysozyme, casein, BMP-2, streptavidin, BSA, avidin and 1gG for 1 h (Fig. 4.16 - A).

The results confirm that the nanoclay/protein scaffolds can be loaded with a wide
range of globular proteins with different molecular weights and isoelectric points
(Fig. 4.16 - B).

Qualitative analysis of the confocal images indicates that four of the seven proteins
tested localised within the scaffold assembled in BSA and three localised at the
surface. Interestingly, those that localise at the surface were all positively charged
proteins (lysozyme, BMP-2 & avidin). This suggests the possibility that attractive
forces between the negatively charged BSA bound to the clay and the positively
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charged proteins loaded could hinder the secondary diffusion of the protein into the
scaffold structure (Fig. 4.16 - B).

This observation recalls the previous experiment showing that the assembly of
scaffolds with positively charged proteins (lysozyme and avidin) did not facilitate the
diffusion of the negatively charged BSA, which again localised next to the surface,
suggesting that the attractive forces hindered the diffusion of the protein loaded
(section 4.3.1.5).
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Figure 4.16 Loading different globular proteins into the nanoclay/protein scaffold. (A)
Schematic illustration of BSA scaffolds loaded with different globular protein. (B) The confocal
images were presented according to the molecular weight of the proteins used to load the clay-gels,

from the lowest to the highest. All the proteins diffused inside the clay-gel except for the lysozyme,
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BMP-2 and avidin that localised next to the surface. The images represent n = 3 and the scale bar to
200 pm.

While the possibility of the effect of homodimers or homotetramers in the protein-
clay or protein-protein interaction cannot be discounted. The experiments performed
in this study suggest that the main property of the loaded protein that could be related
to their spatial localisation within the gel is the isoelectric point. In this regard,
comparison of the scaffolds loaded with lysozyme, BMP-2 and avidin reveal similar
spatial localisation near the clay-gel surface (Fig. 4.16). These globular proteins
possess similar isoelectric points being positively charged at pH 7. However, they
differ significantly in their molecular weight 14.3 kDa, 32 kDa and 68 KDa,
respectively. Also, in their quaternary structure, the lysozyme and BMP-2 are
homodimeric proteins and the avidin a homotetrameric protein indicating that the net
charge of the protein plays a vital role in their spatial localisation. Similar results
were observed with the negatively charged proteins, casein, streptavidin, BSA and
IgG. The fluorescent proteins diffused into the clay-gel and formed a punctuated
gradient. All of them possess different molecular weights, ranging from 19 to 100
kDa. Also, most of them are homodimeric proteins except for the streptavidin, which
is a homotetrameric protein. For this reason, it seems unlikely that the quaternary
structure of the protein (homodimers or homotetramers), as well the molecular

weight to have a significant effect in the diffusion and localisation of the proteins.

It, therefore, seems that the diffusion and localisation of the loaded proteins is
governed by electrostatic interactions between the assembly protein and loaded
protein. In order to corroborate this hypothesis, clay-gels were assembled and loaded
with different permutations of lysozyme and BSA, which are oppositely charged
proteins at pH 7 (Fig. 4.17 - A).

The results reveal the localisation of fluorescent proteins next to the surface of the
scaffolds that were assembled with lysozyme and BSA and loaded with their
respective oppositely charged protein. In contrast, diffusion of the fluorescent
molecules was observed on the scaffolds assembled and loaded with proteins of the

same net charge (Fig. 4.17 - B).
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Figure 4.17 Diffusion and localisation of proteins loaded governed by electrostatic interactions.
(A) Schematic illustration of clay-gels assembled and loaded with different permutations of lysozyme
and BSA. (B) The confocal images reveal the localisation of the protein next to the clay-gel surface
when they are assembled and loaded with oppositely charged proteins (lysozyme -» BSA & BSA -»
lysozyme). In contrast, diffusion of proteins in the clay-gel was observed when they were assembled
and loaded with proteins of the same net charge (lysozyme -» lysozyme and BSA -» BSA). The images

represent n = 3 and the scale bar to 200 pm.

The results suggest that the net charge of the assembly proteins (bound to the clay-
gel) and loading proteins raise electrostatic interactions that govern the diffusion of

the proteins loaded.
Thus, it seems that the isoelectric point of the protein plays a more critical role than

the molecular weight. Therefore, variation in the buffer pH and ionic strength should

alter the localisation of the molecules loaded.
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4.3.3 Effect of storage variables on the nanoclay/protein scaffold structure

The assembled nanoclay/protein scaffolds in this research project are intended for
biomedical applications. Therefore, it is essential to assess the stability of the
assembled structure and the effect of storage conditions on the gel over time. In this
regard, preliminary experiments were set up to evaluate the effect of the storage
solution and temperature on the stability of the scaffold by monitoring the linear

dimensions and protein localisation as a function of time.

4.3.3.1 Effect of the storage solution

In order to determine the effect of the storage solution on the scaffolds’ stability,
clay-gels assembled with BSA were stored in DPBS and water, respectively and

evaluated as a function of time (Fig. 4.18 - A).

Qualitative analysis of the scaffolds stored in water showed an increase in size as a
function of time (Fig. 4.18 - B). To evaluate this, manual measurements of the clay-
gel droplets’ diameter were taken and then analysed with one-way ANOVA (mean +
SD, n = 6). The results revealed significant changes (post hoc Bonferroni, p <
0.0001) in the linear dimensions of the clay-gels as a function of time (Fig. 4.18 - D)
They increased 28.44 + 4.96 % in size after 3 h of storage in water and remained
stable after 3 to 24 h.

Conversely, the scaffolds maintain their linear dimensions when incubated in DPBS
as a function of time. This was confirmed by the analysis of variance, which did not
show any significant changes (post hoc Bonferroni, p > 0.05) in the clay-gels linear
dimensions after 24h of storage (Fig. 4.18 - C).

Moreover, the fluorescent ring of the scaffolds stored in water becomes blurred with
time, but this is not observed in the scaffolds stored in DPBS (Fig. 4.18 - B).
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Figure 4.18 Effect of the solvent storage in the nanoclay/protein scaffold. (A) Schematic
illustration of assembled BSA scaffolds stored in different solvents, DPBS and water. (B) The LFM
images and respective analysis of variance (one-way ANOVA, post hoc Bonferroni) show no changes
in the BSA scaffolds stored in DPBS (p > 0.05); nevertheless, the scaffolds increased 28.44 + 4.96 %
in size after 3 h of incubation in water and remained stable after 24 h (p < 0.0001). The results were

presented as the mean * standard deviation for n = 6 and the scale bar corresponds to 200 pm.

The results indicate that the scaffolds swell in water as a function of time; thus, the

presence of ions in the storage solution is necessary to maintain their stability.
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Therefore, in the following experiments, the scaffolds were stored in DPBS, unless

otherwise stated.

Further research is needed to explore the stability of the scaffold in other solutions,

such as physiological saline and/or antimicrobials solutions.

4.3.3.2 Effect of storage temperature

The next experiment was set to evaluate the stability of the clay-gels under different
storage temperatures. For this, assembled clay-gels with BSA and DPBS were stored
DPBS at 4°C and 37°C - 5 % CO2, respectively and imaged at different time points
(0, 24, 72, 144 hours) (Fig. 4.19 - A).

The LFM images and respective analysis of variance did not any show significant
differences in the linear dimensions of the BSA and DPBS scaffolds that were stored
at 4°C as a function of time (one-way ANOVA, post hoc Bonferroni p > 0.05) (Fig.
419-B &C).

Nevertheless, when stored at 37°C, a significant change in the BSA scaffolds size as
a function of time was observed (one-way ANOVA, post hoc Bonferroni p <
0.0001). In this regard, the BSA scaffolds decreased progressively up to 25.23 + 0.96
% in size after 144 h and did not reach stability. Moreover, in comparison with the
controls (DPBS scaffolds) did not show significant differences, (one-way ANOVA,
post hoc Bonferroni p > 0.05). Thus, both scaffolds seem to decrease in size and
follow similar trend (Fig. 4.19 - B & D).
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Figure 4.19 Effect of the storage solvent in the nanoclay/protein scaffold. (A) Schematic
illustration of assembled BSA and DPBS scaffolds stored in DPBS at 4°C and 37°C. (B) The LFM
images and respective analysis of variance (one-way ANOVA, post hoc Bonferroni) show no changes
in the BSA and DPBS scaffolds stored at 4°C as a function of time (p > 0.05), nevertheless, they
decreased 25.23 + 0.96 % in size after 144h of incubation at 37°C (p < 0.0001). The results represent n
= 6 and the scale bar to 200 pum.
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4.3.3.3 Stability as a function of time

To evaluate the stability of the BSA scaffolds, they were stored in DPBS at 4°C and
imaged on day 1 and 28. Analysis of the linear dimensions reveals a decrease in size
(unpaired t-test, p < 0.05) of approximately 4.99 + 2.86 % from day 1 to day 28 (Fig.
420 - A &B).

Similarly, slight changes in the fluorescent ring localisation were observed (unpaired
t-test, p < 0.05). The statistical analysis revealed a decrease in the distance from the
scaffolds’ surface of 7.98 + 0.98 % from day 1 (462.6 £ 21.65 mm) to day 28 (425.6
+17.09 mm) (Fig. 4.20 - B).

Interestingly, no sign of infections was observed after 28 days of storage, although a

microbial culture is needed to verify this.
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Figure 4.20 Effect of the storage time in the nanoclay/protein scaffold. (A) Schematic illustration
of assembled BSA and stored in DPBS at 4°C for 28 days. (B) The LFM images and respective
analysis (two-tailed unpaired t-test) shows a slight decrease in the scaffold’s linear dimensions of 4.99
+ 2.86 % after 28 days of storage (p < 0.05). Similarly, the distance of the fluorescent ring from the
scaffold surface decreases 7.98 + 0.98 % after 28 days of storage (p < 0.05). The results were

presented as means + SD for n = 4 and the scale bar corresponds to 200 pm.
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In this last section, some environmental parameters that could affect clay-gels
durability and stability were evaluated. In this regard, a slight decrease in the size
was observed when stored in DPBS at 4°C. Moreover, no sign of infections was
detected despite the experiments above described were not performed under aseptic

conditions.

Further research is required to establish the shelf life and storage conditions, such as
microbial cultures, exploring other storage solutions and the addition of

antimicrobials (if necessary), and determining the protein bioactivity to long storage.
However, it can be confirmed from these studies that the scaffolds remain stable and

preserve the localisation of protein over several weeks in solution.

4.4 Discussion

The first results chapter confirms that the spontaneous formation of the fluorescent-
layered structure inside the clay-gel is the product of a complex diffusion process.
The detailed analysis demonstrated that two different diffusion processes take place
at the assembly and loading steps. Thus, initial treatment of the clay-gel droplet
during the assembly process, with either DPBS, DMEM 10 % FCS, 100 % FCS or
30 mg/ml BSA) affects significantly the distribution of the fluorescent protein (FITC
BSA) loaded, which could be either at the surface or internally at different distances
from the surface. Moreover, it was suggested that the internal distribution of the
fluorescent protein loaded co-localised with the apparent diffusion front of the clay-
gels assembled in the concentrated protein solution (Fig. 3.12 & 3.20). Therefore, in
this chapter it was hypothesised that the fluorescent pattern distribution could be
controlled by altering the diffusion process at the assembly step, and in consequence,
the localisation of the diffusion front. To evaluate this, the effect of the protein
concentration, ions, temperature and time on the clay-gel assembly were studied,
which are factors known to result in changes in the solute diffusion rate and distance

travelled.

Thus, in the first study, clay-gels assembled with gradients of BSA-water ranging

from 20 to 50 mg/ml revealed a linear relationship of concentration with the
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localisation of the fluorescent ring inside the scaffold (or diffusion front) (Fig. 4.3 -

B & D). These results indicate that the diffusion rate of the assembly protein solution
is concentration dependent, which is consistent with Fick’s first law of diffusion that
postulates that mass transfer occurs in response to the concentration gradient. This is

expressed as eqg. (1)

L= %
ox

where the flux or local rule for movement (J) is proportional to the diffusivity (X) and
the negative gradient of concentration (aC/ox), which result from the change in
concentration (a¢) due to a change in position (ax) (Mikhailov et al. 1982). Note that
this basic equation does not consider other factors that could affect the diffusivity,
but when modelling diffusion. However, it is good practice to begin with the
assumption that all diffusion coefficients are equal and independent of temperature,
pressure, net charge and other factors, then the assumption can be modified as the

different variables are studied.

A similar experiment was performed to evaluate the effect of ions on protein
diffusion into the clay-gel as a function of concentration. Again, the fluorescent
protein pattern (or diffusion front) localised closer to the core as the protein
concentration increased until it could not be observed (Fig. 4.6 - A). Assuming that
the fluorescent ring cannot be observed anymore because the clay-gel is saturated,
comparison of these results with those above described would suggest that the
addition of ions accelerate the clay-gel saturation as a function of the protein
concentration. In this regard, the water-based scaffolds reached saturation at 40
mg/ml BSA but the DPBS-based scaffold at 20 mg/ml, both after 50 min of
incubation (Fig. 4.3 & 4.6).

The theory regarding the diffusion of charged species in liquid indicates that increase
in the solvent ionic strength decreases the diffusion rate of charged macromolecules.
This occurs because the electrostatic forces between the macromolecules that
mediate the Debye-Hiickel screening length decreases with the increase of the ionic

strength changing the interactions from repulsive to attractive, which in turns
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decreases the diffusion coefficient. For example, Li et al. (2004) demonstrated that
the diffusion coefficient of BSA grows with increasing protein concentration, but
with the gradual increase in the ionic strength, the diffusion coefficient decreases
with the increase in the protein concentration. Similar results were reported by Raj &
Flygare (1974) and Anderson et al. (1978). In these scenarios, the Nernst-Planck or
Maxwell-Stefan equations, extensions of Fick’s law, are generally used because they
consider the particle net charge (Anderson et al. 1978 and Hasan & Abdel-Raouf,
2019).

Thus, the theory here described is opposite to the present findings because the
addition of ions appears to increase the rate of diffusion of protein into the clay-gel.
However, this theory does not take into consideration the interaction between the
proteins and the charged diffusive media. In this regard, Lieleg et al. (2010) and
Zhang et al. (2015) demonstrate that the attractive interactions between a molecule
and a gel network, which would usually hinder diffusion are weakened in the
presence of salt leading to a higher diffusion rate. This is because Debye screening
becomes more pronounced with the gradual addition of ions, which appears to
weaken the probe-gel electrostatic interactions favouring the diffusion.

The discussed studies seem to correlate with the present results because likewise, the
diffusion is enhanced in the presence of ions. However, this explanation is not
consistent with quite a large literature that has demonstrated that protein adsorption
to clays, in fact, tends to increase with the ionic strength, even with neutral or
negatively charged proteins. Although the mechanism for this is not clear, some
suggest that the ions expose the hydrophobic region of the protein, increasing the
hydrophobic interactions and adsorption to the clay (Yu et al. 2013). Others support
that the surrounding counter ions decrease the electrostatic repulsion so that the
protein diffusion becomes faster and attachment to the surface easier (Bajpai &
Sachdeva, 2002 and Modller et al. 2012).

Thus, assuming that in this scenario, a physical reaction between the protein and
clay-nanoparticles occurs simultaneously to the diffusion, the process could be
accounted for by a reaction-diffusion system, which would be also favoured by the

presence of ions as they facilitate the protein adsorption onto the clay nanoparticle
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surface accelerating, therefore, the reaction-diffusion of BSA into the clay-gel. It is
important to take into consideration that the protein itself will contribute to the
ionicity of the system. Although further work is required to verify that the scaffold is
assembled via reaction-diffusion. For this, the structural characteristics of the
scaffolds will be assessed in the next chapter and compared with other structures that

were assembled similarly.

A significant decrease in the size of the water-based scaffolds as a function of the
protein concentration was observed (Fig. 4.4) in contrast to the DPBS based
scaffolds, which preserved their size (Fig. 4.7). According to these results, it could be
assumed that the protein diffusion in the water-based scaffolds is faster because they
have shrunk and, therefore, the diffusion distance is shorter. Nevertheless,
comparison of the scaffolds assembled with 20 mg/ml BSA-water and BSA-DPBS
revealed similar dimensions, but in the presence of ions, the fluorescent ring
localised closer to the core (Fig. 4.3 & 4.6) confirming again that the ions do increase

the diffusion coefficient.

Notably, all the clay-gels preserved their dimensions in the presence of ions
irrespective of the protein concentration, whereas with water, the clay-gel scaffolds
only assembled (or stabilised) in protein concentrations over 20 mg/ml (Fig. 4.3 &
4.6). It could be hypothesised that there are some traces of ions in the protein from
the manufacturing process sufficient to stabilise the gels in water. However, with the
increase in the protein concentration to 50 mg/ml, an increase in the ions
concentration would be expected to stabilise the size of the scaffold yet instead it was
observed a significant decrease in the dimension of the scaffolds up to 26.4 = 1.3 %
not apparent in DPBS (Fig. 4.4 & 4.7). This suggests that it is the proteins
themselves that are sufficient to assemble the scaffolds, albeit in a concentration

dependent manner.

Nevertheless, the presence of ions in the assembly solution represents an advantage
because they stabilise the size of the scaffold, accelerate the diffusion process and
decrease significantly the amount of protein required to create the patterned
structure. However, it is not clear how the ions prevent the scaffolds shrinkage and

do not interfere but favour the assembly process.
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Regarding the effect of the assembly time in the diffusion process, the fluorescent
ring localisation was measured with respect to the scaffold surface to determine the
distance travelled by the assembly protein solution because the localisation of the
fluorescent ring corresponds to the diffusion front. Then, the measured depth of the
diffusion of proteins in the clay-gel was used to determine the relationship between
the one-dimensional diffusion depth and assembly time according to the equation (2)

(2) d= V2D *¢

where, d is diffusion depth, t is time and D the diffusion coefficient. This equation is

a derivation of the Fick’s second law equation (3)

2

3p=2
®) D=5

that predicts the relationship between the elapsed time and the square of the length
over which diffusion takes (Hasan & Abdel-Raouf, 2019).

In this study, the results confirm a linear relationship between the protein diffusion
depth and the squared root of time, regardless of the protein concentration (Fig. 4.8
& 4.9) as postulated by the Fick’s second law. Moreover, this indicates that it can
effectively predicted the localisation of the fluorescent ring inside the clay-gel by

controlling the assembly time and protein concentration simultaneously.

Another factor that affects the diffusion coefficient is temperature. An increase in the
temperature implies that the average kinetic energy of the particles increases; thus,
the particles begin to move faster and more often. The Stokes-Einstein equation is
generally used in these cases. It describes the diffusion of a spherical particle

undergoing Brownian motion in a quiescent fluid at a uniform temperature, eq. (4)

0D kT
) ~ 6mnR

where the diffusion coefficient (») for a particle in a free volume varies linearly with

the Boltzmann constant (k) and the absolute temperature (7), and inversely
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proportional to the viscosity of the solution () and the hydrodynamic radius (&) of
the particle (Cruickhank Miller, 1924).

Regarding the present study, the scaffolds assembled at 37°C revealed the
localisation of the fluorescent ring closer to the core compared to the scaffolds
assembled at 4°C (Fig. 4.10), which suggest that the diffusion process follows the
general rule above-described. Thus, the increase in temperature increased the

diffusion coefficient of the assembly solution.

Again, taking into consideration the protein/clay interaction, different studies
indicate that the adsorption increases with increasing temperature of the medium.
This can be accounted for by several facts: 1) increase of temperature brings about an
increase in the diffusion of protein molecules (Yu et al. 2013) and 2) it may also
cause protein aggregation, both cases increase the protein adsorption (Nakanishi et
al. 2001). 3) Moreover, electrostatic attractions are usually weakened with an
increase in temperature; thus, a decrease in the adsorption should be expected. Lastly
4) unfolding of the protein at high temperatures may expose the hydrophobic regions
of the protein favouring the adsorption through hydrophobic interactions (Simonson
& Brooks, 1996, Bajpai & Sachdeva, 2002 and Della Porta et al. 2016).

Therefore, similarly to the ions, the temperature would increase the rate of adsorption
accelerating the reaction-diffusion process of the BSA into the clay-gel corroborating

the findings.

