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ABSTRACT

Understanding the mechanisms of the fate of stem cells is one of the major cornerstones of
regenerative medicine research. Mesenchymal stem cells (MSCs) are multipotent cells that can
differentiate into muscle, cartilage, bone, fat and nerve cells, and the complex mechanisms that they
undergo are still not fully understood. Advances in cell signalling and developmental biology
provided rudimentary pathways to differentiate MSCs in 2D culture to the aforementioned cell
types, but the cellular microenvironment contains not just chemical signals but also those that are
mechanical in nature. Previous research showed that matrix stiffness plays a significant role in
MSC differentiation and that substrates can be tuned in their mechanical properties to tailor MSC
lineage determination. However, most of the research performed in this area are in a 2D format,
where it does not capture the 3D interaction effects of cells in culture and other physical aspects of
the biomaterials such as curvature. Transitioning into a 3D platform can enable us to determine

more accurately the physiological nature of stem cell behaviour.

In this thesis, a 3D culture platform has been produced using hydrogel microparticles made from
methacrylated gelatin (GelMA). GeIMA was selected as a material due to its biocompatibility,
interactions with cellular integrins, and more importantly its tuneability of matrix stiffness. The
latter property is essential to translate the 2D culture methods of varying matrix stiffness into a 3D
format, where MSCs can be observed upon adhesion to these GeMA microparticles. Several ultra-
porous microparticles of different sizes (170-760 pwm) and modulus (0.23-130 kPa) were produced
by tuning the dispersed and continuous phases of the co-flow microfluidic system used for their
fabrication. An operability range of 5-13% w/v GelMA concentration in the dispersed phase, along
with mineral oil in the continuous phase containing 1% w/v Span 80 as a surfactant was used.
GelMA solution flow rates of 1-5 mL/h and 50-200 mL/h of mineral oil were also seen as viable
process factors that produced acceptable, nearly monodispersed microparticles. Beyond these
concentrations and flow rates, either highly heterogeneously sized microparticles were fabricated
or the needle was blocked disabling the production of microparticles. Using these microparticles,

MSCs were seeded and cultured for 7 days without any exogenous differentiation factors



supplemented with the media. With only matrix stiffness therefore as a differentiation stimulus, the
differentiation of MSCs could be tuned based on the surface modulus of the microparticle: 0.2-1.5
kPa for neurogenic, ~6 kPa for adipogenic, ~18 kPa for myogenic, and ~44 kPa for osteogenic
lineages in preliminary studies. These data have been confirmed through immunocytochemical

methods by staining for relevant markers of differentiation.

With this result, a successful platform could be used in performing 3D culture of MSCs in a
stiffness-controlled manner where differentiation is directed through the matrix modulus alone.
Such significant results could provide a new 3D biomaterial for MSC culture and differentiation,
and these GelMA hydrogel microparticles could be utilised in suspension culture of MSCs with the
aforementioned material as a carrier. This would have application in clinically relevant production

of MSCs for regenerative medicine use.
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1. INTRODUCTION
1.1 Regenerative Medicine

1.1.1 Background and Scope of Regenerative Medicine

Regenerative medicine (RM) is a field of translational science involving tissue engineering (TE)
and mammalian cell biology, aimed at restoring tissue and organ-related medical needs by
recreating or enhancing original biological function after deterioration or injury (Mason and
Dunnill, 2007). The concept applies to the use of living cells to restore different tissues and organs
by activating and supporting the body's self-repair processes, and to the concept of tissue
replacement approaches. By developing and re-implanting tissue in the body, the need for
additional donor-derived tissues and organs can be resolved in line with the original vision of RM.
This practice could help satisfy the needs arising from the shortage of transplantation organs, which

is often inaccessible due to a lack of suitable or compatible donors.

Current methods for tissue replacement can be classified based on the type and source of the
implant, namely autografts, allografts, metallic and non-metallic (ceramics, polymers) devices
(Laurencin and Nair, 2014). These methods have a range of limitations, including postoperative
complications such as infection, poor donor integration effectiveness, activation of an immune
response or the need for immune suppression, and donor site morbidity. RM seeks to solve these
challenges through a targeted, customized and cost-effective approach. Several methods under the
RM definition include the use of stem cell therapy, biomaterial scaffolding, drug-based techniques
to deliver biologically active molecules, and transplantation of in vitro developed organs or tissues,
usually referred to as TE (Langer and Vacanti, 1993). These organs or tissues are then used in a
broad variety of applications and techniques to reconstruct or rebuild portions of the human body,
which are intended to reproduce the in vivo cues and yield tissue-like replacements. In particular, a
temporary scaffold could effectively direct cells to reorganise the structure and function of the lost
tissue by encouraging the secretion of their own matrix to recreate it (Carletti et al., 2011; Lee et

al., 2008).



1.1.2 2D versus 3D influence on cell function

TE approaches are often followed by several challenges that need to be tackled in order to make
them available for clinical and surgical practice (Nerem and Schutte, 2014). One of the key
difficulties is the need to develop methods to generate functional tissues for therapeutic application.
This critical factor involves a major qualitative leap in the way cells are cultured. The conventional
approach is bidimensional (2D) cell culture (Figure 1.1A), where cells are grown on surfaces such
as microwell plates, tissue culture flasks and Petri dishes made of polystyrene or glass. The benefit
of using monolayer culture lies in the high cell viability and ease of operation through which
proliferating cells receive a homogenous amount of nutrients and growth factors from the medium
during growth. Necrotic cells easily detach from the surface and are removed during growth
medium change (Huang et al., 2013). However, owing to the nature of the substrate, the cells
acquire a flat and spread morphology that adversely affects multiple processes, including cell
proliferation, division, apoptosis, gene expression and protein expression (Tibbitt and Anseth,
2009). Although 2D cell culture systems are adequate to research and to analyse basic cell biology,
it is widely accepted that they are not indicative of either the in vivo cell environment or the
adhesive, topographical and mechanical forces encountered by cells in the physiological context
(Carletti et al., 2011; Lee et al., 2008). The complexity of the in vivo context involves a thorough
reconstruction of living tissue, comparable to a three-dimensional (3D) setting. The behaviour of
tissues is characterized by the interaction between cells and the 3D extracellular matrix (ECM)
which support them and enables communication through direct contact, paracrine and endocrine
secretions. The composition and organisation of ECM components are constantly affected and
remodelled by cellular changes. In turn, ECM remodelling exerts mechanical tension on cells and
affects the presence of biochemical intermediaries at the cell membrane, triggering cell-signalling
cascades that result in further changes in gene expression and cell activity. The underlying premise
of dynamic reciprocity is this sustained mutual interaction, and it plays a vital role in development

and adult tissue homeostasis.



Contrary to that, the flattened morphology of 2D culture can cause cells to assume abnormal
phenotypes and behaviour, raising the need for alternate means to meet the in vivo cellular
requirements due to the lack of a specific ECM environment (Lee et al., 2008). In contrast to 2D
monolayer culture, to achieve an effective cell therapy strategy, cell phenotype and functionality
must be aligned towards that observed in vivo by controlling the microenvironment, emulating the
ECM, the mechanical stress under which they are subjected, and the biochemical context (Nerem
and Schutte, 2014). 3D culture of cells is therefore critical to support and maintain cell function
and requires the design of an in vitro microenvironment that can sustain cell development,
organisation and differentiation (Carletti et al., 2011; Lee et al., 2008). Examples of cells grown in
3D systems as part of a cell therapy/strategy are the formation of aggregates or spheroids either on
a matrix (Figure 1.1B), inside a matrix (Figure 1.1C) or in suspension medium (Figure 1.1D). In
these settings, the interactions between cells and cell-ECM mimic more closely the complex
environment seen in vivo, with mechanical, chemical and biological features that promote
physiological morphology and behaviour. In addition, 3D aggregates consist of cells in multiple
phases of the cell cycle, typically involving proliferating, quiescent, apoptotic, hypoxic, and

necrotic cells, a variability that is somewhat close to in vivo tissues (Kim, 2005).

A B C D

Culture media Culture media

& Matrix for 3D culture
Culture media @ @ &
Matrix for 3D culture @ @
OO0

2D monolayer 3D spheroids 3D spheroids 3D spheroids
grown on matrix grown within matrix grown in suspension

Media

Figure 1.1 Schematic diagram of 2D monolayer cell culture (A) and the three main examples of 3D cell
culture, that is cell spheroids/aggregates grown on matrix (B), cells embedded within a matrix (C), or

scaffold-free cell spheroids in suspension (D). Image reproduced from Edmondson et al., 2014.



1.2 How mechanobiology influences Mesenchymal Stem Cells

1.2.1 Mesenchymal Stem Cell Fundamentals for Tissue Engineering applications

The development of stem cell-based tissue engineering strategies for the treatment of disease, injury
and conditions associated with ageing relies on the ability to direct stem cells safely and efficiently
to specific lineages. Biological tissues include populations of differently specialised cells that are
closely regulated in tissue homeostasis according to their functions and a number of progenitor
cells (Nakada et al., 2011). The latter, thanks to their properties of self-renewal and multilineage
differentiation, together with the collective properties in the cellular microenvironment, are referred
to as the stem cell niche (Ferraro et al., 2010; Moore and Lemischka, 2006) and are crucial in
maintaining tissue homeostasis by regulating cell quiescence and activation. Present knowledge is
that numerous microenvironmental signals inside and between in vivo niches interact to regulate
progenitor cell fate and function (proliferation, migration and differentiation) (Chacon-Martinez et
al., 2018; Discher et al., 2009). Among these, mechanical factors have emerged as one of the main
determinants together with chemical signalling. Stiffness and morphology of the substrate, cell and
tissue deformation arising from mechanical packing, and shear stress associated with fluid motion

are all mechanical factors that can influence cell fate (d’ Angelo et al., 2019; Fioretta et al., 2012).

Multipotent mesenchymal stromal/stem cells (MSCs) are found in connective tissues and play
important roles in tissue homeostasis. A feature these cells possess is the potential to differentiate
into osteogenic, chondrogenic and adipogenic lineages (Nagai et al., 2007; Pittenger, 1999), and
also showing in some instances the capacity to commit into myogenic, neurogenic and neuroglial
lineages (George et al., 2019; Pittenger, 1999; Shih et al., 2005). Traditionally, the majority of
research in this area has been linked to biochemical signalling regulating MSC functions; however,
it has been shown that mechanical signals are also important regulators of MSCs behaviour. Studies
in the field of mechanobiology have reported how the lineage specification of MSCs is influenced
by substrate rigidity (Engler et al., 2006; Olivares-Navarrete et al., 2017), geometry (Kilian et al.,

2010; McBeath et al., 2004a) and complex mechanical forces that facilitate the commitment to one
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lineage at the cost of another to mirror tissue-level physiological changes (Kumar et al., 2017; Luu
et al., 2009; Naqgvi and McNamara, 2020; Vining and Mooney, 2017). MSCs have also been shown
to be influenced by microscopic internal forces that arise as the cells pull on each other or the
neighbouring extracellular matrix (Ambriz et al.,, 2018; Moore and Lemischka, 2006;

Pongkitwitoon et al., 2016).

Current knowledge indicates that the combination of the various mechanical signals between and
within in vivo stem cell niches is a critical determinant of MSCs fate and behaviour (Engler et al.,
2006). The difficulty of investigating the latter is aggravated by the restricted accessibility to in
vivo niches and the combination of multiple non-additive environmental effects (Atta-ur-Rahman
and Anjum, 2017). These challenges have motivated the creation of experimental platforms which
recapitulate the main properties of in vivo niches, and are used to screen multi-factor effects which
control cell fate and address MSCs heterogeneity through an analysis of cell behaviour (Atta-ur-

Rahman and Anjum, 2017).

1.2.2 Mechanobiology of Bone Marrow-derived Mesenchymal stem cell

Cell behaviour is the product of a complex interplay of inhibitory and stimulatory signalling
pathways, and the interaction between molecules must be closely defined in order to understand
their mutual effect on cell fate. MSCs feel the stiffness of their supporting substrates by applying
contractile forces through adhesion complexes that bind intracellular structures to the ECM
(Ambriz et al., 2018; McBeath et al., 2004a; Ostlund et al., 2009). Adhesion proteins such as
integrins connect the ECM to the force-generating cellular cytoskeleton, causing associated
molecular transduction signalling to be triggered depending on binding affinities and stresses
produced during contraction (Gauthier and Roca-Cusachs, 2018; Moore et al., 2010). Like most
transmembrane molecules, integrins may move sideways through the cell membrane and also
cluster into complexes named focal adhesion sites (Figure 1.2). These complexes are dynamic
structures that contribute to cell adhesion by binding to the ECM and they provide physical links

to the contractile architectural framework of the cytoskeleton and assemble according to substrate



rigidity and topography. As such, they act as major mechanical signalling mediators between the
external environment and molecular networks of intermediate filaments, microtubules and actin-
based microfilaments (Doyle and Yamada, 2016; Gauthier and Roca-Cusachs, 2018). The resulting
formation of stress inside the cytoskeleton after cellular adhesion constitutes the transmission of
information from the ECM to the nucleus, thereby translating a mechanical signal into a
biochemical signal, a mechanism called mechanotransduction (Gauthier and Roca-Cusachs, 2018;

Moore et al., 2010; Ostlund et al., 2009; Shafrir and Forgacs, 2002).
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Figure 1.2 Schematic diagram of a focal adhesion. Focal adhesions comprise hundreds of proteins classified
based on their contribution to four fundamental processes: receptor/matrix binding, actin cytoskeleton
binding, intracellular signal transduction and actin polymerisation. By adjusting to intracellular and
extracellular contractile forces, the collective action of mechanosensitive components forms the
mechanoresponsive network of the cell. Image reproduced from mechanobio.info website (accessed 2021-

01-03).



From the available evidence it is suggested that focal adhesions experience controlled turnover at
any given time regulated by different environmental signals (Bershadsky et al., 2003; Gauthier and
Roca-Cusachs, 2018; Yim et al., 2010), among which, the main determinants of integrin rigidity

sensing that have been identified are (Moore et al., 2010):

1. Integrin-ECM bond strength

2. Cell protrusion/retraction ratios

3. Force produced during protrusion/retraction

4. Elasticity of the mechanosensitive proteins involved.
The elaborate composition of mechanosensitive and signalling components of cell-matrix
adhesions provides greater flexibility than any other individual surface receptor.
Mechanotransduction is most likely attributable to protein conformational changes in multi-domain
proteins functioning as molecular switches (Gauthier and Roca-Cusachs, 2018; Moore et al., 2010;
Pongkitwitoon et al., 2016; Vogel, 2006) contributing to subsequent signalling pathways via
phosphorylation or to the binding of additional components due to internal/external mechanical
perturbation (Dalby et al., 2014; Johnson et al., 2007). These eventually affect prominent protein-
protein interactions that cause the adhesion unit to be self-assembled and/or remodelled, cascading
into the activation of force-induced signal transduction pathways involving adhesion components

and different targets, resulting in downstream signalling events (Dalby et al., 2014; Vogel, 2006).

After the initial integrin-ECM protein interaction, integrins undergo changes in their conformation
and affinity, which in turn contributes to integrin clustering and immature focal complex formation.
The binding of a variety of integrin-binding receptors, such as RhoA kinase and focal adhesion
kinase (FAK), leads to the activation of a number of intracellular signalling pathways, including
extracellular signal-regulated kinase/mitogen-activated protein kinase (ERK/MAPK), controlling
multiple cellular processes such as proliferation and differentiation (McBeath et al., 2004a;
Miyamoto et al., 1995). Subsequent recruitment of binding proteins, i.e. vinculin, talin and paxillin,

triggers the formation of actin stress fibres, causing changes in cytoskeletal tension whereto the cell



responds by adjusting focal adhesion size (Atherton et al., 2016; Kawakami et al., 2001), further
accentuating the influence of intracellular tension in regulating MSC processes such as
differentiation and self-renewal (Dalby et al., 2014; Kilian et al., 2010; Yim et al., 2010). Research
has demonstrated that direct mechanotransduction is the result of cytoskeletal changes that are
transmitted through the linkers of nucleoskeleton and cytoskeleton (LINC) complexes to the
intermediate filaments of the nucleoskeleton, in particular lamin (McNamara et al., 2012; Ostlund
et al., 2009). This causes changes to the spatial arrangement of lamin-bound chromatin, inducing
chromosomal packing or chromatin rearrangement which ultimately affects gene expression

(Abbasi et al., 2018; McNamara et al., 2012; Tsimbouri et al., 2013; Wang et al., 2009).

1.2.3 Mechanotransduction signalling in Bone Marrow-derived Mesenchymal stem cell inducing
lineage differentiation

Time-dependent regulation of proliferation, matrix plasticity, and in certain cases (e.g. during
osteogenesis) mineralisation are needed for MSC maturation across specific lineages. This is
controlled by MSC-ECM interactions and the interplay of signalling molecules such as those

reported in Figure 1.3A.

Initially, the study on the effects of elasticity cues was mainly focused on the motion and
contractility of cells, such as cell motility, morphology or spreading area (Guvendiren and Burdick,
2012; Kuznetsova et al., 2007; Plotnikov et al., 2012) and not on the differentiation of stem cells.
These experiments, however, also have shown that Young’s modulus (E) for the elasticity of
substrates can regulate the intracellular structure of stress fibres (F-actin), resulting in the regulation
of the modality and degree of cellular traction. One remarkable example is the work of Engler et
al., who found that collagen-coated polyacrylamide hydrogels with elasticity mimicking brain
(E~0.1-1 kPa), muscle (E~8-17 kPa) or bone (E~40 kPa) tissue stiffnesses can selectively induce

MSC differentiation in the corresponding pathways (Engler et al., 2006).

Indeed, by finding the close association between cell traction and substrate elasticity, the concept

of 'mechanosensing' was introduced. Mechanosensing enables cells to detect the elasticity of the
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external area by producing a contractile force of their own (Discher et al., 2005), which then
propagates in the intracellular environment in a process called mechanotransduction, namely the
translation of mechanical signals into cellular responses via crosstalk with intracellular signalling
pathways. Among these, $-catenin signalling via Focal Adhesion Kinase (FAK), Rho-associated
protein kinase (ROCK) and extracellular signal-regulated kinases (ERK) (Figure 1.3B) are among

the most crucial signalling cascades in mediating complex cellular responses (Goetzke et al., 2018).

Cells probe the stiffness of the newly bound matrix by triggering myosin Il motor activation and
contraction (Ghassemi et al., 2012). These intrinsic forces induce conformational modifications in
some adhesion components, such as talin, vinculin and FAK, resulting in the recruitment of
additional proteins belonging to mechano-signalling pathways (Atherton et al., 2016). In particular,
ECM resistance against cell forces modulates the stability of focal adhesions through FAK
activation, which phosphorylates and activates RhoA. The RhoA signaling pathway includes the
activation of ROCK, which phosphorylates myosin light chain (MLP), generating more intrinsic

forces (Gattazzo et al., 2014).
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Figure 1.3 (A) Several signalling molecules help regulate the commitment and differentiation of MSCs
towards diverse lineages. The molecules shown and lineages affected are adapted upon references (Almalki
and Agrawal, 2016; Engler et al., 2006; Neirinckx et al., 2013). Signalling pathways are triggered by
mechanical stimuli applied to a cell. The presence of external forces that increase tension on the cytoskeleton

activating integrins and/or induce matrix-bound factor release which activates mechanosensory proteins such
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as G-protein coupled receptors (GPCR), ion channels and growth factor receptors (GFRs), allow the cell to
detect mechanical loading and activate a variety of downstream signalling pathways, promoting gene

expression and/or cytoskeleton reorganisation. Image reproduced from Wang, Huang and Ni, 2020.

Focal adhesions are thus able to sense the mechanical properties of the ECM and convert the
information into remodelling forces on the actin cytoskeleton that can induce several
mechanosensitive transcription factors such as yes-associated protein 1 (YAP), transcriptional
coactivator with PDZ binding motif (TAZ) and myocardin-related transcription factors (MRTFs)
(Low et al., 2014), or transmit directly the forces from focal adhesion to the nuclear membrane,
modulating nuclear activities such as transcription. This is further demonstrated by the use of
specific drugs that impair cytoskeleton structures. For instance, cytochalasin D is a small molecule
that inhibits the polymerisation of F-actin, blebbistatin inhibits myosin Il, and Y-27632 inhibits
ROCK, all of which cause reduction of contractility in the cytoskeleton. Therefore, when MSCs
are cultured on polydimethylsiloxane substrates patterned with octadecanethiolate islands, the
presence of these inhibitors minimise the geometry-directed MSC osteogenesis in favour of
adipogenesis (Kilian et al., 2010). Moreover, inhibition of non-muscle myosin 11 with blebbistatin
blocked substrate elasticity-directed lineage specification (Discher et al., 2005; Engler et al., 2006),
indicating that the determination of MSC lineage by substrate geometry and elasticity show a

dependency on the assembly of MSC focal adhesions and cytoskeleton contractility.

Similarly, when MSCs were cultured in osteogenic medium on substrates with varying stiffness,
increased ROCK, FAK and ERK activity was observed on stiffer matrices (E~40 kPa, mimicking
pre-calcified bone compared to E~7 kPa mimicking fat) and inhibition of FAK or ROCK decreased
expression of osteogenic markers in those cells cultured on the stiffer matrices (Shih et al., 2011).
In the presence of antibodies that inhibited the integrin subunit §1 (Gronthos et al., 2001), the ability
of MSCs to form a mineralized matrix was also decreased, and integrin-f1 was localized to the cell
surface when MSCs were cultured on rigid substrates (E~50-100 kPa) as opposed to cytoplasmic

distributions observed on soft substrates (E~0.1-1 kPa) (Du et al., 2011).
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As research progresses in the area of mechanosensing and mechanotransduction, other elements
emerge to complicate the overall picture (Higuchi et al., 2013). Even though the influence of
substrate elasticity on the initial commitment of MSCs remains essential, it is unable to alter the
fate of committed MSCs. Guvendiren et al. cultured MSCs on soft methacrylated hyaluronic acid
(MeHA\) substrates in a 14-day combination of osteogenic and adipogenic mediums (Guvendiren
and Burdick, 2012). The majority of MSCs, cultured on soft gels, differentiated into fat cells, as
predicted (adipogenic pathway). However, the majority of the MSCs differentiated into bone cells
(osteogenic) when the soft hydrogels were stiffened at day 1 and only a small fraction differentiated
into fat cells (adipogenic). The pattern continued to rise with the stiffening of hydrogels on days 3
and 7. Such results showed that, before the substrates stiffened, MSCs interpreted the low elasticity
cues and differentiated down the adipogenic pathway accordingly. However, after stiffening of the
substrate, the undifferentiated MSCs no longer sensed the soft substrate but rather a high elastic
one, with the outcome that the MSCs committed to osteogenesis. The fact that some adipogenic
cells persisted after stiffening the gels showed that once committed (early MSCs into adipogenic
cells), cells would be insensitive to elasticity changes. This appears to be confirmed by recent
research wherein, as the process of cell differentiation progresses after the early commitment, much
of the initial cell-hydrogel connections are presumably lost when cells, encased in covalently
crosslinked hydrogels that restrict cell spreading, secrete and assemble a pericellular matrix that is
necessary for the progression of tissue maturation (Cai et al., 2015; Ferreira et al., 2018). This
presents a challenge for tissue engineering as any tissue-engineered scaffold, be them made from
natural ECM or synthetic polymers, evolve constantly as the materials are remodelled and/or,
degrade which may have a variable impact on cell phenotype. This information confirms the need
for careful consideration and fine-tuning of the modulus of tissue engineering scaffolds, since they
can influence the regeneration, structure, function and commitment of stem cells to differentiate
into target cells (Kerscher et al., 2016), but also the need to maintain a certain degree of
deformability and flexibility to accommodate the process of differentiation up to its final stages

(Assis-Ribas et al., 2018; Wen et al., 2014).
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1.3 Biomaterials for Tissue Engineering

1.3.1 Biomaterials to influence Mesenchymal stem cell behaviour

Biological signals, such as growth factors, hormones, small chemicals, and ECM, can determine
stem cell fate. However, if at first research primally focused on discovering soluble differentiation
factors to replicate the chemical microenvironment of the stem cell, many groups moved to other
aspects influencing cell behaviour. Among these are physical cues on MSCs, such as cell shape,
cell culture substrate stiffness, mechanical forces (shear stress, compressive forces) and external
forces (electrical force, magnetic force) (Burdick and Vunjak-Novakovic, 2009; Clause et al., 2010;
Engler et al., 2006; Kasten et al., 2010; Lee et al., 2011; Park et al., 2007; Yim et al., 2010). This
suggests that the approach of inducing cell differentiation in vitro through soluble factors alone
may not be sufficient. The limited accessibility of in vivo niches, in conjunction with the scarcity
and susceptibility of MSCs to different stimulants, has encouraged the creation of experimental
platforms that accurately capture key properties of in vivo niches, screen multi-factor effects that
control cell fate, and resolve MSCs heterogeneity by evaluating adequate cell numbers on an
individual basis. This has led to the development of biomaterials that can promote the production
of large numbers of stem cells and/or stimulate the differentiation of cells for in vitro regenerative

medicine and tissue engineering.

The design and optimisation of bioactive scaffolds require an understanding of the responses of
cells cultured upon them. The initial site of interaction with cells is the surface of the biomaterial.
Its properties include both chemical and topographical characteristics, such as
hydrophilicity/hydrophobicity ratio, bulk chemistry, surface charge and charge distribution,
roughness and rigidity (Boyan et al., 1996). Moreover, surface properties can be selectively
modified to enhance biomaterial performance through chemical functionalisation and biomolecule
immobilisation. Biomolecules include adhesive proteins like collagen, fibronectin, RGD peptides
but also growth factors such as FGF and EGF. These elements can either be covalently attached,

electrostatically adsorbed or self-assembled on the surface (Wilson et al., 2005).
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Since any TE scaffold should facilitate cell attachment, polymers that favour the formation of large
and accessible surface areas are preferable. High internal surface-area-to-volume ratios are essential
in order to accommodate a great number of cells for regeneration purposes, and in this regard,
porosity play an important role in providing a large surface area (O’Brien et al., 2005). Pore size
determines the number of struts and the density of ligands available for cell adhesion. As pore size
decreases, specific surface area increases but, at the same time, this denser network of struts limits
choice in the direction of the movement of the cells and creates resistance to scaffold penetration,
extracellular matrix production and neovascularisation of the inner areas of the scaffold (Harley et
al., 2008). Conversely, if the pores are too large a decrease in the surface area occurs, which in turn

limits cell adhesion.

Thus, changing the biomaterial surface and scaffold microarchitecture may influence cell behaviour
concerning individual processes such as proliferation, differentiation and motility (chemoattraction,
adhesion, migration) which in turn will affect matrix deposition (Ravindran et al., 2010). This
feature is imperative to achieve biocompatibility, biodegradability and interconnectivity in the

formation of new tissue (Nair and Laurencin, 2007).

The meaning of biocompatibility is to elicit a biological response without resulting in toxicity,
inflammation or immunological response that may lead to rejection. Although limited local
inflammation can promote healing and neovascularisation, chronic inflammation and/or an adverse
immune response can compromise both the implant and the patient (Nair and Laurencin, 2007).
Biocompatibility involves not only the material used but also the surrounding cells/tissue that
interacts with it. Dynamic interaction between cell, substrate and cytoskeleton is required for tissue
homoeostasis, which occurs employing specific ligand-integrin interactions and

mechanotransduction as the cell develops tensile stress to feel its surroundings (Figure 1.4).
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Figure 1.4 Schematic representation of a cell inside a 3D ECM. In this context, cellular traction forces are
evenly distributed and propagated along ECM fibres, causing both ECM and cytoskeleton remodelling and

cell reshaping. Image adapted from Breuls, Jiya and Smit, 2008.