The final parameters studied at the assembly step focused on the solute properties.
Specifically, the molecular weight and isoelectric point. The results revealed that the
scaffolds could be assembled various globular proteins regardless of their size and
net charge (Fig. 4.12).

Qualitative comparison of the diffusion length suggests that the proteins have
different diffusion coefficients, which do not appear related to the protein size or net
charge. For example, the bright field image of the scaffold assembled in lysosome
and avidin shows similar localisation of the diffusion front. Both proteins have an

isoelectric point of approximately 10, but different molecular weights, 14.3 kDa and
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68 kDa, respectively. According to this, it could be assumed that the diffusion
coefficient is governed by electrostatic interactions (Fig. 4.12 - B, red arrow).
Nevertheless, the BSA and streptavidin scaffolds show opposite results. Both
proteins possess similar molecular weight (66.5 kDa and 60 kDa, respectively) and
isoelectric point (4.8 and 5, respectively). Thus, in the bright field image of the BSA
scaffold, the diffusion front could not be observed presumably because it has reached
saturation after 3h of incubation, and this was confirmed by the fluorescent image.
Nevertheless, the bright field and fluorescent images of the streptavidin scaffolds
show the localisation of the diffusion front closer to the clay-gel surface (Fig. 4.12 -
B, red arrow). Overall, the results indicate that neither the molecular weight nor the
charge of the globular protein determines its diffusion coefficient in the clay-gel.
Further work is required to understand how the diffusion is altered by the interaction

of each protein with the clay nanoparticles.

Interestingly, the fluorescent pattern distribution of the loaded protein varied
significantly with respect to the net charge of the protein used to assemble the
scaffolds. In this regard, the FITC BSA localised next to the surface of the clay-gels
assembled with a positively charged protein at pH 7. Conversely, the scaffolds
assembled with negatively charged proteins and neutral, the FITC BSA diffused in
suggesting that the diffusion of the protein loaded through the clay-gel is governed
mainly by electrostatic interactions (Fig. 4.12 & 4.13).

To confirm this, the scaffolds were assembled with BSA, a negatively charged
protein at pH 7 or lysozyme a positively charged protein at pH 7 and then loaded
with either the same or alternatively charged protein, respectively. The results
showed the localisation of the fluorescent protein next to the clay-gel surface when
they were assembled and loaded with oppositely charged proteins. In contrast,
diffusion and localisation of fluorescent proteins in the clay-gel was observed when
they were assembled and loaded with proteins of the same net charge, providing
further indication that a selective diffusion barrier process governs the secondary
diffusion and localisation of molecules, specifically by electrostatic interactions (Fig.
4.17).
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In this regard, Lieleg et al. (2010) and Zhang et al. (2015) reported that attractive
interactions between macromolecule and a diffusive media hinder the macromolecule
diffusion in contrast to the repulsive interactions, which facilitates it. This is
consistent with the findings in the present work (Fig. 4.21). Nevertheless, it is not
clear whether electrostatic interactions between the clay-protein or protein-protein
play the dominant role in this process.

A Attractive interactions between B Repulsive interactions between
macromolecules and diffusive media macromolecules and diffusive media
PY o ® s & £
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~ ' 4 ... L L4 L} ® e
®o ® 28" . L)
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*
- X w—-
Hindered diffusion Allowed diffusion
of macromolecules of macromolecules

Figure 4.21 Diffusion of charged macromolecules through a charged diffusive media. Schematic
illustrations of macromolecules (purple spheres) diffusion (A) hindered or (B) facilitated by attractive

or repulsive interactions with the diffusive media (grey box), respectively.

In this regard, two different diffusion mechanisms were proposed. First, it could be
envisaged that the proteins, at either the assembly or loading stage, binds according
to their net charge with either the positively charged clay-edge or the negatively
charged clay-surface (Fig. 4.22 - A), and after the assembly process takes place, there
should be a specific region of the nanoparticle unreacted that will then interact with
the loaded protein. Thus, if both, the unreacted clay region and the loaded protein
have opposite charge, the attractive interaction will hinder the diffusion, and the
loaded protein will localise next to the surface (Fig. 4.22 - B & C). On the other
hand, if both assembly and loading proteins have the same charge, the repulsive
interactions will allow the diffusion of the loaded protein into the clay-gel core (Fig.
4.22 -B & D).
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Figure 4.22 Secondary diffusion and localisation of macromolecules governed by clay/protein
interaction. (A) The clay-nanoparticle illustration indicates the anisotropic charge distribution, where
the edge possesses a weak positive charge and the surface a negative charge. Here is described as a
possible mechanism that controls the spatial localisation of the proteins loaded. Thus, (B) assuming a
preferential interaction of the proteins with a specific region of the clay nanoparticle due to their
charges. At the assembly step, the BSA protein, which is negatively charged (green sphere), should
bind and saturate the edges of the clay nanoparticles, which are positively charged. Then, the loaded
proteins (purple sphere) would interact with the unreacted surface. Thus, if the loaded protein is
positively charged, it will bind to the negatively charged surface of the clay nanoparticle (C) hindering
their diffusion. On the contrary, if the protein is negatively charged, it will not interact with the clay
and neither the bound protein because both are negatively charged (D) allowing their diffusion into

the clay-gel core.

The mechanism above described can be questioned; however, because the literature
indicates that negatively charged proteins do not bind only to the positively charged
edge of the clay nanoparticle but to the negatively charged surface as well. This
phenomenon is called surface patch binding (SPB) also known as “binding on the
wrong side of the pH” (Das et al. 2016). This type of anomalous binding explains the
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interaction of two macromolecules that possess the same or similar net charge. For
example, the binding of proteins to polymers/colloids having a similar net charge
(Lesins & Ruckenstein, 1988, Gupta et al. 2007 and Pathak et al. 2017).

In this context, Das et al. (2016) studied the interaction of globular plasma proteins;
BSA, human serum albumin (HBS) and B-lactoglobulin (B-Lg) with nanoclays;
Laponite® and montmorillonite. At pH > 6, proteins and nanoclays should
experience electrostatic repulsion due to the same polarity, since both are negatively
charged, but interaction still occurred as demonstrated by the hydrodynamic radius
(Rh) analysis, which increased upon binding of clay platelets to the protein surface.
(Fig. 4.23 - A). This finding suggests that, in this case, the protein and nanoclays
were interacting by SPB.

The authors also conducted zeta potential measurements to demonstrate that the
positive surface charge on the protein molecule (3.5 £ 0.5 mV) was neutralised by
addition of clay nanoparticles (net negatively charged) indicating that the protein and
the clay were interacting through the protein surface charge anisotropy and not the
overall protein surface charge, which is negative. Otherwise, the protein and the clay

would not interact due to repulsive interactions (Fig. 4.23 - B).

Moreover, the authors observed that the proteins undergo conformational changes in
the secondary structure during the SPB. The circular dichroism spectra show that the
helical content of protein decreased indicating strong associative interactions
between clay nanoparticle and the protein (Fig. 4.23 - C), demonstrating that the
heterogeneous charge distribution on the protein surface facilitates the patch binding
to the negatively charged surface of the clay nanoparticles, and that change in the

proteins’ conformation favours the binding (Fig. 4.23 - D).
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Figure 4.23 Surface patch binding of human serum albumin with Laponite® clay nanoparticle.
Schematic representation of the protein-nanoclay complexation and loss in protein helicity after
interaction. The protein binds indiscriminately to the negative surface and positive edge of the clay
nanoparticle regardless of the charge. Modified image from Das et al. (2016).

Thus, based on this SPB principle, it was assumed that the assembly protein
(negatively charged BSA), binds to all regions of the clay nanoparticle, positive edge
and negative surface (Fig. 4.24 - A). So that the formed protein-clay complex would
have a negative net charge (-50 + 5 mV), as reported by Das et al. (2016) (Fig. 4.24 -
B). Then, the loaded protein would interact with the protein-clay complex and
depending on their repulsive or attractive interaction, the diffusion could be
facilitated or hindered, respectively (Fig. 4.24 - B).
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This second mechanism seems to explain better the protein/clay interaction at the
assembly step but also the localisation of the loaded protein as an alternative to the
first mechanism proposed (Fig. 4.22 & 4.24). Most literature indicates that proteins
bind to any region of the clay nanoparticle regardless of the charge and in this
system, the SPB better account for the likely mode of interaction to generate a
charged structure that then filters through electrostatic interactions the loaded

proteins.

Nevertheless, further work is required; including, a depletion study to determine the
density of the protein per clay nanoparticle because the clay nanoparticles used to
assemble the scaffolds are forming a gel and not a sol as reported by Das et al.
(2016). The results will help to elucidate if anomalous binding or SPB form the
protein-clay complex. In addition, a zeta potential analysis would be essential, since
there is no direct evidence that the assembled clay-gel acquires the net charge of the
protein used. According to Das et al. (2016), the BSA-clay complex is negatively
charged, explaining why the loaded proteins diffuse or not into the gel based on the
charge. However, it is not clear yet if the lysozyme-clay complex becomes positively
charged, preventing the diffusion of negatively charged proteins.
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Figure 4.24 Secondary diffusion and localisation of macromolecules governed by protein-clay
complex/protein interaction. (A) The clay-nanoparticle and protein illustration indicate the
anisotropic charge distribution and their interaction through surface patch binding. Here is described a
possible mechanism that controls the spatial localisation of the proteins loaded. Thus, (B) assuming
that the assembly protein, negatively charged BSA (green sphere) binds to the edge and surface of the
clay nanoparticle, forming a negatively charged protein-clay complex. Then, the positively charged
protein loaded (purple sphere) would bind to the negatively charged complex hindering the diffusion.
On the contrary, if the protein is negatively charged, it will not interact with the complex because both

are negatively charged (D) allowing the diffusion into the clay-gel core.

Thus, towards understanding the clay-protein scaffolds assembly, it was recognised
that two different diffusion processes take place at the assembly and loading steps,
respectively. 1) A primary diffusion of concentrated protein solution (100 % FCS or
30 mg/ml - BSA) through the clay-gel that then facilitates 2) a secondary diffusion
and localisation of low concentrated protein solution (100 pg/ml - FITC BSA) (Fig.

3.12 & 3.14). For this reason, both phenomena, primary and secondary diffusion,
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were studied individually to allow optimising the fabrication parameters and to

understand the diffusion mechanism.

In this regard, the results presented so far indicates that variations in the protein
concentration, ionic strength, incubation time and temperature affect the diffusion
path length of the assembly proteins into the clay-gel, and consequently the spatial
localisation of the loaded protein. Furthermore, size and net charge of the protein
used at the assembly step influences as well the spatial localisation of the protein
loaded. Thus, all these tested variables could be considered as fabrication parameter,
which can be used to control de spatial localisation of the loaded proteins into the

clay-gel.

Regarding the primary diffusion mechanism studied in the previous chapter, a
reaction-diffusion process of concentrated BSA through the clay-gel was suggested
to lead the self-assembly of an anisotropic structure that supports the subsequent 3D
micropatterning of molecules. In this regard, the new findings support this
assumption since changes in concentration, ionic strength and temperature seem to
be not only proportional to the diffusion process but to the protein-clay reaction
(Ralla et al. 2010 and Yu et al. 2013). Thus, enhancement in the adsorption rate
would accelerate clay nanoparticle saturation and with it the diffusion of proteins to
the next nanoparticle. Further structural characterisation will be performed in the
next chapter to evaluate this assumption.

Concerning the secondary diffusion mechanism, based on previous results, the
spatial localisation of the loaded proteins was suggested to be related to a selective
diffusion. The new data support this hypothesis and indicates that is a filtering
process governed by electrostatic interactions between the protein-clay complex and
the loaded proteins, where attractive interactions would hinder the diffusion, and the

repulsive interactions facilitate it.

Thus, following this logical sequence of experiments, proceeded to evaluate the
effect of loading time and temperature in the 3D micropatterned structure. In this
regard, the results show that the scaffolds assembled with BSA reached its maximum

absorption capacity at day 7 with ~1.51 £ 0.35 pg of BSA per ul of clay-gel.
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Interestingly, the fluorescent ring maintained its localisation despite more protein
being absorbed in the core of the clay-gel (Fig. 4.14 - B). This suggests that the
proteins loaded are strongly bound at the diffusion front, preventing their
spontaneous dispersion, which is essential for sustaining the spatial bioactivity of the
proteins. Similarly, the loading temperature at 4°C and 37°C does not affect the
localisation of the fluorescent ring (Fig. 4.15).

Finally, since the designed clay-gel is intended for biomedical application, the final
fabrication parameter evaluated was the storage. Specifically, the storage solvent,
temperature and time. Preliminary results suggest that the scaffolds have to be stored
in an electrolyte solution to maintain their stability because they swell significantly

in water after 3 h of storage (Fig. 4.18 - B).

Regarding the temperature, the results indicate that the ideal storage temperature is
4°C since the scaffold did not show any significant changes at this temperature after
144 h of incubation. This is in contrast to storage at 37°C, at which a significant
reduction of the scaffolds’ dimensions was observed. Interestingly, the controls
(DPBS) showed a similar trend when incubated at 4°C and 37°C, suggesting that the
clay nanoparticles govern the scaffolds’ stability and not the proteins (Fig. 4.19 - B).

However, a slight decrease in the scaffold size was observed after 28 days of storage
in DPBS at 4°C (Fig. 4.20 - B). Further work is required to verify if this is due to
evaporation of the solvent or the result of an ageing process of the clay-gel as a

function of time.

Interestingly, no sign of infection was detected even though the experiments above
described were not performed under aseptic conditions. This could be related to the

reported antibacterial properties of the Laponite® nanoparticles (Rawat et al. 2014).

The lasts experiments demonstrated the effect of some environmental parameters on
scaffolds durability and stability. Nevertheless, further research is required to
establish the shelf life and storage conditions, such as the use of microbial cultures,
exploring other storage solutions, the addition of antimicrobials (if necessary), and

determining the protein bioactivity to long storage.
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4.5 Conclusions

In this chapter, different factors that affect the scaffold 3D micropatterning were
evaluated. The results not only led to the optimisation of the fabrication parameters

but began to elucidate the assembly and loading mechanism.

Thus, regarding the fabrication parameters, 1) the assembly step plays a significant
role in the anisotropic structure formation and the localisation of the loaded protein.
Different factors, known to alter the diffusion coefficient of macromolecules, such as
concentration, ionic strength, incubation time and temperature, and the solute size
and net charge can be manipulated at the assembly step to predict the 3D localisation
of proteins in the clay-gel. 2) Regarding the loading step, the time showed no
significant effect of the protein micropatterning, but only the amount of protein
loaded. This is crucial to control the concentration of protein to deliver accordingly
to the application. 3) Finally, analysis of the storage conditions suggests that the
scaffolds are stable in DPBS at 4°C.

With respect to the assembly and loading mechanism, the results suggest that the
force that triggers the diffusion of proteins into the clay-gel is the concentration and
that the assembly proteins and clay nanoparticles “react” through SPB as the
diffusion takes place, saturating the complete nanoparticle, edge and surface. Further
characterisation is required to confirm this. Finally, a selective diffusion barrier due
to electrostatic interactions between the assembled clay-gel and the loaded protein

governs the loading process.
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Chapter 5 CHARACTERISATION OF
THE ARCHITECTURE AND THE
ASSEMBLY MECHANISM OF THE
NANOCLAY/PROTEIN SCAFFOLD
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5.1 Introduction

The previous results suggest that the nanoclay-protein scaffold assembly is the result
of a reaction-diffusion process. In this regard, it was hypothesised that the proteins
react with the clay nanoparticles as they diffuse into the clay-gel, forming a structure

between the protein and clay that facilitates the 3D micro-patterning of proteins.

A reaction-diffusion is a mathematical model proposed in 1952 by Alan Turing, a
British mathematician, whose goal was explaining morphogenesis or development of
biological tissues by the formation of natural patterns (Turing, 1952). Today the
reaction-diffusion model and its variations are widely used to study the self-assembly
of numerous natural or synthetic patterned structures, ranging from morphogen
gradients, pigmentation on a zebra skin to Liesegang rings, Belousov-Zhabotinskii
Reactions and stripes of sand ripples (Ball, 2015). In general, the models describe
activating/inhibiting interactions of molecules in a diffusive system, in which the

final product is the self-assembly of structures with periodic patterns (Fig. 3.17).

One class of model investigated to great depth are binary reaction-diffusion systems
with a reaction front, as this model is believed to explain the fundamental physics of
reaction fronts that are usually observed in various chemical and biological systems
(Braschler et al. 2011). In this model, two reactants, one diffusive (A) and another
static (B) that are initially separated in space react and develop a diffusion front. The
propagation of which leaves behind a reaction product (C) (Larralde et al. 1992 and
Bazant & Stone, 2000) (Fig. 5.1).

(a)
t=0

(b)
t>0

reaction ﬁ.'on( W)
propagation w(t)

Figure 5.1 The reaction-diffusion fronts with one diffusion and one static reactant. Schematic

illustrations on the left and respective concentration sketches on the right shows (a) the diffusing
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reactant A separated from the static reactant B. Upon contact, a reaction front propagates into the

region rich in reactant B and later leaving a reaction product C (Bazant & Stone, 2000).

Such a model can be used to predict the assembly of physical gels by ionotropic or
external gelation, where a polyelectrolyte is immersed in a solution containing ions
and the subsequent diffusion of ions crosslink the polyelectrolyte progressively at the
reaction front forming a gel (Patil et al. 2010). For example, in the external gelation
of alginate beads in a CaCl> solution. Upon interaction of an alginate solution with a
CaCl> solution, a reaction front forms and its progression through the alginate
solution leaves a gelled calcium-alginate behind (Braschler et al. 2011 and Ayarza et
al. 2017) (Fig. 5.2).

lonotropic gelation
A B

Reaction-diffusion model system 1 min gelation

Filter Gel Reaction  Freealginate
\\ front /
\
)=
G, i

Alginate + N Ca™* -> Gel
X + NY > Z

Bead formation Gelation time
1 min
Free alginate

Reaction
front

Cadl,

Figure 5.2 Assembly of physical gels by ionotropic gelation. (A) Upon interaction of an alginate
solution with a CaCl; solution, a reaction front forms and its progression through the alginate solution
leaves a gelled calcium-alginate behind (Braschler et al. 2011). (B) The SEM images of partially
gelled alginic acid bead after 1 min of gelation reveals two distinct morphologies. A porous outer
region of gelled alginate and a compact inner region of unreacted alginate. Moreover, picture of the
alginic beads gelation as a function of time reveals changes in the colour of the structure as the

crosslinks occur, which in turn exposes the propagation of the reaction front. (Ayarza et al. 2017).

A physical gel formed by reaction-diffusion characteristically develops distinctive
structural features. Such phase transitions (or structural changes) that
characteristically result in a higher degree of order. For example, the particles or
polymers may acquire a perpendicular or parallel orientation with respect to the
diffusion front following the diffusion flux of the gelator (Ziemecka et al. 2013). The
phase transitions can be resolved with a range of imaging techniques, such as PLM,
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SEM, LFM and TEM. Each of these techniques and the structural information they

can provide will be introduced in turn.

The increase in structural order can result in optical anisotropic properties (Fig. 5.3)
allowing the phase transition to be visualised under cross-polarised light. In this
regard, the particles or polymers may acquire a perpendicular or parallel orientation
with respect to the diffusion front depending on the type of reaction. In both cases;
however, alignment follows the diffusion flux of the gelator (Ziemecka et al. 2013).
Such phenomena have been observed, for example, with the gelation of curdlan,
alginate and PBDT gels assembled by a reaction-diffusion mechanism (Dobashi et al.
2005, Maki et al. 2011 and Wu et al. 2014).

Curdlan Alginate

6 mm

Figure 5.3 Physical gels set by a reaction-diffusion process. Cross-polarised light images of
curdlan, alginate and PBDT gels cross-linked by ions diffusion reveals macro beads displaying a
radial and symmetrical birefringence, which is indicative of periodical rearrangement of the polymer
particle. Modified images from Dobashi et al. 2005, Maki et al. 2011 and Wu et al. 2014, respectively.

In these examples, owing to the circumferential shape of the physical gel and the
direction of the reaction-diffusion process towards the core, the polymer particle
presents a radial arrangement resulting in the radial and symmetrical birefringence
patterns observed under cross-polarised light. In the case of alginate, Maki et al.
(2011) indicate that the molecules align along the circumferential direction in the
cylindrical gel, which is perpendicular to the direction of gel growth or the Ca?* flow
(Fig. 5.3). In addition, this was corroborated by SAXS analysis, which revealed a

symmetrical intensity pattern in the direction of the reaction.