Since the recognition of biomaterials by cells is typically mediated by adhesion proteins, adjusting
their composition can lead to a difference in ligand density, availability and subsequent integrin
binding, thus improving the overall cellular response (Wilson et al., 2005). Some observations also
highlight that shape could drive stem cell differentiation alone, overruling the instructive messages
provided by soluble differentiation factors (Rodrigues et al., 2014). Finally, mechanical properties
are critical in choosing a suitable biomaterial (Polo-Corrales et al., 2014). The biostability of a
polymer depends also on factors such as strength and elasticity, which are essential for the scaffold
to modulate the remodelling of the cytoskeleton, cell polarisation, intracellular signalling and for
the tissues to withstand continuous loads and stresses (Balani et al., 2014). One such parameter is
the elasticity of the material, as represented by the elastic modulus or Young's modulus (E, Pa =
N/m?), which refers to the resistance to elastic deformation (Khetan et al., 2013). The elasticity of
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2D substrates or 3D matrices can be calculated by atomic force microscopy (AFM) (Wen et al.,
2014), compression testing (Rowlands et al., 2008), tensile testing (Zoldan et al., 2011) or by using

a rheometer (Kumar et al., 2013).

1.3.2 Natural and Synthetic Polymers

While materials intended for implantation were in the past designed to be biologically inert, the
scope has shifted toward the design of bioactive materials that integrate with biological molecules
or cells to regenerate tissues. Biomaterials can be categorised into different types in terms of
structural, chemical, and biological characteristics. Their quality is ultimately determined by the
ability to influence mechanical properties, cell responses and tissue formation. Natural polymers
are those materials that have natural occurring long-chain molecular structures while synthetic
polymers are derived mainly from oil-based materials (hydrocarbon) with the resulting properties
of high expansion coefficient, low density and low thermal conductivity (Nair and Laurencin,

2007).

Natural polymers were among the first biodegradable materials used clinically (Reddy et al., 2021).
They usually have more complex structures than synthetic polymers and concerning tissue
engineering, natural polymers perform a diverse set of functions due to their native settings. Natural
polymers, especially the protein-based ones, have the benefit of copying the features of an ECM
and thus have the potential to direct the migration, growth and formation of cells during tissue
regeneration and wound healing and for stabilization of cells (Malafaya et al., 2007). Table 1.1

shows several natural polymers found in application in the field of tissue engineering.
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TABLE 1.1 Examples of natural polymers (Malafaya et al., 2007)

Natural Polymers Examples

Collagen, gelatin, silk fibroin, fibrin (fibrinogen), elastin,

Protein-origin polymers soybean

] Chitosan, starch, alginate, hyaluronan, chondroitin sulphate,
Polysaccharides dextran, carrageenans, gellan gum and cellulose.

Poly(B-hydroxybutyrate) (PHB) and poly(hydroxybutyrate-
POlyhyd roxyalkanoates CO_Va|erate) (PHBV)

Collagen, the most abundant protein in the human body, has been used in a wide range of tissue
engineering applications due to its predominance in the ECM. In the work of Sell et al., 2009,
collagen type | was dissolved in hexafluoro-2-propanol (HFP) ranging the concentration from 0.03
to 0.10 g of collagen/ml of HFP and electrospun it to fabricate fibres for tissue scaffold potential.
The experiment resulted in scaffolds composed of 100 nm to 5 um diameter fibres. Fibrin, a major
component of blood clots, has been employed as a coating agent on metallic implants to improve
cell dispersion and responsiveness, as well as to release growth factors. Preincubation of Ti surfaces
with whole human blood increased the number of adherent cells, increased ALP and collagen-I
protein expression, and accelerated mineralisation, according to (Kopf et al. (2015). Another is
chitosan, a cationic polymer from chitin, which can produce a scaffold with a hydrophilic surface
and cell adhesive/differentiating characteristics, while its inherent osteoconductive nature endows
its potential use for bone tissue engineering (Aguilar et al., 2019; Cruz et al., 2008) as well as skin

grafting (Pandey et al., 2017).

Composed of hydrophilic elements, natural polymers provide innate biological informational
guidance to cells favouring cell interactions and promoting chemotactic responses. This allows

them to enhance cells performance in biological systems, however, concern exists over their
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immunogenicity, potential risk of disease transmission, poor handling, and inadequate mechanical

properties (Prestwich and Atzet, 2013).

Synthetic polymers offer a versatile alternative (Docheva et al., 2007). They have an advantage
over natural polymers in the way that they can be tailored to give a wide range of properties and
which are more predictable (Liu et al., 2007). They are easily processed concerning porosity,
degradation time and mechanical characteristics; moreover, the possibility to be tailored for specific
applications makes them an even more attractive cellular delivery device. Synthetic polymers are
often cheaper than biological scaffolds, can be produced in large quantities under controlled
conditions and have a long shelf-life. Furthermore, they exhibit predictable and reproducible
mechanical and physical properties such as tensile strength and elastic modulus (Gunatillake et al.,

2006).

Also, many studies and investigations discussed that synthetic biodegradable polymers were
already approved by the Food and Drugs Administration (FDA) (Liu et al., 2007). Table 1.2 shows

different examples of synthetic polymers used for medical applications.

TABLE 1.2 Examples of synthetic polymers and their uses

Synthetic Polymers Properties

Amorphous and rigid polymer, high melt viscosity, made

Polyvinylchloride (PVC) flexible and soft by the addition of plasticisers.

Used for: blood and solution bag, surgical packaging

Resistant to inorganic solutions, excellent optical properties.
Polymethylmethacrylate o
(PMMA) Used for: blood pump and reservoir, implantable ocular lenses,

bone cement

High tensile strength, excellent stress-cracking resistant

Polypropylene (PP) Used for: blood oxygenator membrane, artificial vascular grafts

Good transparency, ease of fabrication, thermal stability,
relatively high modulus

Polystyrene (PS) Used for: tissue culture flasks, vacuum canisters, filterware
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Despite their positive characteristics, success can be limited because of their recognition by the
body as non-self, leading to an unwanted immune response and release of acidic degradation by-
products altering the pH in the surrounding tissue (Yang et al., 2001). Furthermore, most of them

lack cell recognition sites, which limits cell adhesion on 3D scaffolds (Hutmacher, 2000).

1.3.3 Hydrogels and gelatin-derived composites

Hydrogel is a characteristic biomaterial that differs significantly from other materials due to its
hygroscopic nature, similar to native tissues. One of the most attractive features of hydrogels is the
possibility to be delivered in a minimally invasive manner and gelled in situ (photo-crosslinked or
ionically) to provide a 3D microenvironment with high water content (Gupta, 2019; Kim et al.,
2012). Their viscoelastic material properties seem particularly suitable for cartilage regeneration,
although many applications in bone have also been explored (Cushing and Anseth, 2007; Liu et al.,
2017). The advantage of hydrogels is that chemical biofunctionalisation, cell encapsulation and

delivery are relatively straightforward (Cushing and Anseth, 2007).

Gelatin, a derivative of collagen hydrolysis, has attracted much interest in this regard. Gelatin can
form hydrogels in aqueous solutions, shows good biocompatibility and contains Arg-Gly-Asp
(RGD) motifs within its structure that favour cell adhesion (Grover et al., 2012). Manufacturing
gelatin is relatively simple and cheaper compared with that of collagen, however, gelatin-based
hydrogels display low mechanical stability due to their high hydration and poor durability, limiting
their use (Toh and Loh, 2014). To improve their stability, several approaches including crosslinking
have been used, and one promising example is the semi-synthetic biomaterial gelatin methacrylate
(GelMA) (Van Den Bulcke et al., 2000; Yue et al., 2015). In this instance, methacryloyl groups
from methacrylic anhydride react and replace a significant number of amino groups found on the
side chains of gelatin (Figure 1.5A). This GelMA is similar to gelatin in that the temperature still
determines its solid-liquid transformation. However, due to the inclusion of methacryloyl groups,
it is possible to cross-link (Figure 1.5B). When adding the photoinitiator, a water-soluble GelMA

crosslinks immediately under UV light, giving rise to GelMA hydrogels that have excellent
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thermostability. In this regard, GelMA hydrogels are engineered to imitate the normal ECM due to
the tuneability of the mechanical strength towards native ECM and are capable to promote cell
growth in a 3D environment, encouraging the formation of functional tissues, maintaining
mechanical integrity and the survival of implanted cells (West, 2011). GelMA hydrogels have been
shown to promote the formation of 3D vascular endothelial networks (Nichol et al., 2010), as well
as support osteocyte, chondrocyte, myocyte and adipocyte viability and differentiation by matching

the natural functions of scaffolds in mechanical and geometrical properties (Gao et al., 2015; Kim

et al., 2020).
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Figure 1.5 Schematic of (A) GelMA synthesis from gelatin and methacrylic anhydride and (B) formation of

hydrogels via UV-catalysed crosslinking. Image reproduced from Dong et al., 2019.
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1.4 Polymeric microparticles for Tissue Engineering

1.4.1 The Microparticle-based approach

Microparticles have been suggested as a viable alternative to traditional bulk scaffold-based
approaches. Polymeric microparticle morphology is usually spherical and ranges from 1 to 1000
um in diameter. These systems offer several benefits including ease of fabrication, biochemical
stability and chemical composition customisation (Chau et al., 2008). Modification of parameters
like size, shape, porosity and elasticity allows control over morphology and physicochemical
characteristics; moreover, control of molecule incorporation and tailoring their release kinetics
allows for a fine-tuned system for multiple specific applications (Berkland et al., 2003). Indeed,
bioactive agents and in vitro pre-seeded cells can both be encapsulated, attached to the
microparticle surface and delivered using the microparticles as vectors and injected into the defect,
obviating the need for invasive surgical procedures (Kirby et al., 2011; Oliveira and Mano, 2011,

White et al., 2013).

1.4.2 Applications of polymeric microparticles in Tissue Engineering

Microparticles can be employed for diverse applications, as summarised in Figure 1.6.

Biodegradable polymeric microparticles have been extensively used as vehicles for the in situ
delivery of bioactive molecules with short systemic circulation half-life and their controlled release
over time (Coombes et al., 1997). Microparticles can encapsulate growth factors, morphogenetic
proteins or drugs and release them per diffusion, polymer degradation or triggered release (Figure
1.6A,B). The modulation of release rates by exploiting degradation kinetics can be achieved by
employing polymers with different chain lengths and compositions (Ravivarapu et al., 2000). One
of the applications for this system is the induction of cell migration, growth and differentiation to
promote tissue regeneration in specific areas (Freiberg and Zhu, 2004). This has been carried out
with encapsulated transforming growth factor-g1 (TGF-p1), BMP, FGF and VEGF, both in single

and dual delivery systems (Santo et al., 2013).
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Figure 1.6 Schematic representation of the applications of polymeric microparticles in TE. Briefly, these
include: (A) Incorporation in hydrogels, matrices or porous scaffolds as an added factor for modifying their
porosity and viscoelastic properties, or as delivery systems for macromolecules; (B) Injectable delivery
systems for controlled-release of bioactive molecules; (C) Scaffolds obtained by (i) cell agglomeration, (ii)
chemical agglomeration or sintering; (iii) Microcarriers for cell expansion; (D) Hydrogel particles with
encapsulated cells for organ printing and mesoscale self-assembly. Image adapted from Oliveira and Mano,

2011.

Microparticles are also known for their use as cellular microcarriers, employed in vitro for cell
population expansion (Figure 1.6Ciii) either as a monolayer on the surface or as multilayers within
a porous structure. Separate particles offer a high ratio of surface area per volume, allowing high
yields of therapeutically relevant quantities of cells, up to 200 million per mL (Bliml, 2007). They
can also be shaped into larger, complex structures with high interconnectivity for bottom-up
construct fabrication, as it minimises the number of steps in the overall process, namely detaching
cells from the microparticles before further processing (Chau et al., 2008). Cell-laden

microparticles can be led to form aggregates in vivo or suspension cultures through cell-cell, cell-
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ECM or cell-scaffold interactions (Figure 1.6Ci), which could be further enhanced via
functionalisation with adhesive proteins (Custédio et al., 2014). This method was attempted with
chondrocyte-laden PLGA microparticles for in vivo cartilage regeneration with promising results
(Chunetal., 2004). Alternatively, these scaffolds can be obtained via sintering (Figure 1.6Cii). This
has been applied for osteochondral TE to produce a comprehensive bone and cartilage interface,
using biphasic, sintered PLGA and nanohydroxyapatite microsphere scaffolds (Shalumon et al.,
2016). Finally, approaches of cell encapsulation inside hydrogel microparticles led not only to
delivery systems for cell therapy, but also mesoscale fabrication methods for organ printing (Figure

1.6D).

1.4.3 Polymeric microparticle production

Most fabrication methods aim to achieve microparticles of optimal size and low polydispersity. For
TE, the former should be small enough for a higher surface-area-to-volume ratio, increasing the
area available for cell adhesion, preventing phagocytosis (Champion et al., 2008). As for
polydispersity, narrow size distribution is desirable to maximise experimental homogeneity,
reproducibility, repeatability and consistency. This feature is essential for obtaining reliable and
unambiguous results due to intra-system uniformity in regards to outputs, such as drug release

profile and cell response (Kawaguchi, 2000).

One of the most common methods for microparticle production is the emulsion of two or multiple
immiscible solutions. As a basic rule, polymers are dissolved in an organic solvent, which is usually
volatile and with low water miscibility, such as dichloromethane (DCM) or chloroform. This
solution, called the disperse phase, is then emulsified via stirring or homogenisation into an aqueous
solution, the continuous phase, which contains surfactants such as poly(vinyl alcohol) (PVA) to
stabilise the formed microparticles. Microparticles are produced after organic solvent extraction or
evaporation and are eventually dried or lyophilized. Size control is achieved by altering the
viscosity of the solutions and the stirring or shear rate, though control is limited (Chau et al., 2008).

The emulsion type can be varied according to the solubility of the polymer or drug to be
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encapsulated. In this regard, the method is divided into two main variants, oil-in-water (O/W) and
water-oil-water (W/O/W) emulsifications. Stability is crucial to impede microparticle coalescence
and drug loss and can be achieved by increasing the concentration of the surfactant, which
conversely reduces the average size of microparticles (Nihant et al., 1994). Another widespread
method is spray drying, which is a single-step production approach based on the direct injection of
a polymer-based aerosol through a heated nozzle, followed by its rapid evaporation via a hot stream
of gas and deposition of dried product. Spray drying is a low-cost and easy to scale up continuous
process, however, its high temperature can cause denaturation of thermally labile molecules such
as proteins (Chau et al., 2008). Polymers can also be subjected to phase separation, also known as
coacervation. It can be achieved by decreasing the solubility of the polymer-containing solution via
the introduction of a coacervation agent, which interacts with the solvent but not with the polymer.
This results in two distinct phases, one coacervated with the polymer and one supernatant phase.
This process is suitable for encapsulation of both hydrophilic and hydrophobic drugs and ensures
minimal loss of both polymers and drugs. The main disadvantages are the need for high
concentrations of polymers and strong solvents, batch to batch variability and agglomeration of

microparticles due to the absence of stabilising agents (Chau et al., 2008).

1.4.4 Microfluidic-based fabrication of microparticles

The methods until now considered, though effective, result in wide particle size distributions.
Compared with emulsion-based approaches, microfluidics has emerged thanks to many of its
specific advantages. such as the capability of precisely controlling the size and shape of the
microparticles allowing for monodispersed populations with a wide range of shapes and
compositions (Leng et al., 2010; Utada et al., 2005). Microfluidic systems are also suitable for
monitoring the rate of reaction, heat and mass transfer, minimising waste. In addition, composite
particles can be created with accuracy and reproducibility by mixing various streams and using

double-emulsion techniques or photolithography. Particle processing can be combined also with
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other parts, such as sensors, heaters, coolers, visualisation windows to further affect or monitor the

output. Finally, microfluidics can be scaled up by parallelisation, enabling large-scale production.

Droplet microfluidics is the most direct way to manufacture hydrogel microparticles in microfluidic
systems. A typical flow-focusing microfluidic system comprises two immiscible co-flowing
streams, employing the break-up of these streams to produce homogenous, discrete droplets.
Usually, a disperse phase composed of an aqueous polymer solution is directed into a faster-flowing
oil continuous phase, which drags polymer droplets out from its source. The flow ratio is adjusted
in a way that the inner fluid forms droplets rather than a jet of fluid, balancing between the shear
force of the liquid that pulls out the nascent droplet, and surface tension. The size of the particles
can be altered by modulating the flow rate ratio of the two phases, allowing easy control over
particle diameter in a continuous process (Xu et al., 2009). The most popular designs are T-junction,
flow-focusing and co-flow geometries to create microdroplets by hydrodynamic manipulation
(Christopher and Anna, 2007). In a T-junction arrangement (Figure 1.7A), the continuous phase
flowing through the main channel is intersected by the dispersed phase flowing through the
secondary channel. In a flow-focusing configuration (Figure 1.7B) the flow of the dispersed phase
in the main channel is squeezed by the continuous phase flow entering by two lateral channels
(Samanipour et al., 2016). Finally, the co-flow configuration (Figure 1.7C), similar to the flow-
focusing configuration, consists of the disperse and continuous phases flowing in the same direction
in parallel microchannels (Christopher and Anna, 2007), with the disperse phase in the inner flow
and the continuous phase in the outer flow. The size of the droplets produced depends on the
viscosity and density of the fluids, surface tension, flow speeds, surface properties, and system
geometry (Teh et al., 2008). Dimensional measurement results in a correlation between the droplets'
non-dimensional size and the Capillary and Reynolds numbers of disperse and continuous phases,

the viscosity ratio (1) and the contact angle and the flow rate ratio ().
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Figure 1.7 Most common designs used in droplet microfluidics: T-junction system (A); flow-focusing system
(B); Co-flow system (C). Qc: Continuous phase flow rate; Qq: Disperse phase flow rate. Image adapted from
(Moreira et al., 2021).

Typical flows are characterised by very low Reynolds numbers in microfluidic systems, wherein
viscous forces are predominant with no significant changes in the flow (Teh et al., 2008). Whereas
in high-speed flows, the inertial forces become important and so the Reynolds number effects

should be assessed (Baroud et al., 2010).

Some instruments are needed to predict the flow regime, polydispersity and particle size to generate
particles with defined characteristics. Only in the dripping and jetting regimes are microdroplets
formed, as evidenced by Carneiro et al. (Carneiro et al., 2016), who characterised PDMS droplet
formation in a microfluidic flow-focusing system, concluding that the dripping regime is the
optimal flow condition to acquire monodispersed microdroplets. The study of particle size patterns
is not a straightforward matter either, because size trends are geometry-dependent and, as the
findings of many papers in the literature demonstrate, it is heavily dependent on regime changes.
For example, Dang et al. (Dang et al., 2012) produced monodisperse PEG microparticles in a flow-
focusing system and observed a reduction in the size of the droplets with the increase in the
continuous phase flow rate, whilst high concentrations of PEG led to larger microdroplets. Indeed,
concentrated PEG solutions have high viscosity and increased surface tension, with a dominant rise
in viscosity. For this reason, high concentrations contribute to elevated disperse phase Capillary

numbers.
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In this regard, hydrogel microparticles have great potential in many biomedical applications, and
the use of microfluidics enables precise control over the formation of the particles and is useful to
meet most of the specific needs of these applications. Significant challenges remain when using
microfluidics as the flow rate of the two phases must be kept to relatively slow speeds to reduce
the size distribution, which impacts the timing when fabricating sufficient quantities not only for
experimentation but possibly for large-scale production. With these considerations in place, it is of
particular interest to develop a technique for the production of microparticles that allows both an
increase in yield and the retention of the viscoelastic characteristics of the microparticles
themselves, a crucial factor to enable the study of MSCs in influencing their behaviour and

commitment, together with the capacity to obtain relevant quantities for future clinical translation.

1.5 Aims of the Thesis and Research question

Current methods on understanding the effect of matrix stiffness on MSC differentiation have been
carried over in 2D format, i.e. hydrogel discs with varying matrix stiffness and coated with adhesion
molecules. However, the cellular microenvironment is in 3D, and the signalling and geometric
effects are much different when cultured in such a manner. The author, therefore, aims to and
hypothesises that the cell culture conditions that induce differentiation in 2D can be translated into
3D using a hydrogel-based microparticle format. As mentioned before, it has been decided to use
a platform material: a hydrogel in a microparticle form. Hydrogels mimick the porous nature of the
ECM along with its matrix stiffness (i.e., bone marrow and neotissues), whereas the microparticle
format constitutes a loose 3D space in which cells could proliferate and interact dynamically in a

similar manner to their native tissues.

Thus the objective of the research was to develop a platform to translate the observations of matrix
stiffness-induced differentiation of mammalian cells from a 2D phenomenon to a 3D culture
system. The reason why the author pursued this rationale is that a unitary vision relating to the
cellular response to mechanical stimuli in a 3D perspective is lacking since research has mainly

focused on biomaterials in a 2D format and limitedly in 3D environments, wherein volume adaption
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plays a crucial role in cellular dynamics (Labriola et al., 2018; Major et al., 2019; Wang et al.,
2019). Secondly, the use of hydrogels stems from the fact that these biomaterials are more flexible
and, when naturally sourced, contain peptide motifs for protein receptor binding, increasing the
survivability of cells and influencing their behaviour (Docheva et al., 2007; Du et al., 2011; Luu et
al., 2009), which also translates into the activation of pathways that can guide their differentiation
without providing external growth factor signals (Olivares-Navarrete et al., 2017). Thirdly, the use
of microparticles produced via microfluidics allows a more scalable, replicable and manipulable
platform (Moreira et al., 2021; Xu et al., 2009), granting cells free interactions with their

surroundings by interconnecting colonies on a particle to another (Neto et al., 2019).

A co-flow microfluidic system was developed, and by adjusting its operating and solution
parameters, one could produce monodisperse, hydrogel-based microparticles of tuneable size and
matrix stiffness. The microparticles fabricated were evaluated in their capacity to support the
culture of human bone marrow-derived mesenchymal stem cells (MSC) and to support their
differentiation into varying lineages through the surface modulus of the microparticle alone. It is
hypothesised that matrix stiffness in a 3D environment could differentiate MSCs into the desired

lineage.

The repercussions of this research expand the experimental horizon related to GelMA hydrogel
microparticles thanks to multiple crucial advantages: they constitute an architecture for 3D cell
culture, they represent a bottom-up element that allows desirable scaling-up from laboratory to
industrial processes, and also provide means to avoid costly exogenous and xenogenic growth

factors for cell differentiation.
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2. METHODS
2.1 Consumables and Materials used

All general chemicals and reagents were purchased from Sigma-Aldrich (Poole, UK) except where
stated otherwise. All analytical grade solvents were obtained from Fischer Scientific

(Loughborough, UK).

2.2 GelMA synthesis via precipitation method

GelMA synthesis was conducted following the experimental conditions reported by Shirahama et
al. (2016). Briefly, a 10% w/v gelatine Bloom 175 was prepared in 0.25 M carbonate-bicarbonate
buffer at 60°C and with stirring at 500 g on a hot-plate stirrer (11-100-16SH Fisherbrand Isotemp,
Thermo Fisher Ltd. UK). Upon complete dissolution, the pH of the solution was adjusted to 9.0
using 5.0 N NaOH. While stirring, methacrylic anhydride was added at a ratio of 0.02, 0.1 or 0.2
ml/grams gelatine (the latter 4.4x times excess towards the theoretical moles of available primary
amines) at a rate of 0.5 ml/min through manual pipetting. The reaction was conducted in a light-
free condition and in a minimised air uptake environment, where a narrow-necked reaction vessel
was covered by aluminium foil. After 2 h of stirring, the reaction was halted by neutralising the
solution (pH 7.4) by adding 5.0 N NaOH or 1 M NaHCOs. The reaction liquid was precipitated
readily by adding the solution dropwise in a large volume of denatured alcohol. The precipitate was
removed from the solvent via filtration (Whatman® Grade 1 Qualitative Filter Paper) and was
dissolved in 50 ml deionized water at 60°C and 500 g. The resulting solution was precipitated again,
and this process was repeated 3 times to ensure the complete removal of unwanted by-products and
unreacted components. The precipitated GelMA was manually pressed between filter papers to
remove the remaining excess solvent, and then freeze-dried at -50°C for two days. The resulting
product was a lump of solid material which was powdered using a coffee grinder (GT203840, Tefal,

UK) and stored at -20°C until use.
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2.3 Characterisation of GelMA degree of substitution via 2,4,6-trinitrobenzene

sulfonic acid assay

2,4,6-trinitrobenzene sulfonic acid (TNBS) test was used to assess the degree of methacrylation of
the three GelMA formulations prepared as described in section 2.2. Briefly, 15 mg of the sample
was dissolved in 2 ml of 4% w/v NaHCOs3 containing 0.01 M TNBS and reacted at 40°C and 100
g for 3 h. Afterwards, 3 mL 6.0 N HCI was added to the solution and the temperature was raised to
T=80°C and left to react for 1 h. The solution was then cooled to room temperature by immersing
the reaction vial in a water bath, and the solution was further diluted by administering 5 ml of
distilled water. Absorbance was then determined at 345 nm using a 96-well plate reader (Infinite
Pro, Tecan) and the degree of substitution (DS) was estimated from three different, triplicate

samples, using the following equation:

DS =100 x (1 — Scetta—totan ) (3.1)

AgGelatin—Ablank

2.4 GelMA 2D discs generation

GelMA 2D discs were produced by mould casting, adding 250 puL of GeIMA Bloom 175
precursor solution at the concentration (Degree of Substitution, DS) of 5% (30% DS), 5% (68%
DS), 5% (93% DS), 8% (93% DS) or 13% (93% DS) w/v with 0.5% w/v photoinitiator 2-
Hydroxy-4'-(2-hydroxyethoxy)-2-methylpropiophenone (Irgacure D-2959) in a cylindrical PTFE
mould (diameter = 12mm). The DS was determined using the TNBS assay. The solution was
crosslinked under a 25-W 365 nm UV Bench lamp for 10 min. Afterwards, the cylinders were
washed with PBS 3 times and incubated in DMEM without phenol red (Gibco) at 37°C before

use.
2.5 GelMA microparticles production using co-current flow microfluidic system

Manufacturing of GelMA microparticles was performed via a custom-made co-current flow

microfluidic system. A schematic of the setup is shown in Figure S1. Briefly, two syringes (one
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containing the disperse phase and the other containing the continuous phase), were loaded on two
syringe pumps (WZ74905-02, Cole-Parmer, UK) respectively. The disperse phase syringe and the
continuous phase syringe are connected, directly and via PTFE tubing (1.5 mm 1.D.) respectively,
to a coaxial needle (ramé-hart instrument co., Succasunna, NJ, USA), composed of gauges 20 and
13 as the inner and outer capillaries, respectively. A heating band (TBS0-052-060, BriskHeat,
Cole-Parmer UK) is wrapped around the disperse phase syringe to maintain the temperature of
the solution at 60°C to prevent gelling. A silicon tube (1.3 mm 1.D.) connects the output of the
coaxial needle to a UV chamber, containing a UV lamp (OmniCure® S1000, Lumen Dynamics,
Mississauga, Canada) and a metal mesh sieve with a 50 um cut-off (60.131.000050, Retsch,
Haan, Germany) installed on a metal pan for microparticle retention and continuous phase

recovery.

Following the microfluidic approach, the disperse phase and continuous phase flow in the same
direction and meet at the point of outflow of the internal capillary into the outer one, producing an
emulsion of single droplets of disperse phase dragged within the continuous phase. The
parameters affecting the production are thus the flow rates of disperse and continuous phases. The
advantages of this approach are the potential for large-scale production of monodisperse

microparticles with precise size distribution.

For the initial screening using a Design of Experiment process (as described in section 2.6), the
disperse phase consisted of GeIMA Bloom 175 at 5% (93% degree of substitution as determined
via TNBS) w/v in 0.5M Magnesium chloride (added as a chaotropic agent) dissolved in deionised
water, whilst the continuous phase consisted of Span80 (Sorbitan monooleate) at a concentration
of 10% v/v in mineral oil. The photoinitiator 2-Hydroxy-4'-(2-hydroxyethoxy)-2-
methylpropiophenone (Irgacure D-2959) was added in the disperse phase at a concentration of

0.5% wiv as a crosslinking agent of the methacrylate groups of GelMA.