SEM imaging can also be used to characterise the phase transition during the
reaction-diffusion process of physical gels; specifically, the structure, heterogeneity,

and different arrangement of the porous network. For example, Wu et al. (2014)
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reported the assembly of PBDT gels by the reaction-diffusion of Ca?* ions. The final
structure had 6 different regions, and their respective interfaces could be observed
not only by PLM but SEM (Fig. 5.4 - A). In another study performed by Ayarza et al.
(2017), the SEM images of partially gelled calcium alginate beads revealed two
distinct morphological regions. An outer-gelled region with a porous structure and an
inner region, which has not gelled with a compact rough structure (Fig. 5.4 - B).

Partial gelation of physical
gel by interrupted reaction-
diffusion of ions

N v ¥
-> No reacted gel
Reacted gel
7 4

Figure 5.4 SEM characterisation of physical gels cross-linked by diffusion-reaction. (A) PLM
images of diffusion of Ca?* through a PBDT gel air-dry reveals the formation of different regions, | -
VI. This was confirmed by SEM imaging (Wu et al. 2014). Moreover, (B) SEM images of partly
gelled calcium alginate bead reveals two distinct morphological regions. The outer-gelled region
shows a porous structure. In contrast, the inner region, which has not gelled, shows a compact rough
structure. Note that the alginate samples were immediately frozen into liquid nitrogen after gelation,
cut into halves and freeze-dried for SEM imaging (Ayarza et al. 2017), and despite the differences in

the samples preparation, a phase transition could be observed.

Another interesting feature that can be evidenced with SEM imaging of fully gelled
structures is the distribution of the polymer particle in the gel, which may be
homogeneous or inhomogeneous depending on the polymer concentration and
molecular weight, and the concentration of the gelator (ions) (Skjak-Braek et al.
1989). Overall, these factors have a direct effect on the relative diffusion rate
between the ions and the polymers into the reaction or gelling region. Thus, at low
ion concentration, the diffusion rate of polymer is faster with respect to the ions
allowing the polymers to diffuse to the periphery of the droplet for cross-linking
resulting in an uneven distribution of the polymer. In contrast, at high ion
concentration, the diffusion of ions is rather faster than the polymer limiting the

diffusion of polymer towards the periphery of the droplet forming a more
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homogenous structure (Voo et al. 2016) (Fig. 5.5 - A). For example, SEM images of
2 % wiv calcium alginate beads assembled in 0.1 M CaCl solution revealed larger
pores in the centre of the structure in comparison to the periphery, indicating the
inhomogeneity of the gel structure. Moreover, the beads assembled with 0.3 M

CacCl solution revealed a more homogenous structure. Interestingly, 10% wi/v
calcium alginate beads had a homogenous structure regardless of the concentration of
the CaCl> solution (Voo et al. 2016) (Fig. 5.5 - B). Similar results were reported by
Skjak-Braek et al. (1989) for alginate, pectate gels, k-carrageenan and gellan gum

gels.

A Complete gelation of physical gel by B Concentration of calcium
reaction-diffusion of ions alginate bead
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lons diffusion rate < lons diffusion rate >
polymer diffusion rate polymer diffusion rate

Figure 5.5 Polymer distribution of physical gels assembled via reaction-diffusion characterised
by SEM. (A) Schematic illustration of fully reacted physical gel (grey circle) exemplifies the
redistribution of the polymer inside the gel droplet based on the relative-diffusion rate of ions (black
arrows - yellow dots) towards the core and polymers towards the periphery (red arrows). At low ions
concentration, the diffusion of ions is relatively slower in relation to the polymer; therefore, more
polymer diffuses and react with ions at the periphery forming an inhomogeneous structure. At high
ions concentration, the diffusion of ions is faster in comparison to the polymer limiting its diffusion
towards the periphery; thus, the formed structure will be more homogeneous. (B) SEM images of 2%
w/v calcium alginate bead assembled with 0.1 M CaCl; reveals the formation of an inhomogeneous
structure with larger pores in the centre in comparison to the periphery. However, the structure
became homogenous when the CaCl, concentration was increased to 0.3 M. Moreover, alginate beads
of 10 % wi/v formed homogenous structures regardless of the ions’ concentration. Presumably, the

viscosity of the gel slowed the diffusion of polymers towards the periphery (Voo et al. 2016).
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Furthermore, TEM imaging can be used to obtain information, such as structural
conformation, size, shape and spatial distribution and orientation of the new entity
assemble via reaction-diffusion. For example, TEM images of alginate capillaries
assembled by ionotropic gelation revealed an alginate network displaying filaments
in an anisotropic orientation at the edges of the capillary characteristic of this type of
gelation and an isotropic orientation in the bulk (Schuster et al. 2014) (Fig. 5.6 - A).
In another system, the TEM images assisted studying structural changes in the
network of 2 % alginate beads and 1.5 % alginate/0.5 % chitlac (lactose-modified
chitosan). The pure calcium alginate bead revealed an entangled texture with
polygonal-like voids. In contrast, alginate/chitlac beads the filaments often coalesced
forming patches that then assembled into clusters leaving wider and irregular shaped
voids (Brun et al. 2011) (Fig. 5.6 - B).

Addition of molecules to the gelator or changes in their concentration may alter the
diffusion rate and with it, the distribution of the polymeric particle in the gel (Skjak-
Braek et al. 1989). In this regard, the ionotropic gelation of chitosan using
tripolyphosphate (TPP) and pyrophosphate (PPi) as cross-linkers to slow down the
diffusion leads to the assembly of structures with homogenous and inhomogeneous
distribution polymer networks, respectively, as revealed by the TEM images (Sacco
et al. 2016) (Fig. 5.6 - C). Moreover, assembly of Fe304-chitosan beads in different
concentrations of NaOH produces a decrease in the iron oxide particle as the
concentration of NaOH increases, and it also alters the spatial distribution of the
composed particle (Yang et al. 2012) (Fig. 5.6 - D).
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Figure 5.6 TEM imaging analysis of physical gels assembled by reaction-diffusion. (A) External
gelation of alginate capillaries develops an anisotropic orientation of alginate filaments at the edges
and isotropic orientation in the bulk (Schuster et al. 2014). (B) Assembly of alginate gels reveals a
homogenous distribution of the filament and network structure, in comparison to the alginate/chitlac
beads, which shows an inhomogeneous structure made of filaments clumps (Brun et al. 2011). (C)
Assembly of chitosan beads with TPP cross-linker generates a structure with homogenous distribution
of the polymer. In contrast, PPi cross-linker assembled a structure with inhomogeneous distribution of
polymer (Sacco et al. 2016). (D) Assembly of Fe304-chitosan beads with different concentrations of
NaOH causes a decrease in size of the iron nanoparticles as the concentration of NaOH increases. It
also alters the composite distribution in the gel (Yang et al. 2012).

Thus, gelation via reaction-diffusion process leads to the assembly of a new entity
with particular features that can be assessed with different imaging techniques as
briefly described-above. Hence, the objectives of this chapter are to characterise the
assembly mechanism and structural properties of the scaffolds using a range of
imaging techniques, including CLSM, SEM, PLM and TEM. In doing so, the
hypothesis that the nanoclay/protein scaffold is assembled by a reaction-diffusion

process will be tested.
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5.2 Materials and Methods

5.2.1 Scaffold assembly

5 pl droplet of 2.8 % clay-gel were placed in 10 mg/ml BSA-DPBS solution as left to
assemble for 50 min at 4°C. Then, the assembled structure was transferred to 100
pug/ml FITC BSA for 1 h at 4°C to load the protein. Finally, the loaded scaffolds were
stored and analysed.

The procedure was performed in a 96-well plate containing 200 pl of either the
assembly, loading or storage solution. Moreover, one droplet was assembled per well
and then transferred to respective treatment solution with a spatula. Also, most of the
experiments were performed at 4°C, otherwise stated.

This is the general procedure to assemble the nanoclay/protein scaffold. However,
some parameters varied throughout the study and, therefore, further details of the

sample preparation can be found in the results.

5.2.2 Characterisation techniques

5.2.2.1 Transmission electron microscopy

The scaffolds were prepared following the protocol provided by the Biomedical
Imaging Unit, University of Southampton. Thus, the scaffolds were crosslinked for

1 h at room temperature using a solution of 3 % glutaraldehyde and 4 %
formaldehyde in 0.1 M PIPES buffer-pH 7.2. Next, the samples were rinsed with a
buffer of 0.1 M PIPES buffer - pH 7.2 twice for 10 min and then transferred to a post
fixative solution of 1 % osmium tetroxide in 0.1 M PIPES buffer at pH - 7.2 for 1h.
The samples were rinsed again twice with 0.1 M PIPES buffer - pH 7.2 for 10 min
and then with distilled water for 30 sec.

In the next step, the samples were incubated in Uranyl acetate for 20 min and then
dehydrated by transferring them every 10 min to different dilutions of ethanol, 30,
50, 70 and 95 %, and at the end, they were incubated for 20 min in 100 % ethanol.
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To embed the samples in resin, they were treated with acetonitrile and 50:50
acetonitrile:resin solution for 10 min and overnight, respectively. Finally, the
samples were transferred to a low viscosity resin (Spurr, Sigma Aldrich) for 6 h.
Then, the resin was refreshed and put to polymerise with the sample in an oven 24
hours at 60°C.

Next, the samples were sectioned using an ultramicrotome Reichert Ultracut E
ultramicrotome and imaged with a Hitachi HT7700 transmission electron

microscope.

5.2.2.2 Scanning electron microscopy

The samples for SEM were prepared similarly to the TEM. However, right after the
treatment with 100 % ethanol, they were dried using a Balzers CPD 030 critical point
drier. Then, the samples were cut using a razor blade, and since they were brittle,
they fell apart as soon as the blade touched the surface. Finally, they were coated
gold/palladium using Quorum Q150T ES sputter coater and imaged with a FEI
Quanta 250 scanning electron microscope working at 10 kV. The images were taken
between X100 to X100,000 magnification with a working distance of approximately

4.5 - 5 mm. The chamber pressure was set to 60 Pa and the spot to 3.0.

5.2.2.3 Polarised Light Microscopy

The scaffolds were transferred to a homemade well plate filled with DPBS to the top
and then covered with a thin glass being careful of not introducing any bubbles (Fig.
5.7).

- <— 0.17 mm glass coverslip (top)
s e
-i- W

<— 1 mm glass coverslip (bottom)

Figure 5.7 Homemade well plate fabricated to analyse the assembled scaffolds under polarised

light microscopy.
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Formerly to the scaffold imaging, Koehler light was set and the filter NCB11

inserted to balance the colour temperature. Following, crossed polarisers were placed
in the optical pathway between the light source and eyepieces to block the light
passing through the system. This was confirmed when the field of view looked
completely black under the eyepieces. Finally, the lambda plate (Nikon) was adjusted
as indicated on the manual instructions and the images collected with a colour
camera (Nikon E950). Details of the equipment hardware and software setup are
described in table 5.1.

Table 5.1. General Polarised Light Microscope (80i, Nikon) settings.

Objective CFI Plan Fluor 4x/0.13
Light source 12V100W halogen transmitted illumination
Filters NCB11 filter colour
Polarisers
Lambda plate
Camera Nikon E950 sRGB
Image format Width - 1600 pixels

Height - 1200 pixels
Bit depth - 24 bits
File - JPG.

To evaluate the birefringence of the nanoclay/protein scaffolds in a 2D format, 10 pl
of 2.8% clay-gels were placed on a 1 mm thick coverslip, covered with a 0.17 mm
coverslip and then transferred to the assembly solution (10 mg/ml BSA - DPBS and
DPBS) for 1 h at 4°C. Note that during the sample preparation, a coverslip spacer of
1 mm thick was placed and fixed in between both glasses to obtain samples of the
same thickness and secure their stability.

5.2.2.4 Polarised light

Preliminary optical and qualitative characterisation of Laponite® gels as a function
of (1) clay concentration, (2) autoclaving, (3) storage temperature and (4) ageing
time was performed by means of polarised light. The samples were prepared as

described below:

3 ml of different concentrations of Laponite® gels (1 - 4 %) were placed into

borosilicate glass vials (15x45 mm, Thermo scientific) to evaluate their
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birefringence. To this end, the vials were placed between two crossed polarisers (5x5
cm), which were in the pathway of a cold light source. Finally, a Samsung Galaxy 5
smartphone (manual mode) was used to acquire the polarised images as shown in
Fig. 5.8.

Light source Clay-gel Camera

ez |9

Polariser
Analyser

Figure 5.8 Polarised light experiment settings.
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5.3 Results

5.3.1 Assembly mechanism of the nanoclay/protein scaffold

Until now, it is evident that the diffusion of proteins into the clay-gel is concentration
dependent. In this regard, low concentrations of BSA (100 pg/ml) are adsorbed next
to the clay-gel surface (Fig. 5.9 - 1B), but upon assembly of the clay-gel with a
concentrated solution of BSA (10 mg/ml), the secondary absorption of low
concentrated BSA into localised bands within the clay-gel is favoured (Fig. 5.9 - 2B).

The last observation is intriguing, as it is not understood how the assembly of the
clay-gel in a concentrated protein solution allows the secondary diffusion of low
concentrated BSA and causes its spatial localisation. Thus, to elucidate this, the
protein assembly solution was spiked with FITC BSA to follow up its diffusion and

evaluate its relationship with the distribution of low concentrated BSA (Fig. 5.9 - A).

The confocal images showed the diffusion of the protein assembly solution (picked
with FITC BSA) into the clay-gel (Fig. 5.9 - 3B). Further comparison with the
patterned clay-gel (Fig. 5.9 - 2B) revealed a relationship between the spatial
localisation of the assembly solution and the loading solution. In this regard, the
“diffusion front” of the assembly solution corresponds to the spatial localisation of
the “internal fluorescent ring” (Fig. 5.9 - B, yellow arrow) also, that the “assembly
protein gradient” correlates with localisation of the “black space lacking FITC BSA”
(Fig. 5.9 - B, red arrow).

These observations allowed us to propose a mechanism for the assembly of clay-gels
with 3D localisation of proteins. (Fig. 5.9). Thus, the first wave of concentrated
protein solution diffuses into the clay-gel, reacts and ““saturates” the clay
nanoparticles (Fig. 5.9 - 3B - C). Restructuring of this “reacted clay-gel region” with
proteins allows a second wave of protein solution to diffuse in and bind to the next
available “unsaturated” clay nanoparticles at the interface between the “reacted and

unreacted clay-gel” or diffusion front (Fig. 5.9 - 2B & C).
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clay nanoparticles at the interface between
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Figure 5.9 Assembly mechanism of nanoclay/protein scaffold. (A) Schematic illustration of the
experiment set up to evaluate the relationship between the protein assembly solution and localisation
of the secondary loaded protein. The confocal images reveal a link between the localisation of the
assembly and loading solutions. (B, red & yellow arrow) The “diffusion front” and “protein gradient”
correlates with the spatial localisation of the “fluorescent ring” and “black space lacking FITC BSA”
in the patterned clay-gel, respectively. In this regard, (C) it was hypothesised that the concentrated
protein solution diffuses into the clay-gel and saturates the nanoparticles. This prevents the subsequent
protein wave from binding to the saturated clay nanoparticles until reaching the “diffusion front” or
the interface between the “reacted and unreacted clay”. The images represent n = 4 and the scale bar

to 200 pm.
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Further research is needed to corroborate the above-postulated hypothesis. If it is
correct, structural characterisation of the clay-gels should reveal two different phases

at the reacted and unreacted clay fraction.

5.3.2 Characterisation of the nanoclay/protein scaffold nano to

macroarchitecture

In the previous experiment, it was hypothesised that two different structures compose
the nanoclay/protein scaffold. In the regard, the reaction-diffusion process of proteins
into the clay-gel generates a “reacted clay fraction” or a “complex structure” of
reacted protein/clay nanoparticles, and an “unreacted clay fraction” of pristine clay
nanoparticles. Moreover, the interface between these two different structures is

crucial for the localisation of the loaded proteins.

Thus, in order to evaluate if the nanoclay/protein scaffold is constituted by two
different structures, further characterisation of the clay-gel architecture using SEM,
PLM and TEM was performed.

5.3.2.1 Scanning Electron Microscopy

To corroborate the presence of “reacted and unreacted clay” regions in the
nanoclay/protein scaffold, clay-gels were assembled with BSA and DPBS and then
prepared for SEM imaging by standard chemical cross-linking, ethanol dehydration
and critical point drying (CPD) with distilled CO2 medium (Fig. 5.10 - A) (methods
section - 5.2.2.2).

Cross-sections of fractured control clay-gels, plain and DPBS revealed a dense
structure with similar texture (Fig. 5.10 - B & C). Interestingly, macroscopic images
of the BSA clay-gels revealed a shell/core like structure that separated during the
sample preparation for imaging (Fig. 5.10 - D). Magnified images demonstrated that
both structures are different. The shell or external fragment had a porous network,
whereas the core, or internal fragment displayed a dense structure with a texture
similar to that of the controls (Fig. 5.10 - D1 & D2).
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Figure 5.10 Scanning electron microscopy of nanoclay/protein scaffolds. (A) Schematic
illustration of clay-gel scaffolds assembled in BSA with respective controls, plain and DPBS clay-
gels, to evaluate their nano and microstructure. (D1 & D2) SEM images of cross-section of prepared
scaffolds at a magnification of x 50,000 reveal that two different structures form the BSA clay-gels, a
porous shell or external fragment and a dense core or internal fragment. (B & C) The latter is similar

to the control groups. Representative images for n = 4,

Thus, the results indicate that two different structures form the BSA scaffold. In this
regard, the porous shell-like fragment seems to correspond to the “reacted” region of
the clay-gel droplet, which is formed by the reaction-diffusion of BSA into the clay-
gel, and the dense core-like fragment would then correspond to the “unreacted”
region of the clay-gel droplet that displays similar features under SEM to the plain
and DPBS clay-gels (Fig. 5.11).
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Clay-gel
assembled in BSA
v -

Hypothesis

shell

Assembly

Clay nanoparticles

i ey Reacted clay saturated with BSA

Unreacted clay No concentrated BSA
localised at the interface
between “reacted and

unreacted clay”.

Figure 5.11 Microstructure of clay-gel assembled with BSA. The SEM images reveal a porous
shell and a dense core structure, which corresponds with the spatial localisation of the “reacted and
unreacted clay” regions, respectively. The result supports the postulated hypothesis. A concentrated
protein solution diffused in the clay-gel and saturated the nanoparticles. Then subsequent protein wave
cannot bind to the saturated clay nanoparticles but to the next available, which are at the interface

between the “reacted and unreacted clay” or “diffusion front”. The images represent n = 4.

5.3.2.2 Polarised Light Microscopy

Structural characterisation of nanoclay-protein scaffolds

A characteristic phase transition is observed during the gelation of physical gels by
reaction-diffusion, where the new phase develops a higher degree of order as the
particles align following the diffusion flux of the gelator (Ziemecka et al. 2013).
Moreover, due to the periodical rearrangement of the particles, the gel acquires
anisotropic optical properties, which becomes visible under cross-polarised light
(Dobashi et al. 2005 and Lin et al. 2010).

In this scenario, the structural change of the reacted/unreacted clay regions observed
in the SEM images suggest that the clay-gel undergoes a phase transition. Thus, the
next experiment was set up to determine if the new phase or reacted clay region
acquires an anisotropic arrangement characteristic of reaction-diffusion gelation by

studying its optical properties with PLM (methods section - 5.2.2.3).
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Qualitative analysis of the images revealed different birefringence patterns and
Intensities as a function of the treatment. Hence, the scaffolds assembled with BSA
showed a strong circular pattern, which suggests that the anisotropic microstructure
of the scaffold possess a radial organisation. In contrast, the DPBS scaffolds

displayed a lower and patchy birefringence (Fig. 5.12).

BSA scaffold DPBS scaffold
—y

Linear PLM

Lambda plate

Figure 5.12 Cross-polarised light images of nanoclay/protein scaffolds. The images reveal some
degree of order in the scaffolds assemble with proteins or ions. Nevertheless, the BSA scaffolds
exhibited a radial-like pattern and refracted light more compared to the scaffolds assembled in DPBS,
which displayed patches of low birefringence with the lambda plate. The results imply a higher degree
of anisotropic ordering in the BSA scaffold. The images are representative of triplicates, and the scale

bar corresponds to 200 pum.

Both BSA and DPBS scaffolds possess some degree of order, but the birefringence
pattern and intensity observed indicate that it is higher for the scaffolds treated with
BSA. Nevertheless, to determine if the birefringence is related to the reacted clay

region and verify that it is not an optical effect due to the shape and thickness of the

scaffold, a similar experiment was set up but in a 2D format (1 mm thickness).

In this regard, the PLM exhibited a radial birefringence next to the periphery of the
clay-gel treated with BSA with an optical texture parallel to the diffusion direction
and perpendicular to the diffusion front. Notably, this anisotropic structure
colocalised with the reacted clay region (Fig. 5.13).

Again, PLM images of the DPBS clay-gels exhibited patches of low birefringence
with a criss-cross texture. Optically this structure is similar to the unreacted region of

the BSA clay-gels, again indicating the equivalence of these structures (Fig. 5.13).
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Figure 5.13 Optical analysis of 2D nanoclay/protein scaffolds anisotropic structure. PLM images

Linear PLM
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Bright Field

of the BSA scaffolds reveals that the reacted clay region possesses an anisotropic arrangement with a
radial-like birefringence and a texture parallel to the diffusion direction. The unreacted clay region of
the BSA scaffolds and DPBS scaffolds exhibit patches of low birefringence and similar textures. The

images are representative triplicates, and the scale bar corresponds to 200 um.

The reacted clay region possesses a significant degree of order. Nevertheless, some
birefringence could also be perceived in the unreacted clay region (Fig. 5.13),
suggesting that the material has some inherent degree of order, which increases with
the diffusion process. The existence of such background ordering of nanoparticles
was confirmed in PLM images of 2.8 % clay-gel in its native state that exhibited low
birefringence and crisscrossed texture, again similar to the unreacted clay region of
the BSA scaffolds (Fig. 5.14 vs 5.13).

2.8 % clay-gel plain

Lambda tin plate Linear PLM

Figure 5.14 Optical analysis of 2.8 % clay-gel anisotropic structure.
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The results indicate that 2.8 % clay-gel possess some degree of order, which seems
to increase with the reaction-diffusion of proteins. Further characterisation of the
clay-gel will be described in the next section to determine if the scaffold assembly is

related to a particular ordered state: gel, glass, nematic phase or other states.

Structural characterisation of clay-gel

The polarised light images of 2.8 % autoclaved clay-gel revealed some birefringence
(Fig. 5.15), suggesting that its ordered state is a nematic phase similar to the results
reported by Mourchid et al. (1995) and Gabriel et al. (1996). Nevertheless, the
authors did not expose the clay nanoparticle dispersion to a temperature/pressure
treatment. Thus, proceeded to evaluate if the autoclaving step and/or the
concentration of the dispersion were accountable for the birefringence observed in
the system. For this, dispersions of clay nanoparticles in water with different
concentrations ranging from 1 to 4 % were prepared. Then the dispersions, either
autoclaved or non-autoclaved were evaluated under cross-polarised light (methods
section - 5.2.2.4).

Qualitative analysis of the images showed significant changes as a function of
autoclaving step and concentration, specifically at 3 %, where the autoclaved clay-
gel developed birefringent patches compared to the non-autoclaved, which did not
double refract the light (Fig. 5.15 - red squares).

Furthermore, the 4 % non-autoclaved clay-gel showed birefringent patches with
smooth textures. However, after the autoclaving step, the birefringence increased
significantly, and the patches acquired a rough texture. A close view showed some
aggregates with a rectangular shape (Fig. 5.15).
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Figure 5.15 Crossed polarising images of clay dispersions presented as a function of autoclave
treatment and concentration. Images are representative of triplicates and the scale bar to 5 mm.

Regarding, the 2.8 % clay-gel, it revealed similar optical properties to the 3 %
displaying birefringent patches with a thread-like texture only in the autoclaved
samples (Fig. 5.8 - A). In addition, the birefringence was preserved even after
vigorous shearing suggesting that the periodic arrangement attained is irreversible
(Fig. 5.8 - B).

2.8% clay dispersion
B

Non-autoclaved  Autoclaved Agitation 4°C

Figure 5.16 Crossed polarising images of 2.8 % clay-gel. (A) Cross-polarised light image of 2.8 %
clay-gel reveals some birefringence with nematic thread-like texture after the autoclave treatment.
Moreover, (B) after vigorous shearing with a vortex set to 2700 rpm for one minute, the birefringence

was preserved. Images are representative of triplicates and the scale bar to 5 mm.

Next, cross-polarised light images of the same samples were taken after one month

of storage to evaluate the stability of the ordered state. In this regard, it could not
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observe apparent changes in the birefringence intensity and neither a phase
separation of the clay dispersions suggesting that the ordered state attained is stable.
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Figure 5.17 Crossed polarising images of clay dispersions after one month of storage. The images
were presented as a function of autoclave treatment and concentration. Images are representative of
triplicates and the scale bar to 5 mm.

These results indicate that the autoclaving step introduces some degree of order as a
function of concentration, specifically, at 2.8 and 3 % clay-gel and that it is retained
despite shearing and storage time (Fig. 5.16 - 5.17).

Lastly, to determine if the assembled nanoclay/protein scaffolds is strictly related to
2.8 % clay-gel autoclaved, the scaffolds were assembled with different concentration
of clay dispersions, ranging from 1 % to 4 % and either autoclaved or non-
autoclaved.

Stable gel formation was achieved only with concentrations above 3 % and 2 % for

non-autoclaved and autoclaved clay dispersions, respectively (Fig. 5.18).

According to previous results, the 2 % clay-gel autoclaved and 3 % non-autoclaved
do not display any birefringence (Fig. 5.15). However, upon diffusion of BSA
molecules, radial and symmetrical birefringent patterns were apparent in both cases

(Fig. 5.18). In contrast, 3% and 4% clay-gels autoclaved and 4% non-autoclaved
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revealed some birefringence on the previous experiment (Fig. 5.15), and the
assembled scaffolds displayed a stronger birefringence and the lambda images

suggest that it is symmetrical (Fig. 5.18).

Non autoclaved Autoclaved
Clay-gel Clay-gel

-

Bright Linear Lambda Brlght
field PLM plate field

Figure 5.18 Optical analysis of 3D nanoclay/protein scaffolds assembled with different clay-gel
concentrations. The polarised light images revealed some birefringence in the scaffolds assembled,
which increases as a function of clay-gel concentration. The images are representative of triplicates,

and the scale bar to 200 pm.

These results indicate that there are two different sources of birefringence in this
system. One is intrinsic to the clay-gel, and the other is related to the diffusion of the

BSA into the clay-gel. The last is consistent with a reaction-diffusion process.

5.3.2.3 Transmission Electron Microscopy

As well as the rearrangement of gelling molecules, changes in the spatial
concentration of gel molecules during reaction-diffusion have also been reported
(Wu et al. 2014). To evaluate such structural changes, clay-gels in their native state
and assembled with BSA and DPBS were prepared for TEM imaging by standard
fixation with chemical cross-linking, ethanol dehydration and embedding in epoxy
resin (Fig. 5.19 - A) (methods section - 5.2.2.1).
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The TEM images revealed spindle-like structures of about ~25 nm length, which
corresponds to the clay nanoparticles (Laponite®) (Fig. 5.19 - B). This is consistent
with the cryo-TEM images reported by (Jatav & Joshi, 2014). Qualitative analysis of
the images suggests that the nanoparticles possess different spatial concentration for
each treatment with a random orientation. Except for the reacted clay region of the
BSA scaffolds, which nanoparticles seem to have a preferred orientation and they
might be aligned following the diffusion flux of the protein (Fig. 5.19 - B3, red
arrow). Moreover, it seems that the nanoparticles concentration is significantly lower
in the unreacted region of the BSA scaffolds (Fig. 5.19 - B4) in contrast to the
reacted region and control (DPBS and plain clay-gel). Based on this, it could be
suggested that there is a depletion of nanoparticles from the unreacted region to the

reacted region during the reaction-diffusion process.

A Assembly
50 min

Plain clay gel

Control groups
DPBS clay-gel
Experimental group O 10 mg/ml BSA
Clay-gel assembled in BSA

B 1 Plain clay-gel droplet Reacted region 3

4°c

Clay-gel assembled in Clay-gel assembled in BSA
2 DPBS Unreacted region 4

Figure 5.19 Transmission electron microscopy of nanoclay/protein scaffolds. (A) Schematic

illustration of scaffolds assembled in BSA with respective controls, plain and DPBS clay-gels to

evaluate their nanostructure. (B) TEM images (of x 200,000 magnification) revealed spindle-like
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structures of ~25 nm length, regardless of the scaffolds’ treatment, which corresponds to the clay
nanoparticles. Moreover, (B1, B2 & B4) the nanoparticles seem to have a random orientation except
for the reacted clay-gel region of the BSA scaffold, which seems to have some preferential orientation

(B3 - red arrow). The images are representative of triplicates and the scale bars to 100 nm.

Nevertheless, it is crucial to recognise that the sample preparation for TEM imaging
is harsh, which may alter the clay-gels nanostructure and respective analysis. Thus,
other less or non-destructive techniques, such as SAXS, cryo-TEM or Raman
spectroscopy may be useful to evaluate the distribution of clay nanoparticles

concentration and their spatial orientation after the scaffold assembly.

5.3.2.4 Maximum adsorption capacity of the clay-gel droplet

As demonstrated in previous experiments, the nanoclay/protein scaffolds are
assembled by a reaction-diffusion process, where the reaction is the adsorption of
proteins to clay nanoparticles. This physical reaction leads to the self-assembly of a

structure with a periodic arrangement.

In order to develop a preliminary model of the scaffolds’ structural assembly, the
adsorption capacity of clay-gels at equilibrium was measured to give an indication of
the density of proteins per clay nanoparticle in the structure. For this, clay-gels were
placed in a BSA solution for different incubation times. The supernatant was then
analysed by absorbance to quantify the protein concentration (Fig 5.20 - A) (methods
section - 4.2.2).

The results indicate that a 5 pl clay-gel droplet can adsorb approximately 1.93 +
0.32 mg/ml of BSA (Fig. 5.20 - B). Further comparison of the protein concentration
with respective diffusion path length suggests that the maximum saturation is
reached at ~3h (Fig. 4.8 & 5.20).
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Figure 5.20 Maximum adsorption capacity of the clay-gel droplet. (A) The illustration shows the
assembly of clay-gels in BSA solution for different incubation times. (C) Protein concentration
analysis of supernatants indicates that the clay-gel adsorbs 1.93 £ 0.32 mg/ml BSA. Further (B)
comparison with diffusion path length images suggests that the saturation is reached at ~3h of

incubation. Images and results are representative of triplicates and the scale bar to 200 um.

Assuming that there are 7.04 x 10’ clay nanoparticles per gram of Laponite®
(calculated elsewhere, Felbeck et al. 2015), the number density of particles in 28
mg/ml droplet would be 1.97 x 10® per cm?, which is equivalent to 1 particle every

50730 nm? (when divided by 1 x 102 nm?3).

Regarding the BSA, which is 66,463 g/mol, every 66,463 grams of BSA contains
6.022 x 10?% (Avogadro's number) BSA molecules. Thus, in 77.12 + 12.77 mg per ml
of Laponite®, there should be 6.99 + 1.16 x 10*” molecules of BSA, corresponding
to approximately 34.94 + 5.78 BSA molecules per clay nanoparticle. The last
calculation is based on a volume of interest around individual clay nanoparticle of
50000 nmd. Also, it was assumed that the protein, BSA, formed a monolayer on
individual clay nanoparticle, surface and edge, and no protein entrapment or sharing

with other clay nanoparticles was considered.
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5.4 Discussion

In the first and second results chapter, it was hypothesised that the scaffold assembly
was the result of a reaction-diffusion process, where the BSA molecules react and
diffuse into the clay-gel in a concentration dependent manner. The assembled
structure facilitates the subsequent diffusion and localisation of loaded proteins into
the scaffold.

An interesting feature was observed in the assembled structure, an apparent ring that
colocalised with the spatial localisation of the loaded proteins. Both structures
displaced together when different diffusion factors were altered at the assembly step,
such as concentration, ionic strength, time and temperature (section 4.3.1). For this
reason, it was assumed that this ring was the diffusion front where the loaded

proteins localised as well.

This assumption has been corroborated in the current chapter. In this regard, confocal
images revealed that the diffusion front generated by the assembly solution correlates
with the spatial localisation of the loaded protein in the 3D micropatterned clay-gels
(Fig. 5.9 - B).

Again, these findings further clarify the scaffold assembly mechanism and structural
conformation. Thus, considering that the clay nanoparticles saturated with BSA
molecules form a “reacted clay-gel region”, then the loaded FITC BSA would diffuse
through this new structure and bind to the next available clay nanoparticles, which
should be at the interface between the “reacted and unreacted clay-gel” or diffusion
front (Fig. 5.9 - C). If this is correct, structural characterisation of the assembled

clay-gels should reveal two different phases.

In this regard, SEM imaging analysis supports that the assembled protein/clay-gel
structure may consist of both “reacted and unreacted clay-gel regions”. Interestingly,
during the preparation of the sample a shell/core structure separated and the SEM
images revealed that the shell or possible “reacted clay-gel region” had a porous

network whereas the core or “unreacted clay-gel region” displayed a dense structure
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with a texture similar to that of the controls, DPBS scaffold and native clay-gel (Fig.
5.10- D1 & D2).

Similar results were reported by Ayarza et al. (2017), SEM images of partially gelled
calcium alginate beads showed two distinct morphological regions. An outer-gelled
region with a porous structure and an inner region, which has not gelled with a
compact rough structure (Fig. 5.4 - B). Although it could be argued that the alginate
and clay-gel structures differ significantly in term of composition, type of reaction
and sample preparation for SEM imaging, the assembly mechanism is similar, a
reaction-diffusion process. In this regard, the nanoclay/protein scaffolds were
assembled through a physical reaction triggered by proteins-clay interaction instead
of a chemical reaction between calcium ions-alginate, also, the gelator molecules are

proteins, not ions.

Paradoxically, the samples preparation for conventional SEM imaging is meant to
preserve their structure. The standard protocol consists of the chemical cross-linking
of the sample and a controlled drying process to prevent dimensional changes.
Nevertheless, alterations in the morphology are almost unavoidable, mainly due to
the cross-linking process (Hafez & Kenemans, 1982 and Talbot & White, 2013).
Thus, the images can provide an idea of the porosity and interconnectivity and other
features, but it needs to be corroborated with other techniques. This fact must be

taken into consideration during the analysis.

In this scenario, the SEM images revealed that the nanoclay/protein scaffold is
constituted by two structures with distinct morphologies, a porous shell-like fragment
and a dense core like-fragment. It is challenging to infer direct information about the
porosity or interconnectivity percentage because the chemical cross-linking may
have altered both parameters, as previously discussed. However, it is safe to
conclude that the native clay-gels undergo structural changes upon diffusion of BSA

molecules (Fig. 5.11).

Similar to the SEM results, the PLM imaging revealed conformational changes in the
structure and the presence of two different phases. In this regard, imaging of 3D

scaffolds assembled in BSA and DPBS under conventional cross-polarised light and
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retardation plates revealed that both are birefringent structures. However, the
birefringence pattern and intensity are different. The BSA scaffold showed a strong
semicircular pattern, which suggests that the anisotropic microstructure of the
scaffold possess some radial organisation. In contrast, the DPBS scaffolds displayed

a lower and patchy birefringence (Fig. 5.12).

Interestingly, a similar experiment but in a 2D format revealed a strong and radial
birefringence in relation to the reacted-clay region. In contrast, a low and patchy
birefringence was detected in the unreacted-clay region, which was comparable to
the control (Fig. 5.13).

Further comparison with pristine 2.8 % clay-gel indicates that the birefringent
patches observed in the DPBS samples are from the pristine clay-gel, suggesting that
the material possesses some degree of organisation prior to contact with proteins or
ions (Fig. 5.14).

It is important to take into consideration that the thickness, shape and concentration
of the sample affect significantly the birefringence and therefore the analysis of the
acquired images. In this regard, it could be argued that the polarised light images of
the samples, 2.12 mm dia. droplet, 1 mm thick 2D gels and 5 mm dia. clay-gel vials
are not comparable because as it is known, the birefringence grows larger with
increasing specimen thickness and as well the propagation of the direction varies
with the medium. However, the result of the experimental groups and respective

controls seems to be consistent regardless of the sample thickness and presentation.

Similarly, the protein in the system may contribute with the birefringence observe,
since they are optically active chiral molecules, which means that polarised light
interacts with the molecule so that the angle of the plane of oscillation rotates (Vitkin
et al. 2002).

Further work is required to study the polarisation phenomena in more details. For

this, a LC-PolScope could be used to measure the birefringence, refractive index and

determine the fast and slow axis of the samples.
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The metastable state of 2.8% Laponite® remains controversial (Jatav & Joshi, 2016).
Some suggest that clay nanoparticle dispersions at this concentration form a nematic
phase (Mourchid et al.1995 and Gabriel et al. 1996), but others indicate that it is a gel
(Jatav & Joshi, 2017) or a repulsive-glass (Jabbari-Farouji et al. 2008 and Ruzicka &
Zaccarelli, 2011) and that the birefringent observed with increase in temperature is
due to water evaporation so that the nanoparticles are forced to rearrange to occupy
less space (Lemaire et al. 2002). This inconsistency has been related to differences in
the material preparation, experimental setup and analysis technique (Barbara Ruzicka
& Zaccarelli, 2011).

In this project, polarised light images of 2.8 % autoclaved clay-gel revealed a
threaded texture (Fig. 5.14), suggesting that the metastable state of the material is a
nematic phase similar to the results reported Mourchid et al. (1995) and Gabriel et al.
(1996), where the clay-nanoparticles present some periodical arrangement with the
long axes roughly parallel. However, the authors did not expose the clay nanoparticle
dispersion to a temperature/pressure treatment. For this reason, an experiment was
set up to evaluate if the autoclaving step and/or the concentration of the dispersion
were accountable for the birefringence observed.

Qualitative analysis of non-autoclaved clay-gel showed no birefringence, except for
the 4 %, which could be a fractal structure of aggregated nanoparticles stacks that did
not exfoliate completely after 1 h of agitation. Regarding the autoclaved clay-gels,
non-double refraction of light was detected on the 1 and 2 %. However, the 2.8 and 3
% developed an important birefringence with a smooth texture. Moreover, the
birefringence texture observed in the 4 % non-autoclaved clay-gel turned from
smooth to rough (Fig. 5.15). Overall, the results indicate that the autoclaving step
introduced some degree of order into the clay-gel, which increased as a function of

concentration.

Owing to the thermal treatment that the clay nanoparticle dispersion was subjected
to; specifically, an autoclaving cycle of 121°C and 15 PSI for 30 min, the periodic
rearrangement of the nanoparticles could be due to water evaporation or an ageing
process that was speeded by the temperature and pressure. The latter assumption

appears to correlate better with the results because after the autoclaving step some
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water is added to the clay-nanoparticle dispersions to compensate for the evaporation
and the birefringence is not diminished (Fig. 5.15 & 5.16).

The physical ageing of soft glassy materials, such as clay nanoparticles dispersions
(Gupta et al. 2012), is the evolution towards the lowest energy state. The process is
accompanied by the structural rearrangement of molecules, and below the glass
transition temperature, the system may evolve through different metastable
configuration within a time scale of minutes to hours or years. Nevertheless, when it
is heated above the glass transition temperature, a lower energy metastable state is
reached in a shorter time by fluidisation of the jammed state (Liu & Nagel, 1998,
Trappe et al. 2001 and Nguyen et al. 2015). Therefore, it is hypothesised that the clay
nanoparticles have experienced an unjamming transition due to the thermal treatment
enabling their preferential reorientation towards a lower state of energy and more
stable conformation. The final rearrangement generates the consequently

birefringence observed.

Moreover, the results suggest that the autoclaving treatment of 2.8 % clay-gel leads
to an irreversible ageing state. Since the material did not rejuvenate after vigorous
shearing, retaining its characteristic birefringence (Fig. 5.16 - B), as reported by
Shahin & Joshi, (2010). In addition, after one month of storage at 4°C, no apparent
evolution was observed. The clay-gel displayed similar birefringence with no phase
separation (Gupta et al. 2012) (Fig. 5.16 vs 5.17).