Similarly, for the experiments on cells viability and differentiation, another series of disperse

phase formulations were used: GeIMA Bloom 175 at 5% (30% DS), 5% (68% DS), 5% (93%
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DS), 8% (93% DS) or 13% (93% DS) w/v in 0.5M Magnesium chloride dissolved in deionised
water. The flow rates used were 3 ml/hr and 100 mi/hr for the disperse phase and continuous
phase, respectively, producing microparticles of ~250um in diameter. The aim was to produce
high quantities of GelMA microparticles with a defined diameter and low polydispersity so as to
maintain the morphological and elastic properties of the single microparticles as homogeneous as

possible.

After collection, microparticles are washed three times with hexane, three times with IMS and
three times with deionised water in order to remove the remaining mineral oil and photoinitiator.
Finally, the sample suspended in water is transferred into a 7 ml Bijou sample container and

stored at 4°C until future use.
2.6 Design of Experiment

To understand mathematically and statistically the effect of operating conditions with the
minimum number of trials, a Design of Experiment (DoE) was performed. Initially, pre-trial
experimentations were done to evaluate the region of operability of the microparticle production.
The extremity values were then used as the upper and lower limits in the DoE. The microparticle
production experiment has been carried out with 17 runs whose determining factors (disperse and
continuous flow rates) were set up following a response surface methodology - Central
Composite Design. Central composite designs are a factorial design organised with a set of centre
points, i.e. runs in which the values of each factor are medians of the values used as starting
factors, and a set of axial points, i.e. runs identical to the centre points except for one factor that
takes values both below and above the median of the starting factors. Duplicate runs were
included in the design to estimate errors, as well as 5 central points to increase the robustness of
the model. Pre-trial runs were performed to determine the range of operability of the flow rates of
each phase. Responses measured were average diameter, Young’s modulus, span and coefficient
of variation (CV). Design expert v.11 was used in mathematically generating design points for the

study (Table 2.1).
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TABLE 2.1 Experimental Runs using Central Composite Design for assessment of disperse and

continuous flow rates in determining size and surface modulus of GelMA microparticles.

Factor 1 Factor 2
Run Disperse phase flow rate  Continuous phase flow rate
ml/hr ml/hr
1 55 300
2 1 500
3 1 100
4 10 100
5 10 500
6 10 100
7 55 300
8 5.5 100
9 10 300
10 5.5 300
11 1 100
12 1 300
13 10 500
14 5.5 300
15 1 500
16 5.5 300
17 55 500
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2.7 Co-current flow microfluidic simulation

A 2D symmetric simulation was made to evaluate temporal changes on the formation of droplets
in the microfluidic system. Finite element method was used to solve computationally the co-flow
system, with the laminar flow, level set interface for resolving the two-phase flow regime of the

setup. An incompressible formulation of the Navier-Stokes equation was used:

Jdu
a5 +p(u-VYu= V:[—pl+u(Vu+Vu")]+F (4.1)

V-u=0 (4.2)

Where p is the density of the fluid, u is the velocity vector, p is the pressure, t is the time, u is the
viscosity of the fluid, and F is the sum of the forces acting on the fluid, including the surface
tension. On determining the interface between two immiscible fluids, the following equation is

also added:

¢

—+u-V¢=yV-(sV¢—¢(1—¢) (4.3)

o o)

V]

Where ¢ is the fluid fraction, y is the reinitialization parameter, and € is the interface thickness

controlling parameter. Fluid parameters density and viscosity are now redefined as
p=p1+(pz—p)d (4.4)

u= u+ Uz —uy)d (4.5)

In which the subscripts 1 and 2 denote the constant properties of fluid 1 and 2, namely the
dispersed phase GelMA and the mineral oil with surfactant. The values reported in Table 2.2 are

used for the simulation.
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TABLE 2.2 Values of the parameters used in co-flow simulation

Parameter Value
Inner needle diameter, D; 0.84 mm
Outer needle diameter, Do 1.37 mm
Tempcema for all parameters 60°C

5% w/iv GelMA density, p1a 1050 kg/m?
13% w/iv GelMA density, pip 1100 kg/m?®

5% wiv GelMA viscosity, Uia

5.72 x 10 Pa.s

parameter, €

13% wiv GelMA viscosity, [is 39.983 x 10 Pa.s
Mineral oil density (with surfactant), p, | 850 kg/m?®
Mineral oil viscosity (with surfactant), | 60 x 10 Pa.s
Mo

Liquid-liquid interface surface tension, | 3 x 10° N/m
(¢

5% wiv GelMA fluid flow rate, Qa1 3mL/h

13% wiv GelMA fluid flow rate, Qe | 1.5 mL/h
Mineral oil flow rate, Q. 100 mL/h
Reinitialization parameter, y 1

Interface thickness controlling 5x10°m

35



2.4

1.8
1.67]
147
1.2]

0.87
0.67
0.47
0.2]

-0.2]
-0.47
-0.67
-0.87

*values obtained for GelMA are similar from gelatin values (Cumper and Alexander, 1952).

Parameters of mineral oil obtained from manufacturer’s specification

247
2.27

1.87
16
14

OUTER NEEDLE MINERAL OIL 121
2]

INNER NEEDLE o
GELMA SOLUTION o]
0.27

2]

-0.27]
-0.47
-0.67
-0.8]

mm|”

Figure 2.1 Model geometry (left) and the meshed configuration (right), where a free triangular mesh was

used. Total degrees of freedom solved for was 25874 (plus 23901 internal DOFs).

On the implementation of the two-phase level set method, the quality of the mesh was increased
until the mesh size is independent on the convergent value (Figure 2.1). A two-step approach was
made on solving the equations, where a phase initialization step was used prior to on time-
dependent simulation to ease computational time and solution stability. The time step made was
0.0001s with total time of 0.5s. The computation was carried out on a workstation with Intel Core
i7-6820HQ 2.7 GHz (8 CPUs) with 32.8 GB of DDR4 RAM, using COMSOL Multiphysics as
the implementing software. The maximum computational time on the simulation was 4 hours and

37 minutes.

2.8 GelMA microparticle size characterisation

GelMA microparticles were imaged with an optical light microscope (Nikon Eclipse TS 100
inverted microscope, capture unit: Nikon DS-L3) for size and morphology characterisation. For
each sample of GelMA microparticles, a volume of 100 uL was inoculated in a 24-well plate in
triplicate, and subsequently taking a total of 8 pictures per sample. The software ImageJ with the
plugin Fiji was employed for measuring the average diameter, calculated with at least 50
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microparticles per batch. To do so, a scalebar at 5X magnification was used to set in ImageJ the
Global Length in pixels at 100 um. Afterwards, lines were manually drawn along the diameter of

the individual microparticles and for each the number of pixels was measured as diameter in um.

To affirm further the size distribution measurements, a laser diffraction particle sizing instrument
(Coulter LS 230 instruments, Beckman-Coulter Co., Ltd., UK) was employed. The microvolume
sample cell was loaded with 18 mL of dH,O for calibration and background normalisation, then 1
mL was removed and a suspension of microparticles to be sized was added until the optimal
obscuration value (between 8 to 12%) was reached. Readings were taken three times per condition
with each run over 60s. Analytical data (mean, median, mode, standard deviation, d10, d50, d90,
CV, skewness, kurtosis) was generated by the inbuilt software and directly obtained from the
instrument. The polydispersity index of the microparticles was measured in terms of Span factor

and Coefficient of Variation, expressed as:

Span = (dgo—di0) (32)
dso

cv%==%400% (3.3)

In (1), dgo, d1o and dso identify the microparticle diameters at which the volume percent of the
distribution fall below 90, 10 and 50, respectively; whereas in (2), ¢ represents the standard
deviation of the sample population and p represents the mean diameter? of the population. A low
Span and CV% indicate a narrow size distribution and a low polydispersity (Dragosavac et al.,

2008).

2.9 Characterisation of GelMA microparticle morphology via environmental
Scanning Electron Microscope and ion residuals via energy-dispersive x-ray

spectroscopy

GelMA microparticle morphology was assessed via environmental Scanning Electron

Microscopy (FEI Quanta 650 ESEM, Thermo Scientific, UK). Wet samples were deposited in an

37



aluminium sample pin, dipped in liquid nitrogen and rapidly inserted into the ESEM chamber on
a Peltier plate set at a temperature of -20°C, and sealed under low vacuum of 0.7 Torr to facilitate
water sublimation on the microparticle surface. The samples were imaged at 10kV with a

minimum of three different magnifications and in three different quadrants where possible.

The energy-dispersive x-ray spectroscopy (eDX) function of the eSEM (ESEM-EDX) was used
to highlight the presence of residual magnesium ions from the production of microparticles. A
region of interest of approximately 30 x 30 microns was selected in three different microparticle
samples, and qualitative and semiquantitative element weight percentage content spectra was

obtained.

2.10 Cell culture of mesenchymal stem cells

hTERT immortalised human mesenchymal stem cells (ihMSCs) were kindly provided by Dr James
Dixon, generated as described in (Okamoto et al., 2002). ihMSCs were cultured in DMEM (Gibco)
supplemented with 10% v/v Fetal Bovine Serum (FBS), 100 U/ml Penicillin, 0.1 mg/ml

Streptomycin and 2mM L-Glutamine up to passage 20.

Human primary mesenchymal stem cells (hnMSCs) were purchased from Lonza (PT-2501, Lonza,
Basel, Switzerland) and cultured in Mesenchymal Stem Cell Growth Medium supplemented with
Single Quots (MSCGMTM BulletKitTM, PT-3001, Lonza). The cells were cultured in an incubator
at 37°C in a humidified atmosphere with 5% CO2 in air up until passage 4. Cells were obtained
from three male donors aged 30 years old. Once sub-confluence was reached, media was aspirated,
the cells were washed with PBS and afterwards dissociated with 0.05% v/v trypsin/0.02% wi/v (0.53
mM) EDTA for 5 minutes in a humidified incubator at 37°C. A volume of 7 ml of culture media
was added to neutralise trypsin, then centrifuged at 200 g for 5 minutes. The supernatant was
removed and the cell pellet resuspended in warm media and transferred into new cell culture plates

at a 1:6 initial dilution or plated at the density required for the experiments.
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2.11 Cryopreservation and resuscitation of cells

Once cells were trypsinised and centrifuged, the supernatant was eliminated and the cells were
resuspended at 90% v/v FBS containing 10% v/v DMSO at a density of 5 x 10° cells/ml. Aliquots
of 1 ml of cell suspension were transferred into a 2 ml cryovial (Fisher Scientific) and cooled by
storage in Mr. FrostyTM (Fisher Scientific) at -80°C freezer overnight. The vials were then moved

to a storage tank in liquid nitrogen until required.

For cell resuscitation, the vials were withdrawn from the liquid nitrogen tank and soaked in a 37°C
water bath until a minimal amount of ice was present. The thawed liquid was pipetted into 5 ml of
culture media, centrifuged at 300 xg for 5 minutes, and the supernatant was collected. Cells were

resuspended in 1 ml of culture media, plated in a T-175 flask and incubated for further usage.

2.12 Live&Dead assay

Live/Dead staining (Thermo Fisher Ltd. UK) was employed for the assessment of cell viability
following culture on the GelMA microparticles. GeIMA microparticles of small (<300 pm),
medium (>300 pum; <600 um) and large (>600 wm) diameters in water were distributed in 48 well
non-tissue culture treated well plates at a volume of 100 pl to cover the bottom of the wells.
These were irradiated under UV light for 10 minutes, and afterwards, the water was replaced with
pre-conditioning media, composed of DMEM supplemented with 200 U/ml Penicillin, 0.2 mg/ml
Streptomycin and 5 ng/ml of Gibco Amphotericin B to minimise the risk of contamination, and
left in the incubator at 37°C overnight. The following day, the media was removed and ihMSCs
(passage 20) in fresh media were plated at a density of 2000 cells/cm? in wells containing the
microparticles and in empty wells of tissue culture treated well plates as a control. On days 1, 4
and 7, cells were washed with PBS and incubated with 350 pul of DMEM containing 2 uM
calcein-AM and 4 uM EthD-1 for 15 minutes. Afterwards, cells were imaged under a
fluorescence microscope (Leica DM IRB, Leica Microsystems UK) at 5x and 10x magnification.
The study was carried out for each condition in duplicate in single-batch experiments, and 3

images were taken from each technical replicate for a total of 6 images per condition. For percent
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viability calculation, both live (green) and dead (red) cells in each image were counted in ImageJ,
and the number of live cells was divided by the total number of cells. Mean and standard

deviation were calculated on the 6 images of each condition.

2.13 Differentiation test of immortalised hMSCs grown on GelMA microparticles by

visualisation of ALP and Vinculin expression

ihMSCs were grown on GelMA 13% wiv (93% DS) microparticles deposited on an 8um mesh
(Spectrum Labs™ Woven Filter Nylon, Thermo Fisher Scientific Inc. UK) held in 48-well plate
crown inserts and incubated at 37°C. ihMSCs grown on TCP were used as a negative control, and
ihMSCs seeded on 13% w/v (93% DS) GelMA discs were used as 2D comparison. At timepoints
7d and 14d, the cells were washed three times with PBS, fixed with 4% w/v PFA 5'-RT, washed
three times with PBS for 5'-RT each and permeabilized with 0.3% v/v Triton x-100 in PBS for
10'-RT. The cells are then washed three times with PBS, incubated with blocking buffer
containing 1% w/v BSA, 2% v/v Goat Serum in PBS for 1h-RT and subsequently incubated with
Alkaline Phosphatase antibody (ab83259, Abcam) and Vinculin antibody (ab130007, Abcam) at
1:100 dilution in 1% w/v BSA in PBS o/n. Cells were then washed three times with PBS and
incubated with anti-rabbit (AlexaFluor488 conjugated, A11008, ThermoFisher Scientific, UK)
and anti-mouse (AlexaFluor555 conjugated, A21422, ThermoFisher Scientific, UK) secondary
antibodies diluted 1:200 for 1h-RT. To visualise the cell nuclei, 100 ng/ml of DAPI are added to
the dilution of the secondary antibody. The cells are then washed three times with PBS and

imaged with a fluorescence microscope.