Regarding the nanoparticles’ arrangement in the birefringent gel, a house of card
organisation would conflict with the nematic ordering because the structure formed
would be isotropic. This fact indirectly supports the repulsive glass organisation.
Another possibility would be a new metastable configuration (Gabriel et al. 1996).
Thus, further work is required to understand the phase transition, interaction and
organisation of the nanoparticles in the birefringent gel. For this, different
techniques, such as dynamic mechanical analysis, dynamic light scattering, PLM and
SAXS may be used to study the metastable state of the material.

Until now, it has been demonstrated that 2.8 % autoclaved clay-gel possess some

degree of order. Thus, an experiment was set up to determine if the assembly of the
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nanoclay/protein scaffolds was related to this particular state of matter. The results
revealed that the scaffold assembly is not specific to an anisotropic clay-gel since
isotropic clay-gels, 2 % autoclaved and 3 % non-autoclaved did assemble as well
(Fig. 5.18).

Notably, upon diffusion of BSA molecules through the isotropic clay-gels, the
assembled scaffolds developed a radial birefringence characteristic of reaction-
diffusion systems (Wu et al. 2014). In contrast, the anisotropic clay-gel showed
stronger and semi-circular birefringent patches. Therefore, it can be concluded that
there are two different sources of birefringence in this system. One is intrinsic to the

clay-gel, and the other is related to the diffusion of BSA into the clay-gel.

Next, the clay-gels were imaged with TEM. Qualitative analysis of the nanoparticles
distribution suggests a depletion of the nanoparticles from the unreacted region
(core) to the reacted region (periphery). This phenomenon has been described to
occur during the external gelation of physical gels by reaction-diffusion. For
example, Leong et al. (2016) indicate that cross-linking of alginate beads by external
gelation initiates at the periphery of the droplets. Thus, the particles are drawn
toward the periphery to enable cross-linking. The final structure possesses a
heterogeneous distribution of alginate networks, being higher at the periphery in
comparison to the centre of the bead (Fig. 5.21). Similar results were reported by Wu
et al. (2014), the authors observed an abrupt decrease in PBDT content in the

isotropic region or core.
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Figure 5.21 Mechanism of external gelation for bead formation. (a) Contact of the alginate droplet
with a calcium solution initiates the (b) inward diffusion of calcium ions into the gel with

simultaneous (c) gelation. During the process, the alginate fibres are depleted from the centre of the
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bead to the periphery. (d) After the gelation is completed, the formed structure will have a
heterogeneous distribution of alginate networks, which is higher at the periphery in comparison to the

centre of the bead. Modified image from Leong et al. (2016).

Further qualitative analysis of the TEM images reveals a random organisation of the
clay nanoparticles in the control samples and unreacted clay region (core) except for
the reacted clay region (periphery), which seems to have a preferential orientation.
Presumably, the clay nanoparticles are aligned following the diffusion flux of the

gelator, which is characteristic of reaction-diffusion systems (Ziemecka et al. 2013).

Considering that the samples preparation may have introduced structural changes in
the clay-gel (Hayat, 1981 and Park et al. 2016), other techniques, such as SAXS,
atomic force microscopy (AFM), cryo-TEM, cryo-SEM, environmental-SEM or
Raman spectroscopy should be considered to resolve the structure, distribution of
clay nanoparticles concentration and their spatial orientation.

Until now, it has been proven that the nanoclay/protein scaffolds are assembled by a
reaction-diffusion process, where the reaction is the adsorption of proteins to clay
nanoparticles. This physical reaction leads to the self-assembly of a structure with a
periodic arrangement. Therefore, studying the adsorption capacity of the clay-gel
results valuable towards developing a preliminary model of the scaffolds’ structural

assembly based on the density of proteins per clay nanoparticle.

Thus, in order to evaluate the adsorption capacity of the clay-gel, a supernatant
depletion assay was performed. The results indicate that 34.94 £ 5.78 BSA molecules
bind per clay nanoparticle (section 5.3.2.4), which is near the estimated protein
adsorbed. For this, the dimensions of the Laponite® clay nanoparticle and the BSA

were considered.

Assuming that the proteins may bind to different regions of the Laponite® clay
nanoparticle, the surface area of the nanoparticle surface and the edge were
calculated as a total or individually. The results indicate that a nanoparticle with an
average dimension of 25 nm diameter and 1 nm in height has a total surface area of

1060.29 nm?, and the surface and edge, 982 nm? and 78.29 nm?, respectively.
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Regarding the surface area occupied by BSA, Jachimska et al. 2016 and Kubiak-
Ossowska et al. 2017 evaluated by atomic force microscopy (AFM) and molecular
dynamics (MD) the structure of BSA adsorbed on silica. For this purpose, the authors
assumed that the BSA has a triangle shape (N form) that may interact with the silica
surface with two different orientations, the triangular face facing the surface (flat-on)

or standing on the rectangular edge (side-on) (Fig. 5.22 - A).

Based on the information provided by the above-described studies, the theoretical
density of the proteins adsorbed onto the clay nanoparticle was estimated considering
the protein orientation and the region of the clay nanoparticle they bind to. Thus,
based on the AFM calculated footprint, 29 and 38 BSA molecules (flat-on or side-on,
respectively) should bind to the surface & edge (1060.29 nm?) of the clay
nanoparticle, and according to MD calculations, 33 and 23 BSA molecules (flat-on
or side-on, respectively) should bind (Fig. 5.22 - B & C).

A BSA orientation B Method/BSA size AFM MD
Triangle shape [nm] (9.2*%9.2*9.2* 3.0) (9.1*%8.5*8.0*5.4)
Orientation Flat on Side on Flat on Side on
Flat on
Footprint of BSA 36.7 276 327 46.1
[nm?]
C .
Proteins per clay
nanoparticle
Side on
Surface & edge
1 A =1060.29 nm? 29 38 3 23
Surface
A =982 nm?2 27 36 30 21
Edge
A =78.29 nm? 2 3 2 2

Figure 5.22 Estimated adsorbed protein per clay nanoparticle. (A) Illustration of the BSA triangle
shape and different adsorbed orientation, the triangular face facing the surface (flat-on) or standing on
the rectangular edge (side-on). (B) Here is presented AFM and MD data of the estimated footprint
area of a single BSA adsorbed onto a silica surface with flat-on and side-on orientations (Jachimska et
al. 2016 and Kubiak-Ossowska et al. 2017). (C) The theoretical density of the proteins adsorbed onto
the clay nanoparticle was calculated considering the protein orientation and the region of the clay

nanoparticle they bind to.

In this study, the calculated protein adsorbed by a protein depletion indicates that

34.94 + 5.78 BSA binds per molecules, which is similar to the theoretical values
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above described. Based on this information, a 3D modelling software (Vectary) was
used to visualise the protein density with respect to a single clay nanoparticle and to
explore their possible spatial interaction and distribution. For this purpose, 37 BSA
molecules and one clay nanoparticles were drawn. Image of non-interacting
protein/clay nanoparticles revealed a protein-rich environment (Fig. 5.23 - A).

To model the protein/clay interaction and spatial distribution, it was taking into
consideration the protein adsorption mechanisms already reported, such as
electrostatic interactions and hydrophobic/hydrophilic interactions. Thus, based on
the protein/clay charge, the negatively charged BSA would bind to the positively
charged edges. It could also be due to hydrophobic interactions between the siloxane
bridges and the hydrophobic residues of the protein exposed (Yu et al. 2013).
Moreover, according to the SPB interaction, the BSA would bind to the clay
nanoparticle surface and edge due to protein surface charge anisotropy (Das et al.
2016) (Fig. 5.23-B & C).

Therefore, according to the 3D models' assumptions, the proteins bound to the clay
nanoparticles edges (78.29 nm?) look densely packed; thus, multiple layers must be
formed to bind 37 BSA molecules. On the contrary, when the 37 BSA molecules are
bound either at the surface + edge (1060.29 nm?) or only the surface (982 nm?) of the
clay nanoparticle, the protein seems to form a monolayer in the most packed
conformation. Thus, the last assumption correlated better with protein/clay
adsorption studies, which indicates that BSA molecules bind to the surface of the
clay nanoparticles despite both are negatively charged (Yu et al. 2013 and Das et al.
2016).

-~ e

No protein - clay Protein interacting with Protein interacting with clay
interaction clay nanoparticle edge nanoparticle surface and edge

Figure 5.23 Density of proteins per clay-nanoparticles 3D models. Images displayed a 20x50x50

nm (50000 nm?) volume of interest around an individual clay particle with 37 molecules of BSA. (A)
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The non-interaction protein images reveal a significant protein density with respect to the clay-
nanoparticle. (B) The negatively charged BSA may localise at the positively charged clay-
nanoparticle edge, due to electrostatic interactions, or due to hydrophobic interactions between the
siloxane bridges (at the edges) and the hydrophobic residues of the protein exposed. (C) Another
scenario would be that the proteins bind to the surface and edge of the clay-nanoparticles driven by
electrostatic interactions with the protein surface charge anisotropy. This type of interaction is known
as surface patch binding (SPB). An on-line software known as Vectary was used to produce the 3D

models and the image A & B were kindly provided by Jonathan Dawson, University of Southampton.

Nevertheless, there are certain limitations about this last study that need to be
acknowledged. Although the theoretical and measured values reveal some
similarities, it must be to consider that the theoretical estimations were performed
based on the interaction of proteins with an individual clay nanoparticle. However, in
this system, the clay nanoparticles are not dispersed but interacting with each other
through electrostatic interactions, either forming a gel or a glass, and this could

potentially affect the protein-clay interaction.

Finally, a detailed analysis of the structural characteristics indicates that the self-
assembled scaffold possessed several hierarchical levels of organisation, which is
commonly observed in natural self-assembled structures, such as bone or seashells.
In this regard, the Level I (nm) would be constituted by gel of clay nanoparticles
aligned with the long axis roughly parallel and proteins in solution. Level 1l (nm),
reacted clay nanoparticle saturated by protein. Level 1l (nm - um), periodic
arrangement of reacted clay nanoparticles aligned following the diffusion flux of the
gelator. Level IV (nm - um), nanoclay/protein scaffolds constituted by reacted and
underacted clay-gel. Level V (um - mm) punctuated regular pattern or gradual
gradient of proteins within the scaffold. Level VI (cm), packed spheres of gels filling

a bone gap providing a complex environment (Fig. 5.24)
Thus, the scaffold assembles not only mimic the gradients of biochemical cues but

also present some hierarchical organisation, which could potentially, affect the

biological activity of the structure.
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Main components

» Nematic clay-gel constituted by clay nanoparticles aligned with
the long axis roughly parallel
* Proteins

Level |

Reacted clay nanoparticle with protein (BSA)

» According to the protein assay, 34.94 + 5.78 BSA molecules
bound per clay nanoparticle.

» Likely distribution -» packed monolayer of proteins bound to the
clay-nanoparticles (surface and edge) through surface patch
binding.

Level Il

Structural organisation reacted clay nanoparticles

» As the reaction-diffusion process take place, the reacted clay
nanoparticles aligned following the diffusion flux (J) of the
gelator acquiring a periodic arrangement.

Level 111

Assembled gel constituted by two type of structure

Clay nanoparticles
saturated with BSA

Diffusion front or
interface between
“reacted and unreacted
clay”.
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Assembled gel Packed spheres of gels
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Figure 5.24 Hierarchical levels of organisation of the nanoclay/protein scaffold.
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5.5 Conclusions

In this chapter, different imaging techniques, including CLSM, SEM, PLM and TEM
were employed to characterise the nanoclay-protein scaffolds structure. The results
provided some insights about the structural conformation at different length scales

and a better understanding of the assembly mechanism.

In this regard, PLM and SEM images confirmed that a reaction-diffusion process is
responsible for the scaffold assembly, where the proteins (or gelator) react with the
clay nanoparticles and simultaneously diffuse through the clay-gel in a concentration
dependent manner. The process leads to the formation of a protein-clay complex
structure with a periodical arrangement. Furthermore, the CLSM images
demonstrated that the diffusion front or the interface between the reacted and
unreacted clay-gel region is responsible for the spatial localisation of loaded proteins

into the clay-gel.

Regarding, the TEM study, the images suggest there is a depletion of nanoparticles
from the core to the periphery of the droplet; also, that the nanoparticles in the
reacted clay-gel region have some degree of order. Both observations are
characteristic of physical gels assembled by reaction-diffusion. Nevertheless, further
characterisation is required to confirm this and understand the nanostructure of the
scaffold.

Thus, understanding the effect of different fabrication parameters (studied on the
previous chapter) and the assembly mechanism (elucidated in this chapter) open new
opportunities to assemble structure containing more complex gradients of proteins. In

this regard, the versatility of the system was assessed in the next chapter.
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Chapter 6 EXPLORING THE
VERSATILITY AND FUNCTIONALITY
OF THE NANOCLAY/PROTEIN
SCAFFOLDS
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6.1 Introduction

During embryogenesis, gradients of signalling molecules presented as periodic
patterns, instruct the specialisation of naive cells with a determined spatial order in a
concentration and time-dependent manner. Moreover, the multiplicity of signalling
pathways coordinate the formation of functional organ systems (Sanz-Ezquerro et al.
2017). Part of this process has been observed during healing tissues as well. For this
reason, significant efforts have been made to recapitulate the spatio-temporal
signalling of molecules through delivery systems with controlled release profiles and
more recently with the design of 3D micropatterned structures (Censi et al. 2012,
Vermonden et al. 2012 and Shadish et al. 2019).

Thus, in this project, it has been developed a method to self-assemble scaffolds of
clay nanoparticles containing 3D micropatterning of proteins to control cell fate. In
previous results’ chapters, the assembly and loading mechanism of the scaffold was
elucidated. Hence, based on this understanding, this chapter aims to evaluate the
versatility of the platform to meet specific application-based requirements, such as

different sizes, shapes or protein micropattern distribution.

In this regard, the adaptation of the size is essential for the delivery route into the
human body. Macroscopic hydrogels in the order of millimetres to centimetre are
usually implanted surgically (e.g. bone graft) or injected to repair large defects.
Moreover, micro hydrogels can be introduced as transepithelial or local injection,
and when smaller than 5 um as oral or pulmonary delivery owing to their fast
clearance and enhanced penetration through tissues barriers (reviewed by Li &
Mooney, 2016). Finally, nano hydrogels between 5 to 250 nm size are suitable for
systemic drug administration due to their extravasation into tissues, fast cellular
internalisation and clearance (reviewed by Alexis et al. 2008). Generally, the
adaptation of the size goes along the geometrical shape. For example, the
configuration may allow recreating complex cell microenvironments to repair large
defects (e.g. 3D printed hydrogels with different grip patterns) or facilitate their pass
through blood vessels or extravasation into tissues as a delivery system (e.g.

liposomes or carbon nanotubes) (Agrahari, 2017).
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Regarding the micropatterning of molecules, they may be presented as simultaneous
positive or negative, gradual or punctuated gradients of multiple molecules during
development and tissue regeneration. For example, the ventral and dorsal patterning
of neural progenitors during the neural tube development is controlled not only by
the spatiotemporal distribution of BMP, Wnt and Shh but also their “graded”
signalling (Briscoe & Small, 2015 and Zagorski et al. 2017) (Fig. 6.1 A). In contrast,
digits form from the limb bud undifferentiated cells through periodic patterns of
alternated digital and interdigital fates. Studies indicate that this process is finely
orchestrated by “restricted” spatio-temporal signalling of BMP-2, Sox9 and Wnt
(Raspopovic et al. 2014 and Zuniga & Zeller, 2014) (Fig. 6.1 - B).
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Figure 6.1 Signalling patterning during development. (A) Graded signalling patterning of BMP-2
(pSmad) and Wnt (GBS-GFP) during neural tube developments leads the patterning of neural
progenitor (Briscoe & Small, 2015 and Zagorski et al. 2017) In contrast, restricted spatio-temporal
patterns of BMP-2, Sox9, BMP (pSmad) and Wnt (act-Bcat) signalling governs the alternated digital
and interdigital fates of undifferentiated cells from the limb bud (Raspopovic et al. 2014 and Zuniga &
Zeller, 2014).

Therefore, based on the understanding of the assembling and loading mechanism of
the nanoclay/protein scaffold. The objectives of this chapter are to 1) evaluate the

versatility of the system to generate complex protein gradients. Also, to 2) assembled
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structure of a range of dimensions and sizes containing proteins patterns and finally
to assess the bioactivity of the scaffold in vivo. In doing so, the hypothesis that
nanoclay/protein scaffold containing 3D gradient of proteins is able to control and

enhance spatio temporal bone formation.
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6.2 Materials and Methods

6.2.1 Assembly of nanoclay/protein scaffolds

6.2.1.1 Assembly of nanoclay/protein scaffolds with punctuated protein patterns

To assemble the scaffolds, 5 pul droplet of 2.8 % clay-gel were placed in 200 pl of
BSA DPBS (20 mg/ml) for 5 min and then transferred to FITC BSA-DPBS (200
pg/ml) for 20 min to load the first protein ring. This process was repeated three more
times to load a total of four rings of FITC BSA. However, the assembly time was
increased by a factor of 5 min to obtain spaced rings. The whole process was

performed at 4°C and analysed with CLSM (Table 6.1).

A similar procedure was used to generate a scaffold with a dual punctuated gradient
of proteins by simply alternating the loading protein solutions, BSA Alexa Fluor™
647 (BSA AF 647) and 1gG Alexa Fluor™ 488 (IgG AF 488).

Table 6.1 Experimental setup to assembled nanoclay/protein scaffolds with multiple
punctuate gradient of proteins. Here are described the different incubation times and
concentrations of the assembly protein solutions (As), BSA DPBS (BD) and BSA
water (BW). Also, for the loading solutions (Ln), FITC BSA (FB).

n=3 Treatment

1 2 3 4
# of rings As Ln As Ln As Ln As Ln
1 BD FB
2 BD FB BW FB
3 BD FB BW FB BW FB
4 BD FB BW FB BW FB BW FB
Protein 20 200 20 200 20 200 20 200
Concentration | mg/ml pg/mi mg/ml pg/ml mg/ml pg/ml mg/ml pg/ml
!rr;(r:::atlon 5 min 20 min 10 min 20 min 15 min 20 min 20 min 20 min
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6.2.1.2 Assembly of nanoclay/protein scaffolds with dual gradual protein

patterns

To create a nanoclay/protein scaffold containing a dual gradual gradient of proteins
with overlapped positive and negative concentrations, 5 pl of 2.8 % clay-gel were
placed in a concentrated BSA solution (10 mg/ml) containing 100 pg/ml FITC BSA.
Simultaneously, 600 pg/ml of BSA AF 647 solution was fed into the assembly
solution using a syringe pump. The feeding rate and volume were adjusted to control
the diffusion and localisation of the proteins into the scaffold. In this regard, half and
complete diffusion through the scaffold were achieved with feeding times of 50 min
and 150 min, respectively. Finally, the scaffolds were stored in DPBS and
imaged with CLSM (Fig. 6.2).

Simultaneous assembly
and loading of clay-gel droplet

A Solution A Solution B
10 mg/ml BSA C—
+ 600 pg/ml BSA AF 647

100 pg/ml FITC BSA

B Partial Complete

Feeding setup diffusion  diffusion Syringe pump

Rate (ul/min) 2 1 l’
Volume (ul) 100 150 1
Total time (min) 50 150
C — FITCBSA BSA AF 647 - BSA DPBS

SE 400 TE 15
2 O =

2 g w0 521
25 100 £8 °
e5 7=

42 0 <3 0

0 10 20 30 40 50 0 10 20 30 40 50
Time (hours) Time (hours)

Figure 6.2 Experimental setup to assemble nanoclay/protein scaffolds with dual gradual protein
patterns. (A) Clay-gel droplet was placed in the “solution A” comprising the assembly and loading
solution, which was fed with a “solution B” comprising the second loading solution using a syringe

pump. (B) Different feeding time was set up to control the diffusion path length to obtain scaffolds
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either partial or complete diffusion. (C) Theoretical dynamic changes of the loading and assembly
solutions were projected as a function of time. The graphs show overlapping positive and negative
gradients of the loading solutions and a negative gradient of the assembly solution.