2.14 Screening of early lineage markers of primary hMSCs on GelMA flat discs and

microparticles

hMSCs were grown on GelMA discs or microparticles at 5% (30% DS), 5% (68% DS), 5% (93%
DS), 8% (93% DS) or 13% (93% DS) w/v, placed in 24-well plates and incubated at 37°C.

hMSCs grown on empty wells (on TCP) and cultured with MSCGM™ (Lonza) were used as
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negative controls, whilst h(MSCs cultured with adipo-inductive (Adipogenic Differentiation
BulletKit™ Medium, PT-3004, Lonza) or osteo-inductive (Osteogenic Differentiation
BulletKit™ Medium, PT-3002, Lonza) differentiation media were used as positive controls. At
timepoint 7d, the cells were washed three times with PBS, fixed with 4% w/v PFA 5'-RT, washed
three times with PBS for 5'-RT each and permeabilised with 0.3% v/v Triton x-100 in PBS for
10'-RT. The cells are then washed three times with PBS, incubated with blocking buffer
containing 1% wi/v BSA, 2% v/v Goat Serum in PBS for 1h-RT and subsequently separated in
two different subsets, henceforth called Neurogenic-Osteogenic (N-O) array and Myogenic-
Adipogenic (M-A) array, that will be immunodecorated separately. N-O arrays were incubated
with MAP2b antibody (MA119425, host mouse, Thermo Fisher Scientific Inc. UK) and Osterix
antibody (12847664, host rabbit, Thermo Fisher Scientific Inc. UK), at 1:100 dilution in 1% w/v
BSA in PBS o/n. M-A arrays were incubated with Myogenin antibody (15838668, host mouse,
Thermo Fisher Scientific Inc. UK) and PPARy antibody (ABN 1445, host rabbit, Sigma-Aldrich,
Poole, UK), at 1:100 dilution in 1% w/v BSA in PBS o/n. Cells were then washed three times
with PBS and incubated with anti-rabbit and anti-mouse secondary antibodies diluted 1:200 for
1h-RT. 100 ng/ml of 4,6-diamidin-2-phenylindole (DAPI) are added to the dilution of the
secondary antibody. The cells are then washed three times with PBS and visualised with Super
resolution confocal fluorescence microscope (PS1 Super Resolution Microscope, ZEISS,

Oberkochen, Gemany).

2.15 Atomic force microscopy

The MFP-3D Standalone Atomic Force Microscope (AFM) (Oxford Instruments, Asylum
Research Inc., CA) was used to obtain force-displacement curves of GelMA microparticles for

Young’s modulus calculation.

The principle of the AFM rests on the cantilever as its key element, using a tip mounted at the
outermost side to measure the force applied to the sample surface using spring loading (Vakarelski

et al., 2007). A laser beam, reflected from the gold-coated back of the cantilever, is detected by a
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position-sensitive photodiode, which measures the position change of the incident laser. The
deflection and the movement of the piezo in the Z-direction resulting from the interaction tip-
sample are corrected via the following equations for obtaining a Force-Distance (F-D) curve

(Cappella and Dietler, 1999):

F = k.Def (3.4)

d =7 — Def (3.5)

where F is the tip-sample interaction force as a function of Hooke’s law, Def is the cantilever
deflection, k. is the cantilever spring constant, d is the tip-sample distance and Z the piezo
displacement. The piezo height must be corrected for the cantilever deflection for proper F-D curve

generation and subsequent analysis.

An AFM silicon nitride probe MLCT-C (Bruker Nano Inc., CA) with nominal tip radius of 30
nm, 2.5-8 um tip height, 7 kHz Resonant Frequency and 0.01 N/m Spring Constant was used
(Figure 2.2A). The actual tip base radius, tip height and conical half-angle were calculated via
SEM imaging of the probe (Figure 2.2B and 2.2C), with values of 2.32 um, 2.923 um and
28.439°, respectively. The tip radius was characterised by measurement of a standard sample,
with a value of 324 nm. The sharp, pyramidal tip of the cantilever was used to indent the top
most surface of GelMA microparticles (a relatively flat surface) in order to gather the elastic
recoil of the material, which is then registered by the instrument as a change of laser deflection.
To increase the level of accuracy when measuring the porous hydrogel structure of GelIMA
samples (Galluzzi et al., 2016), which was essential to evaluate the exact range of elasticity
shown by the microparticles for the cell experiments, a polystyrene microparticle of 20 um of
diameter was glued onto the tip of the cantilever (Figure 2.2D). The higher surface area of the
colloidal beads would increase the contact area on the GeIMA microparticle, producing a
smoother and wider elastic recoil of its surface, thus providing a better understanding of its

modulus.
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Figure 2.2 (A) Silicon nitride MLCT cantilevers, of which the cantilever C was used; (B-C) Rotated

(pyramidal) tip of cantilever C. (D) 20pum diameter polystyrene microparticle attached to MLCT-C tip.

Images were generated via SEM.

2.16 Atomic force microscopy: Young’s modulus calculation with the Derjaguin-

Muller-Toporov model

Young's modulus (E) was extracted from the uppermost part of the retracting curve using an
appropriate mathematical model. The one used in this study was the Derjaguin-Muller-Toporov
(DMT) spherical model (Derjaguin et al., 1975) (Figure 2.3). The advantages of this method are
the inclusion in its equation of the attractive interaction forces of the sample surface towards the

tip as an increase of F value, plus the area of contact defined by the tip-sample indentation.
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The model predicts the shape of the retracting curve in order to fit it with the slope of the raw curve,
using the ordinary least squares method. This generates a fitted F-D curve that displays the elastic
behaviour of the material as the surface is displaced, i.e. deformed by the increasing force of the
tip. The fitting process is done by solving the following four equations (Ha et al., 2004), correlating
the contact radius (a), the adhesion force (Fag), the indentation depth (8) and the tip-sample distance

(d) (3), in order to obtain E:

a= 3/% (F + 2nRw) (3.6)
_a? 2 |énwa
§=2-2 | - 3.7)

F,q = 2mRw (3.8)
2TRwW

F=— 3.9
(1302 (3.9)

where R is the tip spherical radius, F is the tip-sample interaction force, w is the surface energy and
do is the starting tip-sample distance. The equations are effectively solved by dedicated software on
the basis of the raw data of Def and Z. For a more accurate analysis, the manufacturer specifications

of the tip, including height, radius and front, back and side angles, are required.

DMT

Figure 2.3 DMT model contact mechanics in AFM. The applied force (F) causes an indentation (d) that
develops on the substrate in response to a hon-deformable sphere with a contact area (a) closely related to

the sphere radius. Figure reproduced from azonano.com, accessed 02/03/21.

44



2.17 Atomic force microscopy sample preparation and analysis

GelMA microparticle samples produced were prepared for AFM analysis. Microparticles were
bonded to glass coverslips prior to AFM measurements, following a similar protocol to Nguyen et
al., (2015). Coverslips were incubated with 1% w/v (3-aminopropyl)-trimethoxysilane (APTMS)
in absolute ethanol for 2 hours at room temperature under agitation for functionalisation with amine
groups. Afterwards, they were washed with deionised water to remove excess APTMS.
Microparticles were incubated with 2 mM 1-Ethyl-3-[3-dimethylaminopropyl]carbodiimide
hydrochloride (EDC) and 5 mM N-hydroxylsulfosuccinimide (sNHS) in 0.1 M 2-(N-
morpholino)ethanesulfonic acid (MES) activation buffer for 15 minutes, and subsequently
quenched with 1.4 uL of 2-mercaptoethanol. Each MP sample was centrifuged to remove activation
buffer, resuspended in PBS, incubated on a coverslip for 2 hours at room temperature and washed

with PBS and placed in a plastic Petri dish in PBS before mechanical characterisation.

Samples were tested in deionised water at room temperature for force measurements. Before each
series of measurements, instrument sensitivity was calibrated with the unloading curve slope of an
F-Z curve of glass alone, whilst instrument thermal fluctuations were used to extract the effective
spring constant of the tip, inherent to its resonant frequency. This was necessary since the difference
between the nominal and effective ke can be up to 100% (Notbohm et al., 2012). For each
measurement of the sample, at least 100 F-Z curves were recorded. Acquired Deflection and Z-
sensor points were converted into .txt files by the subroutine provided in the associated MPF3D-
AFM software and processed in the Excel environment by the DMT model to fit the retracting

curve and calculate E.

A blend of Polystyrene and Polyolefin Elastomer with nominal E of 100 MPa (PS-LDPE-12M,
Veeco, CA) was used as standard for tip radius identification and accuracy assessment of the AFM.
The analysis was carried out by adjusting the instrument Deflection Set-point, which defines the
contact force of the tip on the sample, until the calculated E is in the order of magnitude of the

nominal one. To increase the accuracy of the calculation, the nominal value of the tip radius was
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manually adjusted in the software settings until the calculated E was close to the nominal value.
This provided a good level of confidence concerning the characteristics of the tip and force load

for the subsequent analysis.

2.18 Image analysis via llastik and CellProfiler

A pipeline of the image analysis process is presented in Figure 2.4. Raw images generated as
discussed in section 2.14 were pre-processed in ImageJ with the plugin Fiji. Using the functions
Process>Subtract Background and Image>Adjust Brightness/Contrast, the excessive background
signal was removed and the fluorescent signal made sharper respectively. Afterwards, the three
channels composing the images (blue channel: nuclei; green channel: AlexaFluor488; red

channel: AlexaFluor555) were split to be processed separately for the subsequent image analysis.

The software llastik (Berg et al., 2019) was applied to facilitate the identification of signals
amidst the strong autofluorescence of the GeIMA hydrogels and discriminate between non-
cellular features. To do so, the split channels were loaded in the software and the pixels as either
belonging to the cell or background were annotated through its labelling feature. With these
annotations, the program can then compute pixel features based on edge and texture filters. These
filters include Gaussian Smoothing, Laplacian of Gaussian, Gaussian Gradient Magnitude,
difference of Gaussian, Structure Tensor Eigenvalues, and Hessian of Gaussian Eigenvalues.
(Sommer, Straehle, Kothe, & Hamprecht, 2011). llastik then applies a convolution process to
produce probability masks, which are the result of the segmentation of positive signals to either
nucleus (blue channel), fluorescent green (green channel) and fluorescent red (red channel)
signals. These probability masks (which now represent a clearer localisation of the actual signals)
are then processed in CellProfiler (McQuin et al., 2018) in order to identify the hMSCs nuclei
(blue channel) as the primary object and localise around them the positive signal from the
cytoplasmic marker of differentiation as the secondary object (green or red channels). Finally, the
cells showing markers were counted and rendered as a percentage of positives against the total

number of cells. A total of 120 images per marker pair (N-O & M-A, N = 3; n = 2) were analysed.
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Figure 2.4 Pipeline of the image analysis of hMSCs showing positive signal to the marker screening. The
raw image as taken by the microscope is first pre-processed with ImageJ for clearing up the image of
background, then rendered through Ilastik machine learning training to recognise eligible pixels and batch
processing to extract probability masks showing the signal of interest. The probability mask is then listed in
the CellProfiler software for image segmentation and counting of positives to evaluate the percentage of

marker positive cells.

2.19 Statistical Analysis

The experimental data for the different studies are expressed as the mean + standard deviation (SD),
the error bars on the figures were calculated from the standard deviation of the mean. All
experiments were carried out in triplicate. The mean and SD of each experiment were calculated
using statistical Microsoft Excel® 2013 and GraphPad Prism (version 9.0) software. One way
ANOVA was used with Tukey’s post-hoc test to assess differences in means, in which p-values

less than 0.05 were considered significant.

47



3. PRODUCTION, MECHANICAL CHARACTERISATION AND
BIOCOMPATIBILITY OF GELATIN METHACRYLATE
MICROPARTICLES FABRICATED VIA A CO-CURRENT FLOW
CAPILLARY SYSTEM

3.1 Introduction

The use of hydrogel-based microparticles (MPs) has been explored in multiple instances over the
past two decades (Daly et al., 2020). Hydrogel MPs have a wide range of uses in biomedicine,
from cell and drug transport to the creation of scaffolds for tissue healing and bioinks for 3D
printing (Daly et al., 2020; Lu et al., 2015). A number of manufacturing procedures, such as batch
emulsion, microfluidics, lithography, electrohydrodynamic spraying and mechanical
fragmentation, can be used to encapsulate biological material (cells and drugs) into MPs of
predetermined shapes and sizes (Contessi Negrini et al., 2020; Custddio et al., 2014; Daly et al.,
2020). Hydrogel MPs can be made as suspensions to deliver medicines, as granular hydrogels to
build microporous scaffolds that encourage cell infiltration, or embedded within a bulk hydrogel

to achieve multiscale behaviour.

Gelatin MPs have been widely researched for their ability for a variety of applications, including
deliver of growth factors to induce angiogenesis (Zhao et al., 2011), cartilage TE (Holland et al.,
2005), stem cell differentiation within scaffolds (Ogawa et al., 2010) or within aggregates (Bratt-
Leal et al., 2011; Solorio et al., 2012). Gelatin MPs are commonly made by creating a water-in-oil
emulsion and then cross-linking with reagents such as glutaraldehyde (GA) (Holland et al., 2005;
Patel et al., 2008), genipin (Solorio et al., 2012), or carbodiimides (Liang et al., 2004). Even
though is the most common method of collagen-based materials crosslinking, the major caveats
of GA use is a narrow crosslinking range that rarely comprises a 60% degree of crosslinking and
below, as well as difficulty in accurately predicting crosslinking a priori (Bigi et al., 2001; Sung
et al., 1999; Tomihata and Ikada, 1996). Additionally, GA itself is cytotoxic and can cause
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calcification and inflammation in vivo (Bigi et al., 2001; Sung et al., 1999). Genipin has been
shown to be a viable alternative to GA, as it has comparable crosslinking mechanical properties
and is far less toxic (Cheng et al., 2013; Pinheiro et al., 2016), however its use can be very
expensive. Moreover, genipin/protein crosslinking often leads to the formation of dark blue

pigment, thus limiting its applications for biomaterial purposes (Zhao and Sun, 2017).