6.2.1.3 Functionalization of clay-gel prior to assembly

To improve the porosity and mechanical properties of the scaffolds, 2.8 % clay-gel
was mixed with different polymeric solutions, type I collagen - FITC or alginate, in a
polymer/clay nanoparticle ratio of 1/100. The scaffolds were assembled by placing a
5 ul droplet of respective composites in 10 mg/ml BSA solution. After 50 min, they
were transferred to 100 pg/ml BSA AF 647 to load the protein. Finally, the scaffolds
were stored in DPBS and imaged with CLSM.

6.2.1.4 Assembly of nanoclay/protein scaffolds of different size and shape

The results suggest that the original size and shape of the clay-gel is stabilised upon
contact with the assembly solution. To evaluate this, a micropipette was used to
assemble clay-gel droplets with different sizes by adjusting the volume dispensed.
However, to make microdroplets, an atomiser spray bottle was used. Furthermore, to
vary the shape, the clay-gel was dispensed into the assembly solution using a syringe
to obtain clay-gel strings. Similarly, the front side of the syringe barrel was removed

to assemble clay-gel cylinders.

The assembly solution used in this experiment was FCS, and the incubation time was
adjusted according to the clay-gel volume used. Furthermore, the assembled
scaffolds were loaded with different fluorescent proteins, and to visualise their
spatial localisation they were imaged with a fluorescent microscope, a CLSM or a
bench-top UV light transilluminator. For more details of the experiment setup, refer
to table 6.2.
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Table 6.2 Experimental setup to assembled nanoclay/protein scaffolds of different

size and shape.

Clay-gel preparation

Concentration 2.8%
Dispersion time 1h-RT
Sterilisation treatment Autoclaving
Storage temperature 4°C
Macro droplet Micro droplet Cylinder Strings
Assembly
Assembly solution 60 % FCS DPBS 1.2% FCSDPBS 100 % FCS 100 % FCS
concentration
Assembly solution volume 2 5 2 4
(ml)
Clay-gel volume (pl) 5,10,15& 20 1000 200 & 1000 500
Equipment to make the Micropipette Atomiser spray Syringe (1 & 5ml) Syringe (1ml)
scaffold
Assembly container 6 well plate Small petri-dish 24 well plate Glass bottle (5ml)
Incubation temperature (°C) 4 4 4 4
Incubation time 50,90, 130 & 170  10min 14 & 72hours 30min
min
Loading
Loading solution concentratio 100 pg/ml 100 pg/ml 100 - 250 pg/ml 100 pg/ml
FITC BSA FITC BSA FITC - BSA FITC BSA
Rho - BSA
FITC - Casein
FITC - Streptavidi
Loading solution volume (ml) 2 0.5 2 4
Temperature (°C) 4 4 4 4
Time (h) 48 1 96 1
Storage
Solution DPBS DPBS DPBS DPBS
Volume (ml) 2 0.5 ml 2 4
Temperature (°C) 4 4 4 4
Note: Made between 15  After assembly The front side

to 20 droplets per
well

and loading steps,
the microdroplets
were recovered
with a micro-
centrifuge (10 min
4°C - 1.3 rcf)

of the barrel
was removed to
make the
scaffold

6.2.2 Biological activity assessment of nanoclay/protein scaffolds

Prior to implantation of the scaffold in the subcutaneous mouse model, different

fabrication parameters were assessed, including the assembly, rinsing, loading and

bioactivity of the protein to be loaded. Also, the delivery system to maintain the

integrity of the scaffolds during the in vivo experiment. Next, some of the procedures

used are described.
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6.2.2.1 ELISA

A human BMP ELISA kit from R&D system was used to quantify the BMP-2
adsorbed by the nanoclay/protein scaffold after 1 and 3 hours of incubation in 50
pg/ml BMP-2. First, all the reagent and samples were brought to room temperature

and prepared as described next.

1. The wash buffer was diluted 4 times with deionised water. The prepared volume
was enough to do eight washes.

2. The substrate solution was prepared by mixing the reagent A and B in equal
volumes within 15 min before use. The volume was calculated according to the
numbers of well used.

3. The calibrator diluent RD5P was diluted in a 1:10 ratio with deionised water
within 15 min before use. This solution was then used to dilute down the
standards and samples.

4. The BMP-2 standard dilutions were prepared using the BMP-2 Infuse™ from
Medtronic and the calibrator diluent RD5P in polypropylene tubes.

Table 6.3 BMP-2 Infuse™ standards dilutions.

Serial dilution (pg/ml) 4000 2000 1000 500 250 125 62.5 0
BMP-2 stock (20,000pg/ml)  Iml-» 500-» 500-» 500-» 500-» 500-» 500-» x
Diluent RD5P 500 500 500 500 500 500 500

5. The samples were diluted with the calibrator diluent RD5P to concentrations

enough to fit inside the standard curve.

Next, the standards and samples were assayed in duplicates. For this, 100 pl of Assay
Diluent RD1-19 were added to each well and then 50 pl of the standards and
samples. The reaction was covered and left to incubate for 2 h at room temperature
on the orbital shaker. Then, the wells were aspirated and washed with 400 ul of
diluted wash buffer four times. Next, 200 pl of BMP-2 conjugate was added to each
well, covered it again and left to incubate for 2 h at room temperature on the orbital

shaker. Then, repeated the aspiration and washing step and proceeded to add 200 pl
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of the substrate solution to each well and left to incubate for 30 min at room
temperature on the bench-top protected from the light. Finally, added 50 pl of the
stop solution to each well and the optical density of the reaction was measured using

a microplate reader set to 450 nm.

6.2.2.2 Bioactivity assay

To evaluate the bioactivity of the BMP-2 (Infuse™), C2C12 cells or immortalised
mouse myoblast cell line were seeded in 24 well plates with a density of 10° per well.
They were cultured with DMEM containing 2 % FCS and 1 % Penicillin-
Streptomycin solution at 37°C, 5 % CO2 for 24 h. Then, the culture media was
refreshed with media containing different dilutions of BMP-2 (0, 100, 200, 400 and
800 ng/ml) and cultured the cells over 72 h.

Finally, at day 3, proceeded to do an alkaline phosphatase (ALP) staining, which is a
highly expressed enzyme in C2C12 myoblast when differentiates into osteoblastic
lineage. For this, the cells were washed with DPBS and fixed with 95 % ethanol for
10 min. Then, the ethanol was removed, washed with DPBS and left to dry. Freshly
prepared ALP staining solution, 19.2 ml deionised water containing 800 ul Naphthol
AS MX (Sigma Aldrich) and 0.0048 g Fast Violet salt (Sigma Aldrich) was added to
each well and incubated at 37°C for up to 60 min, checking the colour change every

10 min.

6.2.2.3 3D printed holders

In order to maintain the integrity of the scaffold, a holder of polylactic acid (PLA)
(Ultimaker) was made. For this purpose, the extrusion printer Ultimaker 3 extended
was used and respective Ultimaker Cure software to design it. The holder frame was
~1 mm thickness and had a cylindrical shape with eight posts. The final internal

dimension was ~6x6 mm, enough space to fit the scaffold.

The printed structures were then refined. Four posts out of eight were removed and
the sharp edges were smoothed with a scalpel and sandpaper. Finally, they were

sterilised with an antibiotic/antimycotic solution (AB/AM) (Sigma Aldrich). For this,
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they were incubated in 10X AB/AM - DPBS solution for 1 h. Next, they were
incubated in 1X AB/AM - DPBS and DPBS solutions for 24 hours, respectively.
Note that the incubations were performed at 4°C to maintain the bioactivity of the
reagent and on a rocker to increase the perfusion of the solutions throughout the
holder.

6.2.2.4 Subcutaneous mouse model

The animal study was conducted in compliance with ethical approval, obtained under
project licence PPL P96B16FBD, and the Biomedical Research Facility of the
University of Southampton provided the animals and facilities to perform the study.
Thus, F1 hybrid mice male were anaesthetized with an intraperitoneal injection of
buprenorphine solution, Buprenodale® multidose 0.3 mg/ml solution (Dechra). A
midline dorsal incision was made. Then, two clay-gel cylinders inside respective
PLA holders were implanted on each side and wounds closed with 5-0 suture PDS™
45 cm (Ethicon). The total number of mice used for this preliminary study were two,

carrying scaffolds loaded or not with BMP-2.

The micro CT scans were performed using Brunker Skyscan 1176 at day 1 and 30.
For this, the mice were anaesthetized with isoflurane each time. Finally, the images

were reconstructed using NRecon, and analysed using CTAn software.

To retrieve the samples, the mice were euthanized by carbon dioxide followed by

cervical dislocation to assure depth.

6.2.2.5 Histology

Retrieved samples were fixed with 4 % formaldehyde (ACROS organics™), which
was refreshed after 1 h and left for 2 more days at 4°C on the rocker. The fixed
samples underwent decalcification in 5 % EDTA (Fisher) - 0.1 M Tris (Sigma
Aldrich) solution with a pH of 7.3 for 3 days at room temperature on a rocker. They
were then dehydrated with different ethanol dilutions (50, 70, 90 & 100%) followed
by 100 % Histoclear® (National Diagnostics™), embedded in wax (2 h - 72°C),

sectioned at 10 um thickness and placed over a coverslip. Finally, the sections were
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dewaxed using Histoclear® and ethanol, and stained with alcian blue/sirius red to
visualise the presence of sulphated glycosaminoglycans and collagen within the
constructs. Briefly, the sections were stained with freshly prepared Weigert’s
Haematoxylin solution (Clin-Tech limited) for 10 min followed with Eosin (Clin-
Tech limited) for 2 - 4 min, but after washing them with water and dipping 3 times in
1 % HCL - 70 % ethanol solution. Next, they were stained in 0.5 % alcian blue
(ACROS organics™) for 10 min, treated with freshly prepared 1%
molybdophosphoric acid (ACROS organics™) for 20 min and stained with 0.3 %
sirius red (Sigma Aldrich) for 1 h.

Finally, the stained sections were dehydrated, mounted in p-xylene bis-pyridinium
bromide (DPX) (Fisher) and observed under an Olympus dotSlide Virtual
Microscopy System (microscope frame BX51) with attached Olympus CC12
microscope camera at 20X magnification by using Olympus OlyVIA software.
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6.3 Results

6.3.1 Assembly of nanoclay/protein scaffolds with multiple protein patterns

Previous results demonstrate that the structured clay-gel scaffolds are assembled
through a reaction-diffusion process. In this regard, a concentrated protein solution
(assembly solution) diffuses into the clay-gel, which progressively react and saturate
the clay nanoparticles. Then, later addition of no concentrated protein solution
(loading solution) diffuses through the restructured gel and localise in the diffusion
front where the interface between the reacted and unreacted clay nanoparticles is.
The result is the formation of the protein pattern; in this case, a single fluorescent

ring inside the clay-gel.

Thus, if this assembly mechanism is correct, it should be able to create multiple
protein patterns inside the clay-gel by displacing the diffusion front with the
assembly solution to allow the loading of more proteins in the new reacted-
unreacted clay interface (Fig 6.3 - A). To test this hypothesis, sequential assembly
and loading steps were repeated four times to assemble the scaffolds (Fig 6.3 - B).
The concentration of the protein solutions and incubation times were adjusted to
control the formation and localisation of the new diffusion fronts as described in the

methods section - 6.2.1.1.

The confocal images reveal the progressive formation of four fluorescent rings
towards the clay-gel core as a function of the treatment cycles. Interestingly, it seems
that earlier loaded protein on reacted/unreacted clay interface is not disturbed by the

secondary diffusion waves involved in the assembly process (Fig 6.3 - C).
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Figure 6.3 Assembly of nanoclay/protein scaffolds with a punctuated concentration of protein
gradients. (A) Schematic illustration with a hypothesis to generate multiple protein patterns inside the
clay-gel based on the scaffold assembly mechanism, also (B) respective protocol to test the
hypothesis. (C) The confocal images reveal the formation of punctuated concentration of protein

gradients in the scaffolds. The images represent n = 3 and the scale bar to 200 pm.

The results serve to add further confirmation of the proposed assembly mechanism
and validates the hypothesis above stated regarding the multiple protein pattern
formation. To conclude, it is possible to create punctuated concentration gradients of
proteins in the scaffolds by simply alternating the assembly and loading step,
controlling the concentration of the protein solutions and the scaffolds incubation

time.

It is known that concentration gradients of different morphogens or bioactive
molecule are found during bone development and repair, such as BMP-2 and VEGF.
Thus, to mimic this dual signalling, the scaffolds were assembled and loaded with
two different model proteins, BSA AF 647 and 1gG AF 488
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The confocal images reveal the formation of alternated fluorescent rings
corresponding to BSA (red ring) and IgG (green ring) inside the clay-gel as a
function of the treatment cycle (Fig. 6.4).

BSA - 1gG BSA - IgG - BSA BSA - IgG - BSA- IgG

- -
. -
1
2
K

503 - 547 nm

589 - 661 nm

Merged

Figure 6.4 Assembly of nanoclay/protein scaffolds with a punctuated concentration of protein
gradients. The confocal images reveal the punctuated concentration gradients of BSA (red ring) and

1gG (green ring) in the clay-gel scaffolds. The images represent n = 3 and the scale bar to 200 um.

The results are promising since they demonstrated understanding and control over
the scaffold assembly. In this regard, the versatile fabrication system allows the
design and manufacture of different proteins gradients inside the clay-gel. Moreover,
the 3D localisation of the patterned proteins does not seem to be affected by
secondary diffusion waves, which is essential to maintain local protein

concentrations.

Morphogens are presented in the form of 3D gradients. Nevertheless, it is still not
known their distribution during bone formation or regeneration, is it punctual or
gradual? Is the concentration positive or negative? In the next experiments, the

possibility to generate different protein gradient patterning was explored.

When studying the assembly mechanism of the clay-gel scaffolds in the previous
results chapter (5.3.1), a gradual diffusion of concentrated BSA spiked with FITC
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BSA into the clay-gel was observed, and based on this observation, next experiment
was set up to assemble scaffolds holding a dual but gradual gradient of proteins with
overlapped positive and negative concentration profiles. For this, the assembly and
loading steps were combined, and dynamic but linear changes in the concentration of
the different protein solutions were introduced as a function of time using a syringe
pump. Further details of the experiment can be found in the methods section -
6.2.1.2.

The confocal images reveal a gradual diffusion of FITC BSA (green gradient) and
BSA AF 647 (red gradient) inside the clay-gel scaffolds (Fig. 6.5). Further analysis

demonstrates the intersection of both positive and negative protein gradients (Fig. 6.5

- graph).

Moreover, changes in the assembly time led to partial or complete diffusion of the

dual protein gradients in the clay-gel (Fig. 6.5 - A vs B).
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Figure 6.5 Assembly of nanoclay/protein scaffolds with a gradual concentration of protein
gradients. The confocal images and respective intensity profile graph revealed a gradual diffusion of
FITC BSA (green gradient) and BSA AF 647 (red gradient) inside the clay-gels. (A vs B) Changes in
assembly time allowed generating gradients with different magnitude and steepness. The images

represent n = 3 and the scale bar to 200 pum.

This approach demonstrated that it is possible to generate a dual gradual gradient of

proteins in a 3D clay-gel through a simple and controlled reaction-diffusion process.
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6.3.2 Scalable and mouldable clay-gels

The design and synthesis of biomimetic gels not only involves mimicking tissues
composition, nano and microstructure, mechanical properties or functionality.
Significant attention must be paid to the gel dimensions and shapes as well. In this
regard, the possibility to scale up the 3D micropatterned clay-gels and to vary their

shape was explored.

Scaling up the scaffold implies using higher volumes of clay-gel, which would then
require increasing the concentrations of the protein solution and adjusting the
assembly time. Regarding the scaffold shape, it seems that the clay-gel maintains its
original shape upon contact with the assembly solution, either containing proteins or
ions. Therefore, it should be possible to pre-shape the clay-gel with a mould before

the assembly step.

Thus, the next experiments were set up to evaluate the clay-gel versatility to
assemble structures of different dimensions and shapes. In this regard, clay-gel
macro and microdroplets, cylinders and strings were assembled using different
equipment to mould them, such as a micropipette, an atomiser spray bottle or a
syringe. Further details of the experiment can be found in the methods section -
6.2.1.4.

Qualitative analysis of the fluorescent images indicates that it is possible to assemble
clay-gel droplets of 5 to 20 pl without altering the protein pattern distribution and
micro-resolution. Also, the assembly of microdroplets with FITC BSA localised in
the core (Fig. 6.6 - A & B).

Furthermore, clay-gel cylinders of ~0.4 mm dia. by 1.2 mm thick and 1 cm dia. by
0.9 cm thick were assembled and loaded with different model proteins. Specifically,
FITC BSA, tetramethylrhodamine isothiocyanate BSA (TRITC BSA), FITC casein
and FITC streptavidin. Transversal cross-section of the clay-gel cylinders exposed
the protein pattern distribution, which would correspond with the previous results
(Fig. 6.6 - C, D, E, F & G), demonstrating that neither the size nor the shape alters

the assembly and protein loading process.
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Moreover, a butterfly-like protein pattern was observed in clay-gels cylinders that
had partial transversal cuts at the beginning of the assembly process. This indicates
that introducing defects in the clay-gel alters the protein pattern distribution (Fig. 6.6
- H). Finally, the results revealed that the assembly of clay-gel strings with internal

protein patterns was possible (Fig. 6.6 - I).

FITC BSA droplets B Micro droplet

10 ul 15 ul 20 ul
4'mm 4 mm

FITC BSA cylinder TRITC BSA cylinder E FITC Casein cylinder

F FITC Streptavidin cylinder G
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FITC BSA
H  cylinder | FITC BSA strings
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Figure 6.6 Assembly of nanoclay/protein scaffolds of different size and shape. (A) Droplets
assembled with different volumes of clay-gel, from 5 to 20ul and loaded with FITC BSA. (B) Clay-
gel microdroplets loaded with FITC BSA. Clay-gel cylinders of 200 pl loaded with (C) FITC BSA,
(D) TRITC BSA, (E) FITC casein and (F) FITC streptavidin. (G) Clay-gel cylinders of 1 mm loaded
with FITC streptavidin, FITC BSA and TRITC BSA (from left to right). (H) Clay-gel cylinder with
butterfly FITC BSA pattern. (I) Clay-gel strings loaded with FITC BSA.

Again, the versatility of the clay-gel and the fabrication method developed allows the
assembly of scaffolds with different size and shape. More importantly, the micro-
resolution of the protein pattern is not lost regardless of the dimensional changes
introduced. Overall, the scalable and mouldable properties of the clay-gels open new

opportunities to build customised structures for numerous applications.

6.3.3 Functionalization of clay-gel prior to assembly

Previous experiments indicate that the minimum density of clay nanoparticles
required to assemble the nanoclay/protein scaffold is approximately 2 % (Fig. 5.18)
suggesting that any excess of unreacted clay nanoparticles is not vital. Therefore, it
was hypothesised that clay-gels with a concentration above 2 %, and which excess of
clay nanoparticles are reacted can still assemble 3D patterned scaffolds. To evaluate
this, 2.8 % clay-gels were mixed with type I collagen - FITC and alginate in a ratio
of 1/100 prior to the assembly process. Then, the scaffolds were loaded with BSA
AF 647 and imaged with CLSM (methods section - 6.2.1.3).

The confocal images reveal the formation of a fluorescent ring inside the clay-gel

droplets regardless of the initial clay-gel treatment with collagen or alginate (Fig.
6.7).
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Figure 6.7 Assembly of nanoclay/protein scaffolds with functionalized clay-gel. The confocal
images reveal the diffusion and localisation of BSA (labelled with Alexa Fluor 647) inside the
scaffolds that were assembled with 2.8 % clay-gel containing type I collagen (labelled with FITC) or

alginate. The images represent n = 4 and the scale bar to 200 um.

These results raise the possibility to improve not only the bioactivity of the scaffold
but to tune its porosity and mechanical properties with the addition of natural or
synthetic polymers. Future work is needed to characterise these newly assembled

structures.

6.3.4 Biological activity of nanoclay/protein scaffolds

Note that previous studies have demonstrated the biocompatibility and bioactivity of
human bone marrow stem cells to clay-gels in 2D and 3D format containing growth
factors, such as BMP-2 and VEGF (Gibbs et al. 2016, Shi et al. 2018 and Page et al.
2019). However, none of them reports cells invasion, which could be related to the
viscosity and porosity of the gel. Conversely, different in vivo studies have shown
cell invasion and migration, and bone and blood vessels growth within clay-gels
containing either BMP-2 or VEGF (Dawson & Oreffo, 2013 and Page et al. 2019). In
this regard, cells invasion seems crucial to demonstrate the bioactivity of 3D

patterned nanoclay/protein scaffolds, therefore, an in vivo study appears appropriate.
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Thus, to evaluate the bioactivity of nanoclay/protein scaffolds loaded with BMP-2
towards bone formation, the scaffolds were implanted in a subcutaneous mouse
model. However, before this, different fabrication parameters of the scaffolds were
assessed, including the assembly, loading, rinsing and bioactivity of the protein to be
loaded. Also, a delivery system to maintain the integrity of the scaffolds during the in

vivo study was reviewed.

6.3.4.1 Assembly

In this preliminary experiment, a clay-gel cylinder of 5x5 mm was assembled. For
this purpose, 100 pl of 2.8 % clay-gel was dispensed in 2 ml of 40 mg/ml BSA-
DPBS using a 1 ml syringe, which front side of the barrel was removed. However,
since the incubation time to generate a protein pattern inside this large structure is
unknown, the next experiment was set up to assemble clay-gel cylinders for 3, 6 and
24 h and load them with 100 pg/ml FITC BSA for 1 h. Finally, to visualise the
spatial localisation the protein within the gel, a bench-top UV light transilluminator
was used. The results indicated that after 6 hours, the scaffold was almost saturated
as the protein pattern was right in the core. In this regard, it seems that the adequate
assembly time is 3 h, as the protein pattern localised at ~1.3 mm from the scaffold’s

surface, which possesses ~5 mm in diameter (Fig. 6.8 - A).

6.3.4.2 Rinsing

To remove the excess of the assembly solution (BSA-DPBS), the scaffolds were
transferred to 2 ml of DPBS and rinsed with an orbital shaker at 100 rpm - 4°C. The
solution was refreshed a few times until no protein was detected by the protein assay.
The results indicate that it takes ~19 h of continuous rinsing with 3 solution
refreshment to remove the excess of protein from the scaffold (details of the protein

assay can be found in the main methods - 4.2.2) (Fig. 6.8 - B).

6.3.4.3 Loading

Gibbs et al. 2016 demonstrated that delivery of 40 to 500 ng/ml BMP-2 with

Laponite® clay-gel in a subcutaneous mouse model is sufficient to trigger bone
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formation. In this regard, the scaffolds in this preliminary study should be loaded
with ~0.5 to 1 pg/ml of BMP-2. However, the incubation time necessary to load this
amount of protein is unknown. Thus, to evaluated this, clay-gel cylinders were
assembled, rinsed and transferred to 10 and 50 pg/ml FITC BSA for 3, 6 and 24 h at
4°C to load the protein. Finally, the protein absorbed was measured with a

fluorometric protein assay.

The results indicate that the scaffolds incubated in 10 pg/ml FITC BSA absorbed
1.16 £ 0.03 pg/ml at 26 h. However, the process is significantly slower in
comparison to the scaffolds incubated in 50 pg/ml FITC BSA, which absorbed 1.41
+ 0.33 pg/ml at 3 h. For this reason, in the next experiment, 50 pg/ml BMP-2
Infuse™ solution (Medtronic) was used to load the scaffold, and the amount of

protein absorbed was measured at 1 h and 3 h (Fig. 6.8 - C, right).

The ELISA results indicate that the nanoclay/protein scaffold absorbed 20.52 + 6.40
pg/ml and 27.09 + 7 ug/ml BMP-2 after 1 and 3 h of incubation. These
concentrations are over those expected. However, as they are under the ultra-
physiological concentrations used in the clinic, the scaffolds containing 20.52 + 6.40
pg/ml were used for the in vivo study (refer to methods section - 6.2.2.1 for the
ELISA procedure) (Fig. 6.8 - C, left).

6.3.4.4 Bioactivity assay

To confirm the bioactivity of the BMP-2, an in vitro study was set up using C2C12
cells and an alkaline phosphatase assay (refer to method section - 6.2.2.2). The
results indicate that the ALP activity of C2C12 cells increased with increasing
concentrations of BMP-2, especially over 200 ng/ml (Fig. 6.8 - D).

6.3.4.5 Holder

In order to maintain the integrity of scaffolds when implanted subcutaneously, a
cylindrical cage of PLA was fabricated using an extrusion 3D printer. The designed
structure had enough internal space (6x6 mm) to fit the scaffold (5x5 mm). It was

constituted by 2 rings of PLA forming the side of the cages, which were held
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together by 8 posts. Moreover, one of the rings was crossed to maintain the scaffold
in place, and the overall frame thickness was ~1 mm. Finally, the structure was
refined by smoothing the sharp edges, removing four of the post and sterilising them
as described in the methods section - 6.2.2.3 (Fig. 6.8 - E).
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Figure 6.8 Optimisation of the scaffolds’ fabrication parameters. (A) The results indicate that
adequate assembly time of 100 pl Of 2.8 % clay-gel in 40 mg/ml BSA DPBS is 3 h at 4°C. (B)

Furthermore, it takes ~19 h of rinsing to remove the excess of assembly solution, BSA DPBS. (C) The
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ELISA results indicate that the scaffolds uptake 20.52 + 6.40 pug/ml at 1 h of incubation, 4°C. (D) In
vitro bioactivity assay of BMP-2 performed with C2C12 and ALP staining reveals an increase in the
ALP activity as a function of BMP-2 concentration. (E) 3D printed holder of PLA containing a
cylindrical clay-gel loaded with FITC BSA. The holder consists of a cylindrical cage, which was

refined and chemically sterilised before implantation in the mouse model.

6.3.4.6 Subcutaneous mouse model

For this purpose, the scaffolds were scaled up to be able to detect with micro CT
imaging the spatial localisation of the new bone with respect to the clay-gel and
protein localisation. To preserve their integrity and protein localisation in the
subcutaneous pocket, the scaffolds were placed inside a 3D printed PLA holder prior
to implantation (Fig. 6.9 - A). Further details of the procedure can be found in the

methods section - 6.2.2.4.

In this first pilot, the results indicate that the PLA holders help to maintain the
scaffold integrity after one month and still allow tissue ingrowth. In this regard,
micro CT reconstruction of the implanted constructs revealed the formation of a
dense structure inside the holders regardless of the presence of BMP-2. To evaluate
the nature of these structures, a histological study was performed. Transversal
sections of the controls stained with alcian blue/sirius red (A&S) for
glycosaminoglycans /collagen, respectively, revealed a blue central structure with a
circular shape surrounded by soft tissue and holder pillar vestiges. A closer look
reveals some infiltration of cells next to the edges. Owing to the spatial localisation
of the circular structure, it was likely to be the nanoclay/protein scaffold, which was

also detected with the micro CT regardless of the absence of bone (Fig. 6.9 - B).

Regarding the experimental group containing BMP-2, the histological sections reveal
a yellow central structure surrounded by a halo of infiltrating cells, followed by soft
tissue and holder pillar vestiges. Interestingly, new bone with a semi-circle shape,
containing marrow and adjacent to the cells was observed. In this regard, it can be
concluded that the central and adjacent density observed in the micro CT
reconstructions corresponds to the scaffold and new bone, respectively (Fig. 6.9 - B).
Details of the histological procedure, sectioning and staining, can be found in the

methods section - 6.2.2.5.
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Figure 6.9 Biological activity of nanoclay/protein scaffolds. (A) Nanoclay/protein scaffolds
assembled with BSA, loaded with 20.52 + 6.40 ug/ml BMP-2 and placed inside a 3D printed PLA
holder were implanted in a subcutaneous mouse model to evaluate the ectopic bone formation. (B)
The micro CT reconstructions of both control and experimental group reveal the formation of dense
structures after four weeks. To understand the nature of these structures, transversal sections were
stained with alcian blue/sirius red. In the controls, the scaffold stained in blue and looked intact after 1
month. Regarding, the experimental group containing BMP-2, the scaffold stained in yellow and
looked smaller after 1 month when compared to the control. Also, had a larger infiltrate of cells,
suggesting that the cells have invaded and degraded progressively the scaffold and during this process

they encounter the BMP-2 forming localised new bone (n = 2).

Thus, this in vivo study reveals that it is possible to control the spatial localisation of
newly formed bone with a punctuated gradient of BMP-2 albeit variably across the

cross-section of the patterned scaffold.
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6.4 Discussion

The aim of the chapter has been to explore the versatility of the system to design
scaffolds with distinct micropatterns of biochemical cues, dimensions and shapes to
generate structures with customised physico-chemical cues for bone tissue

regeneration.

Regarding the protein micropatterning, it has been demonstrated that it is possible to
create multiple patterns of two different proteins inside the clay-gel droplet by
simply alternating the assembly and loading step and by controlling the concentration
of the protein solutions and the incubation time (Fig. 6.3 & 6.4). This result is in
agreement with the assembling mechanism proposed in the previous result chapter,
where the protein assembly solution diffuses into the clay-gel and progressively
reacts with and saturates the clay nanoparticles. Later the protein loading solution
diffuses through the restructured gel and binds to the unreacted clay nanoparticles at
the diffusion front or interface between the reacted and unreacted clay nanoparticles
(Fig. 5.9). By repeating this process, it has been demonstrated the possibility to
generate fresh diffusion fronts to bind subsequently introduced proteins.
Interestingly, the protein patterns appear to be firmly bound, as they do not seem

disturbed by subsequent assembly protein solution waves.

Again, taking advantage of the assembly and loading mechanism, it was produced a
scaffold holding a dual but gradual gradient of proteins with overlapping positive and
negative concentration profiles by loading the protein with the assembly solution and
altering their concentration over time as the reaction-diffusion process takes place. In
this regard, the negative gradient formed by the linear decrease in concentration of
the protein solution A (BSA FITC) as the concentration of protein solution B (BSA
AF 647) increased, creating the positive gradient (Fig. 6.5).

Development and tissue regeneration processes are finely coordinated by diffusive
molecules, known as morphogens, which spatio-temporal patterns regulate the fate of
naive cells towards the formation of complex tissues and functional organ systems.

Recently, several in vitro platforms have been developed in attempts to recreate
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spatio-temporal patterns of morphogens to shed light on these complex
developmental events. Major advances in this area have been achieved by hydrogel
microfluidic technology since the dynamic and precise delivery of biomolecules in
space and time through an engineered culture substrate have proven the potential to
direct successfully the differentiation and spatial localisation of stem cells. In this
regard, Cosson & Lutolf (2014) reported the in situ neural differentiation of
embryonic stem cells through the spatio-temporal control of the morphogen retinoic
acid (RA) using a microfluidic hydrogel chip. Notably, analysis of the embryonic
stem cells size and Sox1-GFP reporter expression revealed a concentration
dependent effect of RA on neural induction after 6 hours onwards, being stronger
closer to the source. A more complex platform was presented by Demers et al.
(2016) to mimic spinal cord patterning. For this, the microfluidic device comprised
multiple channels to generate four separate gradients of RA and purmorphamine to
activate the sonic hedgehog pathway, BMP-4, and FGF. Changing the concentration
of the morphogens demonstrated spatial control over the motor neuron differentiation
of embryonic stem cells throughout the gel especially when combining RA and

purmorphamine gradients.

These models emphasize the importance of introducing 3D micropatterns of
biochemical cues into the design of scaffolds for TERM applications. Here it has
been demonstrated the versatility of the system to produce 3D scaffolds containing
punctuated or gradual gradients of different morphogens in a very simple, precise
and effective manner. Future work will focus on evaluating the biological
implications and optimising the presentation of the morphogen to control cell

differentiation towards effective bone regeneration.

Other important factors that need to be considered in the scaffold design are the
dimensions and shapes since their adaptation determines the delivery route into the
body and the spatio-temporal functionality, which in turn influences the
vascularization, degradation rate, drug release, and other physical and mechanical
signalling, which are crucial for bone repair. Here, it has been demonstrated the
versatility of the nanoclay/protein scaffolds fabrication to generate structures with
different dimensions from 0.2 to 1 mm and shapes, such as droplets, cylinders and

strings without affecting the protein patterning and resolution, as they are scale-up
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(Fig. 6.6). In this regard, this new system provides the opportunity to design
customised bone scaffolds with clinical relevance.

In order to evaluate the bioactivity of the nanoclay/protein scaffolds loaded with
BMP-2, assembled scaffolds with and without patterned BMP-2 were implanted in a
subcutaneous mouse model. A 3D printed PLA holder was utilised to maintain the
scaffold integrity over the implantation period. To be able to correlate the bone
formation with the spatial localisation of the BMP-2 inside the scaffold, large
cylinders of about 6x6 mm were manufactured, since smaller scaffold would
potentially reabsorb fasters and the micro CT would not be able to resolve the

structure formed.

Unexpectedly, the reconstruction of the micro CT images showed dense structures
inside the PLA holder of both control and study group after 4 weeks. However, the
histological analysis demonstrated that they have different origins. In this regard, a
transversal cross-section of the controls, or clay-gels assembled with BSA, revealed
an almost intact circular scaffold with little cell infiltration. Unpublished data
generated by the bone & joint group at University of Southampton showed
spontaneous calcium deposition within Laponite® gels following implantation,
which may account for the observed increase in density of these uncolonised regions
of the scaffold. Notably; however, this has only been observed in higher (> 3.5 %)
concentration Laponite® gels.

In contrast, the study group containing BMP-2 revealed a more active process. The
dimensions of the scaffold were reduced in comparison to the control. Also, it was
surrounded by a large halo of cell infiltration, suggesting that the scaffold was
degraded gradually by cells, a process that appears to be enhanced by the presence of
BMP-2. Moreover, new bone formed adjacent to the scaffold was observed and it
seems to correspond with the cylindrical shape and dimension of the scaffold. In this
regard, it is possible that the cells encountered the bound BMP-2, formed the new
bone and continued their path towards the core of the scaffold.

A study performed by Gibbs et al. (2016) reported the formation of ectopic bone in a

subcutaneous mouse model triggered by low doses of BMP-2 delivered with
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Laponite® gel. Interestingly, the loading mode defined the osteogenic pathway. In
this regard, direct or intramembranous bone formation was observed after 28 days
when 1 pg of BMP-2 was applied exogenously to the trabecular bone graft TGF-3
perfused with 2.5 % clay-gel at the point of implantation. The authors of this study
suggest that this might be related to the high concentration of BMP-2 adsorbed in
close relation with the trabecular bone graft. In contrast, endochondral bone

formation was observed when the BMP-2 was encapsulated in the clay-gel.

Interestingly, in the present study, mature trabecular bone colonised with
haematopoietic tissue was observed within the nanoclay/protein scaffold loaded with
BMP-2. However, earlier time points need to be studied to better clarity the
osteogenic pathway or intervening steps that precede the formation of bone tissue
within patterned BMP-2 scaffolds.

Furthermore, these results demonstrate a progressive degradation of 100 pl of 2.8 %
clay-gel loaded with 20.52 * 6.40 pg/ml BMP-2 at 4 weeks, which appears in close
relation with the cell infiltration. In contrast, histological images published Gibbs et
al. (2016) reveals cells invasion and fragmentation of 20 ul of 2.5 % clay-gel
containing 1 ug BMP-2, which remain in place at 28 days. Similar results were
reported by Page et al. (2019). They indicate that after implantation of 50 ul of 3 %
Laponite® gel containing 2 ug VEGF, a substantial volume of the material remained
at 21 days. However, it was fragmented with cells and tissue present throughout the
material (Fig. 6.7).

Thus, this new system seems to favour the progressive degradation of the clay-gel
assembled with BSA, but only when loaded with BMP-2. In comparison to the
studies above-described, it does not seem to be related to the clay-gel concentration
or volume, but the protein concentration or the loading mode. This is important to
take into consideration as the degradation affects the overall spatio-temporal

bioactivity of the scaffold.

These results are promising; however, further work is required to improve the
biological activity of the scaffold as only a relatively small section of the BMP-2

loaded region of the scaffold generated new bone formation. Future experiments will,
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therefore, focus on optimising the loading of BMP-2 and its concentration within the
scaffold.

Another factor that may need to be improved, is the mechanical properties of the
scaffolds in order to be able to implant them without the PLA holder. In this regard,
the addition of polymers with the clay-gel nanoparticles prior to the assembly was
proposed. The preliminary results showed that the incorporation of collagen or
alginate does not affect the 3D micropatterning of proteins (Fig. 6.7). However,
further work is required to evaluate the threshold polymer/clay ratio and the effect on
the mechanical properties and their structure as it is expected changes in the porosity
and degradation rate as well. Numerous studies have demonstrated the positive effect
of clay nanoparticles in the mechanical properties of hydrogels. They could either
improve the rheological properties of bioinks for 3D printing by extrusion or as a
cross-liker to generate hydrogels with good mechanical strength (Wang et al. 2010
and Davila & d’Avila, 2019). However, in this context, the clay-gel would be the
major phase, and the addition of other molecules are expected to strengthen the

internal interactions.

6.5 Conclusions

In this chapter, it has been demonstrated the versatility of the system to self-assemble
nanoclay/protein scaffolds with different dimensions and shapes containing more
than one protein and with different pattern distributions. This provides exciting
opportunities to generate structures with customised physico-chemical and biological
properties able to direct effective bone formation. In this regard, the first in vivo
study revealed that the punctuated localisation of BMP-2 inside the scaffold has the
potential to control the spatio-temporal formation of bone. However, further work

optimising the scaffold design is required to improve the bioactivity.

Moreover, improvement of the mechanical properties and degree of porosity is
necessary to maintain the stability of the scaffold without a holder and facilitate cell
invasion, respectively. For this purpose, the incorporation of another hydrogel into

the clay-gel was proposed. Preliminary results indicate that the scaffolds’ 3D protein
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micropatterning is not altered, but further structural and rheological characterisation

Is required to optimise the scaffold.

Thus, this self-assembled, biocompatible and cost/time effective nanotechnology
based on clay nanoparticles and proteins provides new opportunities for bone tissue
engineering and regenerative medicine, as a therapeutic device and model to study

developmental processes.
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Chapter 7 DISCUSSION AND FUTURE
DIRECTIONS FOR RESEARCH
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7.1 Discussion

7.1.1 Achievements of this study

The main aim of this thesis was to exploit the physico-chemical properties of clay
colloids to achieve self-assembly and patterning of protein gels to recapitulate the
cellular microenvironment found during bone development and regeneration and to
establish this new technology as a therapeutic delivery system of protein gradients to
enhanced stem-cell driven regeneration of bone tissue. In doing so, the project tested
the hypothesis that bottom-up self-assembly of nanoclay/protein scaffolds can be
harnessed to achieve microscale control of protein gradients to deliver and sustain

localised niches for enhanced bone tissue regeneration.

The current thesis achieved the above aims by:

e The development of a method to self-assemble clay-gels containing a 3D
pattern of proteins;

e The implementation of a fluorescent imaging technique to evaluate the spatial
localisation of the fluorescent proteins loaded,;

e The implementation of imaging techniques (CLSM, PLM and SEM) to
characterise the structure and study the assembly mechanism;

e The optimisation of the fabrication parameters to control the spatial
localisation of proteins;

e The demonstration that the thixotropic property of clay-gels is critical in the
assembly of structures with different dimensions and shapes;

e The demonstration that nanoclay/protein scaffolds containing a punctuated

gradient of BMP-2 control the spatiotemporal formation of bone in vivo.

The conducted research led to the following findings:

e Addition of concentrated clay-gel in a protein-rich solution triggers a
reaction-diffusion process that (a) assembles the scaffold and (b) creates a

template where the proteins of interest will localise;
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e The assembled structure presents a hierarchical organisation;

e Manipulation of the assembly parameters, including the concentration of the
protein-rich solution, ionic strength, incubation time and temperature, and the
protein size and net charge affect the reaction-diffusion process; as a result,
the 3D spatial localisation of the proteins loaded inside the gel;

e Alternating the assembly and loading solutions generate scaffolds containing
multiple and punctuated protein gradients;

e Simultaneous dynamic changes in concentration of the assembly and loading
solutions generate a dual and gradual gradient of proteins with overlapping
positive and negative gradients;

e The versatility of the system allows to assemble structures with distinct
dimensions and shapes using different devices (micropipettes, atomiser spray
bottle and syringes) that predetermine the form and volume of thixotropic
clay-gel prior to contact with the assembly solution;

e The 3D protein patterning is not altered with variations in scaffold
dimensions or shape;

o 4 weeks after subcutaneous implantation of nanoclay/protein scaffolds with
punctuated localisation of BMP-2 in a mouse model, the scaffold guided the

formation of localised bone with marrow.