Conversely, gelatin methacrylation has been shown to be less cytotoxic and to allow for a wider
variety of cross-linking density (Hoch et al., 2012). Glycidyl methacrylate (GyMA), methacryloyl
chloride (MC), or methacrylic anhydride (MA) can be used to replace amino groups on gelatin
(Hoch et al., 2012; Nichol et al., 2010). The methacrylate groups on GelMA restrict the maximum
cross-linking density achievable compared to glutaraldehyde, genipin, or dehydrothermal cross-
linking. In particular, MA-mediated substation affords greater control over hydrogel cross-linking
density as it is independent by the presence of soluble factors or experimental conditions, such as
time and temperature of crosslinking, which are difficult to control (Hoch et al., 2012; Nichol et
al., 2010). The use of GelMA MPs in several applications has been explored, such as controlled
release of growth factors such as recombinant human BMP-4 or FGF-2 (Nguyen et al., 2015), use
of composite calcium carbonate/GelMA MPs for 3d cell culture in bone TE (Xu et al., 2020) and
3D bioprinted Chitosan/GelMA MPs as a modular bioink for enhancing 3D neurite outgrowth and

elongation (Chen et al., 2020).

One of the most successful approaches for the production of GelMA MPs in a reproducible way
and narrow size distribution is microfluidics (Utada et al., 2005). Different attempts have been
explored for either gelatin-based MPs (Park et al., 2016) and GelMA (Suvarnapathaki et al.,

2018; Zhao et al., 2021) using mainly flow focusing devices. However, from a process scalability
perspective, the flow speed as achieved by traditional systems are usually low, on the scale of 30—
80 pL/min (Suvarnapathaki et al., 2018). Furthermore, the gelation properties complicate the
droplet formation process as the solution tends to clog the microfluidic capillaries at room

temperature (Suvarnapathaki et al., 2018; Wang et al., 2017).

49



To overcome this problem, one possibility is to exploit a material other than glass or plastic for
the microfluidic chip which can withstand pressures higher than 14 psi (Suvarnapathaki et al.,
2018), such as steel capillaries, in order to sustain increased flow rates and mobilise the disperse
phase quicker. Secondly, steel is a good thermal conductor which allows to use heating belts to
maintain temperatures higher than the room temperature to prevent gelation of the disperse phase
even at high polymer concentration (Park et al., 2016; Suvarnapathaki et al., 2018). This allows to
increment remarkedly the amount of solution travelling in the capillary and as such the mass of
produced MPs per hour. Also, adding a cooling step at the end of the droplet formation process
(Park et al., 2016), eases their gelation, prevents their coalescence and thus makes the

crosslinking process under UV light more reliable.

Based on these assumptions, this chapter of the thesis focused on the development of a custom
microfluidic device that utilises co-current flow dynamics. The concept was prompted by the
possibility of finely controlling the polydispersity of fabricated microparticles in terms of size, as
well as increasing the overall quantity per hour as compared to traditional methods. It has been
shown that by varying the flow rates of continuous and disperse phases in a microfluidic system,
it is possible to modify the size of the microparticles in a precise, reproducible and monodisperse
manner (Dragosavac et al., 2008; Vladisavljevi¢ et al., 2014). Moreover, a correlation between
particle diameter and surface Young's Modulus has been observed (Guo et al., 2014; Hashmi and
Dufresne, 2009; Promkotra and Kangsadan, 2013), although most of the studies were conducted
on the nanometre scale, whilst few at the present knowledge have studied the same effects at the
micrometre scale. In this regard, it is hypothesised that size affects the modulus of the
microparticles, and the said properties affect immortalised human mesenchymal stem cells
(ihMSCs) growth and proliferation. The confirmation of the hypothesis will signify the realisation
of a reliable process for the production of monodisperse hydrogel microparticles with controllable
elastic properties as a platform for future experiments designed to assess their influence, and

therefore the ability to control, on hMSCs behaviour and differentiation in vitro.
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3.2 Results

3.2.1 Simulation of co-current flow production of GeIMA microparticles

Simulation of GelMA microparticle production was carried out to evaluate in silico the
performance of the two most used oil continuous phases in droplet formation, namely corn seed oil
and mineral oil. The velocity profile observed a parabolic laminar flow as expected, where initial
ejections normalised into steady-state conditions after 0.0013s for 5% wi/v and 0.001s for 13% w/v
GelMA solution (Figure 3.1B and D). The highest ejection velocity achieved from the annulus was
at about 7.5 m/s for the 5% w/v and 8 m/s for the 13% w/v GelMA (Figure 3.1A and C). For the
centreline velocity, a single value of 3.1 m/s was achieved for 5% w/v and 13% w/v GelMA

respectively.

As observed also experimentally, there is the intermittent formation of tailings in the co-current
flow system (Figure 3.2). This two-phase flow regime is due to the Plateau-Raleigh instability of
the setup, where droplet breakup is axisymmetric in certain periods that results in tailings. The
unwanted crosslinked tailings were reduced in numbers due to filtration using a predefined mesh

as a collector.

Given the overall performance of the mineral oil, which stabilises the droplet formation rate as the
laminar flow is achieved as compared to the corn seed oil, it was chosen as the constituent of the

continuous phase for the next experimental steps.
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Figure 3.1 Velocity plots of the microfluidic system with 5% wi/v (a) and 13% wi/v (d) GelMA solutions.
The 2D plots are accompanied by a 1D plot which is obtained from the solutions in a cut line at (5.5, 0) and
(5.5, 1.4), where time-dependent velocity profiles are shown as a function of arc length. Qq: = 1.5 mL/h,
Qa2 = 3 mL/h, and Q.= 100 mL/h.
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Figure 3.2 Droplet formation regime of 5% w/v and 13% w/v GelMA solutions. Plot shows tailing (A) and
(B) regime and a steady, consistent droplet formation (C) and (D). 1D plot of arc length vs volume fraction
(E) and (F) show inconsistent volume fractions at predefined arc length (measured at (3.5, 0.7) and (4.5,
0.7) of the 2D plot), indicative of tailing flow regime.

3.2.2 GelMA microparticle size characterisation

Following the Design of Experiment, as stated in section 2.6, GelMA microparticles were
produced and characterised as listed under Table 3.1. Varying responses were obtained by simply
tuning the dispersed and continuous phase, where the diameters ranged from 170-758 um, with a
coefficient of variation and span range of 7.22-19.86% and 0.14-0.40 respectively. It is
noteworthy to mention that 8 out of 17 runs were in the IUPAC range of monodispersity (CV
values of ~10% or lower). A wide range of surface modulus could be obtained from 26.3-130.2
kPa. The use of a heating band and the addition of magnesium chloride as a chaotropic agent
(Moelbert et al., 2004) in the solution were deemed necessary to further reduce the viscosity of
the GelMA solution and to avoid gelation prior to microparticle formation. Important data that
can be deduced is the low Span and CV% obtained through this method, as the produced
microparticles are very similar in size (Figure 3.3A). This has been confirmed by the DLS

analysis, of which representative size distribution plots are reported in Figure S2.
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TABLE 3.1 Data obtained from the experimental runs examining the effect of flow rates in
determining the responses of diameter, surface modulus, Span and CV% of GelMA

microparticles.

Factor 1 Factor 2 Responsel Response?2 Response3 Response 4
Surface Span cv

Run DP flow CP flow Diameter Young’s don — d o

rate rate modulus —%d 10 =100

50

ml/hr ml/hr pum kPa %
1 1 100 42730 87.7+19.9 0.171345 7.22777
2 1 100 40445 42.9+33.2 0.16806 11.2333
3 1 300 203+£30 90.3+15.7 0.341803 14.6025
4 1 500 215+16 76.3£37.6 0.182793 7.3859
5 1 500 170£15 130.2+13.1 0.213626 8.65106
6 55 100 75577 26.349.3 0.292162 10.1755
7 5.5 300 650+33 30.7+15.2 0.146716 11.5594
8 55 300 559443 82.249.1 0.180848 7.62989
9 5.5 300 606+56 70.6+16.4 0.202056 9.17018
10 55 300 532+102 59.3+18.8 0.248219 19.2659
11 5.5 300 492+59 69.9+16.3 0.284859 12.0794
12 55 500 441+74 87.4+10.9 0.40079 16.7253
13 10 100 703+91 43.1+20.7 0.341493 19.8582
14 10 100 752+86 45.9+8 0.313683 11.4329
15 10 300 758167 50.3+31.6 0.213679 8.81336
16 10 500 546452 60.7+18.3 0.237789 9.55687
17 10 500 462183 59.3+19.7 0.272053 17.9909
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Figure 3.3 (A) Microparticles imaged under optical microscope; (B) Surface plot of the diameter response
with respect to the disperse phase (DP) and continuous phase (CP) flow rates. The graph shows the direct
proportionality between DP flow rate and diameter and the inverse proportionality between CP flow rate

and diameter. Red dots are the experimental values, in which a surface function is fitted.
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Microparticles were categorised in terms of size in small (<300 pm), medium (>300 pm; <600 pm)
and large (>600 um) for subsequent experiments. Furthermore, it was revealed that when the ratio
of continuous to disperse phase flow rates increases, the diameter of the microparticles tends to
decrease (Figure 3.3B). This is related to the fact that decreasing the disperse phase flow rate will
reduce the amount of polymer released as a droplet in a given time, whilst increasing the continuous
phase flow rate will augment the shear dragging force necessary to break up the disperse phase into
droplets, following Rayleigh instability (Mansard et al., 2016; Vladisavljevi¢ et al., 2014). The
interaction of the two variables was further studied in a mathematical fitting with a quadratic
function to evaluate how predictive this method is in producing microparticles of a pre-determined
size. The model fitting in terms of the response “diameter” is shown in Table S1, where in particular
the model F-value and p-value show statistical significance in the response prediction. As shown
also in Table S2, the model fitting reaches a predicted R? of 0.8382, which is in reasonable
agreement with the Adjusted R? of 0.8831. Figure S3A shows the correlation between Predicted
and Actual values, which is confirmed also by the first-order interaction plot in Figure S3B.
Through modelling, the interaction between factors generated an empirical equation to predict the

size by calculating the required flow rates:
d =369.336 + 101.09 - Qpp — 0.602 - Qcp — 5.547 - Q% (4.8)

Where d is the microparticle diameter, Qoe the disperse phase flow rate and Qce the continuous

phase flow rate.

3.2.3 GelMA microparticle structure characterisation

GelMA microparticles were imaged using eSEM to reveal their surface structure. Initial tests with
conventional SEM led to microparticle flattening, probably caused by the sudden escape of water
under vacuum conditions. This same phenomenon happened in the eSEM chamber even with
humidity at 80%, therefore a protocol involving snap freezing in liquid nitrogen was adopted to
preserve the microparticle structure even after water sublimation in low vacuum conditions. The

results are shown in Figure 3.4A.
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Figure 3.4 (A) Representative eSEM images of GeIMA microparticles at small, medium and large diameter
ranges. The porous surface structure is revealed after water sublimation at low pressure. Scale bar, left
column = 500 pum; right column = 40 pum. (B) Representative eSEM images of GeIMA microparticles of
medium diameter range, showing an internally porous structure. Alignment is seen on the wall pores
tangent to the surface, indicating a vertical alignment from the core to the surface. Scale bar, left column =
200 um; right column = 40 pm.
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After the snap freezing, the microparticles assumed a tear-shaped structure. This is likely due to
the quick sublimation of ice under vacuum in eSEM. Interestingly, the surface of the
microparticles displayed a larger and more ordered pore structure as the microparticle size
decreases. This might be reflected by the way the polymer chains of GelMA stack together, as in
small diameter microparticles they require less time to align in ordered layers before being fixed
in position by the crosslinking reaction. The core structure was also revealed, showing how these
porous structures were organized after crosslinking (Figure 3.4B). To confirm if any impurities
are present in the final product that might affect cell culture, as is the case for magnesium cations
which exhibits osteo-inducing effects on MSCs differentiation (Qi et al., 2021), edX analysis was
carried out during eSEM imaging (Figure 3.5). The spectra of the total atomic content in terms of

weight percentage displayed an average of 0.6% content of magnesium.
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Figure 3.5 eDX spectra of GelMA microparticle spectra (image is a representative of three samples taken).
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3
Assuming a total volume of V = §H(~250/2) = 8.18 - 10~%cm3 per microparticle, multiplied

by the density of GelIMA (1.6 g/cm?), one microparticle overall weight is 1.31-10° g. Considering

thus magnesium content to be 0.6%, Mg weight in a microparticle is 7.85-10® g, or: mol =

10-8
78519 9 — 32310 mol. Assuming a total of 1 ml of occupied space, the concentration of

243059/, |

magnesium in a microparticle sample would be 3-23 * 10_97”01/0 0011 = 3-23-1073mM,

which is lower than the concentration of magnesium (in the form of magnesium sulphate MgSO.)
in DMEM medium (0.81 mM) and negligible when compared to the minimum required to exert

induction of osteogenesis (5mM) (Yoshizawa et al., 2014).

3.2.4 GelMA microparticle surface modulus characterisation

GelMA microparticles were lastly characterised via AFM to assess how the surface modulus of
the microparticle varies in response to a change in the microparticle diameter. Values for each
experimental run are reported in Table 2.1. The analysis of the Force-Displacement curves, when
grouping the runs in terms of microparticle sizes (Figure 3.6A) suggests that the size of the
microparticles and the degree of deformation follow an inverse proportionality to the modulus
towards the diameter (Figure 3.6B). Clustering the microparticle sizes in terms of small (<300
um), medium (>300 um; <600 um) and large (>600 um) diameters show a significant intra-batch
difference between the samples (Figure 3.6C). These results might be explained by the porous
structure the GeIMA microparticles assume, which becomes more ordered as the microparticle
diameter decreases. It could be that the more compacted, homogenously distributed array of pores

better transmit the indenting force on the structure, resulting in a higher surface stiffness.
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Figure 3.6 (A) F-D curves of representative experimental runs (R), showing the different degree of
deformation for small, medium and large microparticle diameters; (B) Scatter plot of microparticle
diameter versus Young’s modulus. The graph shows the inverse correlation equation between the two
responses. (C) Histogram plot of Young’s modulus values for each experimental run in water. Error bars
indicate the standard deviation of the mean, calculated on 100 points per each sample (n=5). Statistical
significance calculated via two-way ANOVA at 5% significance level (**: p<0.01, ***: p<0.001).