In chapter 3, a method for assembling clay-gels containing 3D patterning of proteins
was developed. In this regard, a spontaneous patterning of molecules was observed
when concentrated colloidal clay-gels were placed in a protein-rich solution (DMEM
10 % FCS, 100 % FCS of 30 mg/ml BSA) and were then transferred to a low
concentrated proteins solution (100 pug/ml FITC BSA). It was clear that the protein
patterning was the result of a complex diffusion process triggered by BSA molecules
in a concentration-dependent manner and, therefore, concluded that two distinct
diffusion processes take place; 1) a primary diffusion of concentrated protein
solution through the clay-gel that then facilitates 2) a secondary diffusion and
localisation of low concentrated protein solution. To our knowledge, this is the first
report describing the assembly of a scaffold with a 3D gradient of molecules
involving non-covalent clay-gel and physiological-like fluids opening new avenues

of research for biomimetic drug delivery systems.
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In chapter 4, the effect of different fabrication parameters in the 3D patterning of
proteins inside the gel was studied. The results led to optimising the assembly
process and also provided insight into the assembly and loading mechanism. In this
regard, it was concluded that the assembly step is vital in the formation and
localisation of the protein loaded since the manipulation of different factors known to
alter the diffusion path length of macromolecules, such as concentration, ionic
strength, incubation time and temperature. Also, the solute size and net charge
altered the spatial localisation of protein pattern. Regarding the assembly and loading
mechanism, it was suggested that the diffusion of the assembly solution occurs via
“reaction-diffusion” and that the diffusion and spatial localisation of the loading
solution occur via “selective diffusion barrier” potentially governed by electrostatic

interactions between the assembled structure and loaded protein.

In chapter 5, structural characterisation of the nanoclay/protein scaffold was
performed using different imaging techniques, including CLSM, SEM and PLM. The
results provided insight into the structural conformation at different length scales and
a better understanding of the assembly mechanism. In this regard, PLM and SEM
images confirmed that a reaction-diffusion process is responsible for the scaffold
assembly, where the proteins (or gelator) react with the clay nanoparticles and
simultaneously diffuse through the clay-gel in a concentration-dependent manner.
The process led to the formation of a protein-clay complex structure with a periodical
arrangement. Furthermore, the CLSM images demonstrated that the diffusion front
or the interface between the reacted and unreacted clay-gel region is responsible for

the spatial localisation of loaded proteins into the clay-gel.

In chapter 6, the versatility of the system to generate structures containing different
gradients of proteins, such as punctuated or gradual with overlapped positive and
negative gradients was demonstrated. Also, the possibility to assemble structures of
with a range of dimensions (0.2 - 1 mm) and shapes (droplets, cylinders and strings)
providing the opportunity to develop customised structures for bone regeneration or
in vitro developmental studies. Finally, the bioactivity of the scaffolds was assessed
in vivo. The assembled gels were loaded with BMP-2 and implanted subcutaneously
in a mouse model, revealing the potential of punctuated BMP-2 gradient to control

the spatio-temporal formation of bone.
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7.1.2 A discussion of main findings and their context

Developmental and regenerative processes are finely coordinated by the signalling of
diffusive molecules, known as morphogens, that regulate the fate of naive cells
towards the formation of complex tissues and functional organ systems in time and
concentration dependent manner. Recently, several in vitro platforms have been
developed in attempts to recreate spatio-temporal patterns of morphogens to shed
light on these complex developmental events. Major advances in this area have been
achieved by hydrogel microfluidic technology since the dynamic and precise
delivery of biomolecules in space and time through an engineered culture substrate
have proven the potential to direct successfully the differentiation and spatial

localisation of stem cells.

In this regard, Cosson & Lutolf (2014) reported the in situ neural differentiation of
embryonic stem cells through the spatio-temporal control of the morphogen retinoic
acid (RA) using a microfluidic hydrogel chip. Notably, analysis of the embryonic
stem cells size and Sox1-GFP reporter expression revealed a concentration
dependent effect of RA on neural induction after 6 hours onwards, being stronger
closer to the source. A more complex platform was presented by Demers et al.
(2016) to mimic spinal cord patterning. For this, the microfluidic device comprised
multiple channels to generate four separate gradients of RA and purmorphamine to
activate the sonic hedgehog pathway, BMP-4, and FGF. Changing the concentration
of the morphogens demonstrated spatial control over the motor neuron differentiation
of embryonic stem cells throughout the gel especially when combining RA and
purmorphamine gradients. These models emphasise the importance of introducing
3D micropatterns of biochemical cues into the design of scaffolds for TERM

applications.

In this study, it has been demonstrated the versatility of the new clay-gel system to
produce 3D scaffolds containing punctuated or gradual gradients of different proteins
in a very simple and effective manner similar to those observed during development.
The protein patterning is related to the unique sorptive properties and large surface
area of the clay nanoparticle that allows spontaneous and firm binding of proteins at

the interface between the reacted and unreacted clay-gels regions. Prior to this
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project, it has not has been reported the patterning of proteins using gels assembled
via reaction-diffusion systems, such as alginate (Dai et al. 2009). Moreover, a proof
of concept experiment performed as part of the patent application using chitosan
gels, which is a positively charged molecule, revealed no formation of any protein

pattern.

Interestingly, in 1952, Turing proposed that morphogenesis occurs through a
reaction-diffusion process, where morphogen reacts and diffuse through tissues
forming patterns of signals to regulate the development of functional organs. This is
one of the most debated developmental theories. However, with the gradual increase
in computer simulation that predicts the dynamic properties of patterns formation, it
is starting to gain acceptance. Thus, the clay-gel system developed in this study not
only recapitulates the spatiotemporal localisation of biochemical cues but a possible
fundamental development process since a reaction-diffusion system has been used to
create patterns of proteins. Through this biomimetic approach, it is aimed to control
cells fate to enhance the regeneration of hard and soft tissues and the outcomes
would not only benefit patients but to deepen the understanding of developmental

processes.

7.1.3 Limitations of the study and indications for future research

Throughout this study, the use of fluorescent proteins became a reliable tool to
visualise the spatial localisation of proteins loaded within the nanoclay/protein
scaffold. The results facilitated optimising the fabrication parameters, elucidating the
assembly mechanism and demonstrating the versatility of the system to assemble
complex structures of different dimensions and shapes without altering the protein
gradient. Some analyses required manual measurement of features to describe the
phenomena observed, such as the diffusion path length of proteins through the
scaffold as a function of time, concentration or ionic strength. Therefore, it is
essential to consider human error in this type of analysis. However, in order to
minimise it, a CLSM was used to acquire images with improved resolution in

comparison to the fluorescent microscope.
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Furthermore, PLM images revealed a radial birefringence that develops upon
assembly of the scaffolds in the protein-ring solution, suggesting that the clay
nanoparticles are being realigned following the diffusion flux of the gelator (protein)
as the reaction-diffusion process takes place. However, the results do not provide
information about the spatial orientation of the nanoparticle with respect to the
diffusion front. For this purpose, other techniques, such as SAXS will be considered
to resolve the structure. Moreover, the sample preparation and analysis technique
used for PLM must be improved to obtain qualitative data about the optical
properties of the clay-gel and the scaffolds. For this purse, a LC-PolScope could be
used to measure the birefringence, refractive index and determine the fast and slow

axis of the sample.

The SEM imaging analysis was also crucial to determine that the assembly
mechanism of the scaffold was a reaction-reaction diffusion process. The images
revealed a change in phase as the scaffolds were assembled. In this regard, the
reacted region formed a porous shell and the unreacted region a dense core.
However, no further information could be inferred from the images about the
porosity, interconnectivity and other features because alterations in the morphology
are almost unavoidable during the sample preparation, mainly due to the cross-
linking process (Hafez & Kenemans, 1982 and Talbot & White, 2013). In this regard,
other techniques, such as environmental or cryo-SEM could be used to evaluate the
structure of the scaffold as they do not require any sample processing before

imaging.

Similarly, TEM images showed changes in the scaffolds structure, suggesting a
depletion of nanoparticles towards the diffusion front and possible reorientation
across the long axis perpendicular to the diffusion front. These are standard features
observed in gels that were assembled via reaction-diffusion (Leong et al. 2016).
Nevertheless, it is known that the sample preparation for TEM imaging is harsh and
may alter the clay-gels nanostructure and respective analysis. Thus, other less or non-
destructive techniques, such as SAXS may be useful to evaluate the distribution of
clay nanoparticles concentration, spatial orientation, periodic arrangement and
spacing after the scaffold assembly. Similarly, cryo-TEM or Raman spectroscopy

could be used to support the SAXS nanostructure analysis.
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Until now, little is known about the protein clay interaction and conformational
changes of the protein. The supernatant depletion assay suggested that a monolayer
of proteins coats the clay nanoparticles. However, the error of the measurements was
significant. Thus, to address this, the experiment must be repeated with larger
samples to increase the sensitive of the assay. Also, another technique that could
provide an inside view is the fluorescence lifetime imaging, performed with a
CLSM.

In this study, scaffolds loaded with a punctuated gradient of BMP-2 were implanted
in a subcutaneous mouse model to assess their bioactivity. The results revealed the
formation of localised bone containing marrow. However, further work is required to
improve the biological activity of the scaffold as only a relatively small section of the
BMP-2 loaded region of the scaffold generated new bone formation. Future
experiments will, therefore, focus on optimising the loading of BMP-2 and its
concentration within the scaffold before evaluating bone formation in a femoral

critical-size bone defect.

Another factor that may need to be improved, is the mechanical properties of the
scaffolds in order to implant them without the PLA holder. In this regard, the
addition of polymers to the clay-gel nanoparticles prior to the assembly was
proposed. The preliminary results showed that the incorporation of collagen or
alginate does not affect the 3D micropatterning of proteins. However, further work is
required to evaluate the threshold polymer/clay ratio and related effects on the
mechanical properties and structural characteristic of the scaffolds. For this purpose,

it can be used a rheometer and an SEM-EDS analysis to perform initial analysis.

Finally, in this study, the bioactivity of the scaffolds in vitro was not assessed. For
this purpose, it is proposed using cells that can migrate inside hydrogels, such as
NIH-3T3 cell and HT-1080 fibrosarcoma cell line or primary rat dorsal root ganglia
cells. However, it needs to be taken into consideration that this concentrated clay-gel
lack of effective porosity and even encapsulated cells are not able to move
(according to unpublished data generated by the bone & joint research group at the
University of Southampton). To address this issue, the addition of other natural or

synthetic hydrogels was proposed to engineer nanoclay/protein constructs with
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porous interconnected network, opening the opportunity to use this platform for in
vitro developmental studies.

7.2 Concluding remarks

To our knowledge, this is the first report describing the assembly of a scaffold with
3D gradient of biochemical cues involving non-covalent clay-gel. This study
provides a detailed method to self-assemble nanoclay/protein scaffolds containing
patterns of proteins and the effect of different fabrication parameters, which can be
used to fine-tune the spatial localisation of the proteins within the gel. Furthermore,
the structural characterisation presented in this study allowed understanding the
assembly mechanism and, therefore, the assembly of more complex structures with
different dimensions, shapes and protein gradients. Finally, the in vivo study reported
in this thesis shows that a punctuated gradient of BMP-2 can localise the spatio-
temporal formation of bone. These findings open new avenues of research for
biomimetic drug delivery systems not only for fracture repair but also for other
tissues in patients. In addition, they provide a framework to build a device to study

developmental processes in vitro and in vivo.
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Appedix

Appendix
Reagent
Table A.1 Nanoclay/gel scaffold assembly
Reagents Product code | Lot number | Supplier
Albumin from bovine serum (BSA) A34785 1932509 Invitrogen by Thermo
Alexa Fluor™ 647 conjugate Fisher Scientific
Albumin bovine - fluorescein A9771-50MG | SLBP519V Sigma-Aldrich
isothiocyanate conjugate (lyophilised 1002533088
powder)
Albumin Tetramethylrhodamine A2289-10MG | SLBQO0215V | Sigma-Aldrich
isothiocyanate bovine (lyophilised 1002402447
powder)
Alginic acid sodium salt from brown 71238 Sigma-Aldrich
algae
Avidin from egg white A9275-5MG SLBS4417 Sigma-Aldrich
1002567715
Bovine serum albumin reagent graded BP1600-100 64-1341 Fisher Scientific
powder, heat shock treated (100gr)
Catalase from bovine liver C1345-1G SLBW3156 | Sigma-Aldrich
1002593381
Casein - fluorescein isothiocyanate C0528-10MG | 015H7170V | Sigma-Aldrich
from bovine milk (type 11, essentially | 1001763953
salt-freeze, lyophilised powder)
Casein sodium salt from bovine milk C8654-500G BCBP6469V | Sigma-Aldrich
101728295
Collagen - type | solution from rat tail 1002467066 SLBS8676 Sigma-Aldrich
DAPI dilactate (4',6-diamidino-2- D3571 Sigma-Aldrich
phenylindole)
Dulbecco's Modified Eagle's Medium 12-604F BioWhittaker®, Lonza
with 4.5g/L Glucose and with L-
Glutamine (500ml)
Dulbecco's phosphate-buffered saline 17-512F BioWhittaker®, Lonza
without calcium and magnesium
D-(+)-Glucose G-7528 69H00161 Sigma-Aldrich
DyLight™ 488 NHS-Ester (1mg) 46402 TC2545501 | Thermo Fisher

Scientific

233



Appedix

DyLight™ 633 NHS-Ester (1mg) 46414 Thermo Fisher
Scientific
DyLight™ 800 NHS-Ester (3 vials) 1860510 S12448717 Thermo Fisher
Scientific
DHA (cis-4, 7, 10, 13, 16, 19- D2534-25mg SLBL3090V | Sigma-Aldrich
Docosahexaenoic acid 1001970314
DQ™ Collagen type | from bovine skin | D12060 1829167 Invitrogen by Thermo
- fluorescein conjugate Fisher Scientific
FITC-Avidin 434411 1805238 Invitrogen by Thermo
Fisher Scientific
Foetal Calf Serum 10270 42F0461K Life technologies -
Thermo Fisher
Scientific
Haemoglobin from bovine blood H2500-1G SLBF3496V | Sigma-Aldrich
(lyophilised powder) 1001974960
Hyaluronidase from bovine testes H3506-1G SLBR7365V | Sigma-Aldrich
(Type I — S, lyophilized powder) 1002514208
IgG from bovine serum I15506-10MG | SLBM2612V | Sigma-Aldrich
1002594884
IgG (H+L) Alexa Fluor® 488 goat A11001 898287 Invitrogen by Thermo
anti-mouse Fisher Scientific
Laponite® XLG powder SR# 4573 BYK additive limited
Lysozyme from chicken egg white L6876-1G SLBT5161 Sigma-Aldrich
1002566788
Myoglobin from equine heart M1882- SLBF8560V | Sigma-Aldrich
250MG
1002436883
Protein Assay - Dye reagent 500-0006 Bio RAD
concentrate (450ml)
Penicillin-Streptomycin P0781-20ML | --- Sigma Aldrich
rhBMP-2, component of large |1 7510904 111509AA | Medtronic
Infuse® Bone Graft Kit
Sodium hydroxide, extra pure pellets 134070010 A0224034 ACROS organics™
Streptavidin from Streptomyces S4762-5MG 016M4188V | Sigma-Aldrich
avidinii
Streptavidin-FITC from Streptomyces | S3762-1MG Sigma-Aldrich

avidinii
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Table A.2 Histological analysis

Appedix

Reagents Product code Lot number Supplier

Alcian Blue 8GX, certified 400460100 A0402660 ACROS organics™

Direct Red 80 - Sirius Red 365548-25G MKBK7017V | Sigma-Aldrich

1001428065

Diaminoethanetetra-acetic acid D/0650/60 1665046 Fisher

disodium salt dihydrate (EDTA)

Ethanol BP2818-4 Fisher

Histo-clear® HS-200 National
Diagnostics™

Hydrochloric acid ACS reagent, 37% | 423795000 A0317959 ACROS organics™

solution in water

p-xylene bis-pyridinium bromide, D/5330/05 1668809 Fisher

phthalate free mountain medium

(DPX)

Paraformaldehyde 96% extra pure 416780010 A0372619 ACROS organics™

Phosphomolybdic acid hydrate-80% | 206381000 A0404881 ACROS organics™

Trisma®base T1503-1KG SLBR3760V Sigma Aldrich

1002302339

Weigert’s solution 1 (Alcoholic 640494 C168-48-05 Clin-Tech limited

Haematoxylin)

Weigert’s solution 2 (Acidified 640504 C165-24-09 Clin-Tech limited

Ferric Chloride)

Table A.3 SEM and TEM analyses

Reagents Supplier

Ethanol Biomedical Imaging Unit,

Formaldehyde University of Southampton

Glutaraldehyde

PIPES

Spurr Low Viscosity Embedding Kit - EM0300. Sigma-Aldrich

Urany| acetate

235




Table A.4 Biological activity assessment of nanoclay/protein scaffolds

Appedix

Reagents Product code | Lot number Supplier

5-0 suture PDS™ 45 cm Ethicon

Antibiotic/antimycotic solution x100 A59955- 005M4754V Sigma Aldrich

stabilised 100ml

Buprenodale® Multidose 0.3 mg/ml Dechra

solution (Buprenorphine)

100% Ethanol BP2818-4 Fisher

Fast Violet salt F163 Sigma Aldrich

F1 hybrid mice male Biomedical
research
facility,
University of
Southampton

human BMP ELISA kit SBP200 R&D

Polylactic acid Ultimaker RAL 9010 Ultimaker

Naphthol AS-MX phosphate 855-20ML Sigma Aldrich

Labware
Table A.5 Material used for nanoclay/gel scaffold assembly

Labware Manufacture

6, 12, and 96 well plate, clear flat bottom, sterile Sigma Aldrich

96 well plate, clear, U bottom Sigma Aldrich

p-slide 8 well glass bottom

Ibidi

Glass bottle 5 ml (15x45 mm)

Thermo scientific

Equipment

Table A.6 Equipment

Equipment Manufacture
3D printer Ultimaker 3 extended Ultimaker
Aladdin syringe pumps - Al-1000 Aladdin

Benchtop autoclave Classic prestige medical 210002

Prestige Medical

Brunker Skyscan 1176 Brunker
Confocal laser scanning microscope - TCS SP5 Leica
Critical point dryer - Bal-tec - CPD 030 Irchel
dotSlide Virtual Microscopy System - BX51 Olympus
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Appedix

Dual-intensity chromate-vue transilluminator - TM-20 UVP, inc.
Drying cabinet - IWC200 Genlab
HM 325 Rotary Microtome - 902100 Thermo Scientific™
InGenius LHR: Gel Documentation System SYNGENE
Inverted Microscope AxioVert - 200 Carl Zeiss
Centrifuge 5415R Eppendorf
Microplate reader - GloMax® Discover System - GM3000 Promega
Micropipette 10pl Eppendorf
Micropipette 100, 200, 1000ul STARLAB
NANOpure Diamond™ - D11911 Barnstead
Nikon Photomicroscope - Eclipse 80i Nikon

Nikon Polarizer First Order Red Full Wave Plate Lambda A | Nikon

Compensator for Eclipse

Nikon colour camera E950 Nikon

Orbital shaker - PSU - 10i Grant-bio

Paraffin Embedding Station - Blockmaster 111 Raymond A Lamb
Paraffin Section Flotation Bath - MH8517 Electrothermal
Quorum Q150T ES carbon and sputter coater Quorum

Scanning Electron Microscope FEI Quanta - 250 FEI Quanta

Slide drying bench - MH6616 Electrothermal
Fisherbrand™ Isotemp™ Stirring Hotplate - 15303518 Fisher Scientific
Transmission Electron Microscope - Hitachi HT7700 Hitachi
Ultramicrotome Reichert Ultracut E Reichert-Jung
Vacuum Heating and Drying Oven Heraeus vacutherm - VT 6025 Thermo Scientific™
Vortex-T Genie 2 Scientific Industries
Zeiss™ Cold Light Source - KL 2500 LCD Fisher
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