A further point of interest was linking the flow rates of the two phases with surface Young's
modulus, as an indirect cause of the effect of microparticle size. The aim was to outline a model
that could predict the elastic modulus from the manufacturing process settings. The data were
well fit using a linear function, which F-value and p-value are significant as shown in Table S3,
whilst the R2 values in Table S4 suggest that the values predicted by the model are in reasonable
agreement with the experimental values, as displayed also in the correlation and factors

interaction scatter plots, defining an inverse proportionality between the two factors (Figure S5).
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The microparticles’ Young’s modulus has been plotted against CP and DP in (Figure 3.7), which

shows that Young’s modulus can be controlled using the relative flow rates using Equation 4.9.

Where E is the microparticle Young’s modulus, Qpp the disperse phase flow rate and Qcp the

continuous phase flow rate.
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Figure 3.7 Surface plots of surface Young’s modulus response with respect to the disperse phase (DP) and
continuous phase (CP) flow rates. Considering the inverse proportionality between surface Young’s
modulus and the microparticle size, the effect of the DP flow rate is inversely proportional and the effect of
CP flow rate is directly proportional.

3.2.5 Cell viability
The assessment of ihMSCs viability on GelMA microparticles was performed to evaluate the
biocompatibility of the material. After 7 days, the viability of the cells was maintained at

approximately 80% except for those adhering to the large microparticles which by day 7 reached

73% viability (Figure 3.8).

Tethering density of the ligands can affect the rate of proliferation of a cell (Cavalcanti-Adam et
al., 2007; Engler et al., 2006; Fischer et al., 2007), therefore it is plausible that large
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microparticles, displaying a high number of large pores, could also show the increased distance
between the RGD domains and thus reduced instances of cell attachment and survival (Figure
3.9). Additionally, the stiffness of the material can also influence the viability, as previously
reported by Tse and Engler (2011), where they showed that MSCs grown on hydrogels having

physiological stiffness gradients tend to accumulate onto stiffer hydrogel regions assuming a

spindle-like morphology and increased contractility, denoting a myogenic commitment, whilst on

low stiffness areas they are less proliferative and express the neural marker 3 tubulin. In
conclusion, the coupling effects of ligand density and substrate stiffness could have a

compounding effect with regards to the overall viability of the ihMSCs.
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Figure 3.8 Histogram plot of percent cell viability obtained as ratio of live cells per total cell number for

small (<300 um, teal), medium (>300 pm; <600 pm, green) and large (>600 um, purple) microparticles on

days 1, 4 and 7. The number. Error bars indicate the standard deviation of the mean, calculated from 6
images per each condition, evaluating the number of live cells divided by the total number of cells.

Statistical significance calculated via two-way ANOVA at 5% significance level (**: p<0.01)
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Figure 3.9 Representative bright field (top) and fluorescence (bottom) images of the experimental
conditions, as displayed. Live cells were stained with Calcein-AM (green), whilst dead cells were stained
with Ethidium homodimer (red). Scale bar =100 um.
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3.3 Summary and Discussion

Current methods of producing GelMA microparticles are either using homogenisation or
microfluidic approaches. The former method is high-throughput but there is a large heterogeneity
of both mechanical strength and particle diameter, and controlling cannot be fine-tuned (Nguyen
et al., 2015). The microfluidic approach offers high tuneability, but the rate of production is low
(Jung and Oh, 2014). With the work presented, we have shown that a co-current microfluidic
platform could be used to produce GelMA microparticles with monodisperse characteristics of
size and surface Young’s modulus. The production of microparticles are also increased, with a
throughput rate comparable to the homogenisation method (1-10 mL/h). This process could be
easily scaled up by using parallel scale-up approaches, which has been done previously for other
polymers of interest (Mulligan and Rothstein, 2012) . In addition, the tuneability of Young’s
modulus with similar diameters or varying diameters with similar Young’s modulus is one of the
significant features of this production route. Decoupling the size and modulus is important to
remove any confounding variables (i.e. the interaction of surface area and modulus) to the overall
conclusion of the study. This decoupling is only feasible using DoE, since through mathematical
and statistical optimisation, one can obtain a desired modulus and diameter based on experimental
needs. The researcher believes, in the best of his knowledge, that this is the first study to obtain
decoupled matrix stiffness and diameter, since several studies (summarised in this review Daly et
al., 2020) have controlled either the size or diameter, but not both parameters. The DoE also eases
the production method wherein the desired material property is predetermined by obtaining the

process conditions through the model.

In this work, microparticle diameter was assessed with phase-contrast microscopy and DLS,
showing a microparticle diameter ranging from 170-760 pm, which increased with the increase of
disperse phase flow rate and the decrease of continuous phase flow rate. The microparticles
produced possessed a narrow size distribution, as evidenced by the Span index and CV% not

higher than 0.35 and 20%, respectively. The elastic properties of the microparticles were assessed
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via AFM, displaying surface Young’s modulus values ranging from 26-130 kPa. The values
obtained followed an inversely proportional trend in regards to the microparticle size, showing a
significant change in small (<300 pm), medium (>300 um; <600 pum) and large (>600 um) classes
of microparticles. The structural properties of the microparticles, which are seemingly dependant
on the size, were further characterised by environmental Scanning Electron Microscopy, showing
that as the diameter decreased, the porous structure appeared increasingly ordered and the pore
size appeared to be larger. The polymer chains of GeIMA could favourably stack in smaller sized
microparticles, creating stronger crosslinked networks that translate to a stiffer material. The
mathematical modelling of the method allowed the formulation of two separate equations for
diameter and surface Young’s modulus prediction from the two phases flow rates, which
consolidate the relationship between the flow rates in determining the properties of GeIMA
microparticles. Moreover, the size and the stiffness might also affect cell proliferation, as
revealed by the Live&Dead assay which confirmed approximately 80% ihMSCs viability after
one week across different microparticle sizes. Albeit maintaining acceptable levels of cell
viability, the larger microparticles exhibited a lesser percentage of live cells, which may be

related to the lesser density of the RGD domains, affecting cell attachment and survival.

These findings enable the fabrication of a 3D platform for cell culture, with tuneable elasticity
and particle size (curvature). This platform will translate most 2D effect of differentiation into a
3D order, where the applications are likely for high-througput production of differentiated cells
without using exogenous factors. With the use of DoE, this also allows scaling of the production,
because other confounding and noise factors are included in the model for robustness. Such
technology for producing highly tuneable particles allows not just investigation in in vitro
models, but also could be applied in a commercial scale for potential clinical and GMP-
manufacturing usage of materials. As a final remark, the co-current flow methodology allows the
production of monodisperse GelMA microparticles that follow a size-stiffness correlation. This

method will be employed to explore the applicability of microparticles with tuneable elasticity to
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influence MSCs behaviour. The next chapter will focus on the production of microparticles with
similar sizes but different elasticities by controlling initial GelMA concentration and degree of

methacrylation. The ultimate aim is to produce a library of hydrogel microparticles with defined
elastic surface moduli to be used in a medium to high-throughput perspective for 3D culturing of

hMSCs, to induce specific lineage commitment in serum-free conditions.
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4. GELATIN METHACRYLATE MICROPARTICLES INFLUENCE

ON MESENCHYMAL STEM CELLS MULTI-LINEAGE

DIFFERENTIATION

4.1 Introduction

Adult stem cells, as part of natural regenerative processes, are assumed to recede and migrate away
from their niche (Katayama et al., 2006) and eventually re-implant and differentiate across a variety
of microenvironmental tissues. This one aspect derives from the capacity of cells to obtain and
incorporate input from their microenvironment to regulate their activities at local and systemic
levels, which is critical as it directs cell fate during growth, homeostasis and regeneration after
injury. Mesenchymal stem cells (MSCs) in particular can alter the direction of differentiation in
response to biochemical factors (ion levels, gases, nutrients and macromolecules) and protein
(ECM components, growth factors and signalling molecules) composition of the
microenvironment, however in the last decade evidence has been reported to illustrate that the
mechanical forces acting on cells are equally essential in driving differentiation (Discher et al.,

2017; Humphrey et al., 2014; Iskratsch et al., 2014).

When it comes to MSCs, several studies have demonstrated that these cells are sensitive to substrate
properties, such as surface texture, elasticity and chemistry, and can differentiate into various
anchorage-dependent cell types including neurons (Deng et al., 2006; Scuteri et al., 2011),
adipocytes (Hu et al., 2018; Li et al., 2018; Sekiya et al., 2004), myoblasts (Dezawa et al., 2005;
Hodgson et al., 2018), and osteoblasts (Hu et al., 2018; Li et al., 2018; McBeath et al., 2004b). The
forerunner of this understanding on mechanobiology in regards to the response of MSCs to the
elasticity of the substrate was a report from Engler et al. (Engler et al., 2006). MSCs were cultivated
on collagen I-coated polyacrylamide gels, with matrix elasticity determined by the degree to which
the gels were cross-linked. Cells on gels exhibiting the softest Young's modulus (E ~ 0.1-1 kPa)

similar to the elasticity of brain tissue, and displayed the highest expression of neuron-specific
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markers. Likewise, MSCs on medium stiffness close to muscle tissue (E ~ 8-17 kPa) expressed six
times higher levels of myogenic markers, whilst when grown on the stiffest substrate (E ~ 25-40
kPa) the cells expressed four times higher osteogenic markers. Given the capacity of ECM stiffness
to modulate stem cell adhesion, differentiation and signalling, and to activate mechanotransduction
pathways in the latter, it should be noted that most studies focusing on this aspect have been
performed predominantly in 2D experiments, which do not completely recapitulate the
physiological scenario of a 3D microenvironment (Burdick and Vunjak-Novakovic, 2009;
Scadden, 2006; Underhill and Bhatia, 2007). Moreover, although approaches have been attempted
to modify the elasticity of microparticles for tissue engineering applications, they exhibit narrow
ranges of stiffness, and in particular hydrogel ones display low elasticity (up to 1 kPa), not covering
the large differences in elasticity and not specifically targeting the mechanical properties alone of
the material in microparticle-format (Chan et al., 2014; Gomez-Florit et al., 2020; Lee and Kim,
2018; Oliveira and Mano, 2011). At the author’s best knowledge, there is no evidence in literature
of the use of hydrogel MPs exhibiting an ample range of stiffness that could potentially cover the

phyiosological elasticity of the body tissues, brain to bone.

Thus, the focus of this chapter was to explore the elastic properties of one such hydrogel material,
Gelatin Methacrylate (GelMA), in inducing changes in bone marrow-derived hMSC behaviour
towards specific lineages and providing an appropriate 3D environment (the microparticle)
suitable for translational purposes. Atomic force microscopy was employed to characterise flat
discs and microparticles generated by increasing GelMA degree of substitution and
concentrations to evaluate their surface elasticity, and thus tailoring the selection for specific
stiffness to induce primary human bone marrow-derived mesenchymal stem cell (hMSCs)
differentiation. An initial translational strategy with immortalised human mesenchymal stem cells
(ihMSCs) seeded onto GelMA microparticles produced via the co-flow microfluidic system as
reported in the previous chapter (Chapter 3), and in this chapter, we have produced microparticles

that vary in modulus with similar diameters. The hypothesis was to verify surface modulus in 3D
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can influence the differentiation state of hMSC via GelMA microparticles. The analysis explored
providing evidence of lineage commitment through the screening of early lineage markers of
neurogenesis (MAP2b), adipogenesis (PPARY), myogenesis (Myogenin) and osteogenesis
(Osterix) via immunocytochemistry. Afterwards, a machine learning procedure and high-
throughput image analysis were carried out through the integration of the software Ilastik to

CellProfiler, to highlight the yes-no response rate to the marker concerned.

4.2 Results

4.2.1 GelMA flat discs and microparticles elasticity characterisation

GelMA flat discs and microparticles were characterised via AFM to assess the change of stiffness
in response to a change of concentration and degree of methacrylation. Values for each sample
are reported in Table 4.1 As shown on the histograms in Figure 4.1A and 4.2B, reporting the
Young’s moduli of GeIMA flat discs and microparticles respectively, the stiffness of GeIMA is
directly proportional to the concentration of the polymer and to the degree of methacrylation of

the same.

TABLE 4.1 Young’s modulus of GeIMA discs as obtained by AFM measurements.

Concentration | Degree of substitution
Format AFM E [kPa] (N = 3)
[Y% wiv] [90]
5% 30% 0.2+0.1
5% 68% 1.6+0.4
Flat discs 5% 93% 5.9+0.3
8% 93% 14.6£1.5
13% 93% 43.1+3.1
5% 30% 0.23+0.03
5% 68% 1.5+0.2
Microparticles 5% 93% 5.9+0.9
8% 93% 15.6+4.8
13% 93% 44.5+6.9
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Figure 4.1 Box plot graphs of Young’s modulus of GelMA flat discs (A) and microparticles (B) stiffness
change concerning different degrees of methacrylation and concentration. Values have been calculated on 3

different samples, measuring 3 force maps of 100 spots per condition.

On this basis, the parameters for desirable GeIMA elastic properties are tailored for the culture of
primary hMSCs, to assess GelMA capacity to induce cell differentiation through stiffness alone,
as shown by the previous work of Engler et al. (Engler et al., 2006). The formulation of GelMA
presented above, exhibiting altogether a broad spectrum of stiffness, were used for the 2D and 3D

cell studies as discussed in the following sections.

4.2.2 Alkaline Phosphatase and Vinculin expression of ihMSCs cultured on GelMA discs and
microparticles

In order to translate the 2D perspective of the GelMA discs to a 3D environment, a pre-trial study
to evaluate if ihMSCs can attach, grow and differentiate on GeIMA microparticles was carried
out. GeIMA microparticles (13% wi/v, 93% DS) were produced according to section 2.5,
displaying a diameter of 251+35 pum with a low polydispersity (Figure 4.2A) and had an overall
spherical shape (Figure 4.2B). These were used to test whether they can be viable as microcarriers
for cell proliferation towards clinically relevant quantities and cell delivery strategies, altogether

inducing the elasticity-driven differentiation of primary hMSCs.
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Figure 4.2 (A) Frequency distribution of GelMA microparticles diameters, calculated on a total of 100

microparticles; (B) Microparticles imaged under an optical microscope. Scale bar = 200 pm

Subsequently, ihMSCs were seeded and assessed at 7 and14 days to evaluate their attachment and
survivability. It has been shown that immortalised lines of MSCs are able to maintain their
receptivity to substrates as observed in primary cells, thus rendering them useful as a stiffness
reporter (Torre et al., 2018), and capable to partially recapitulate the differentiation capacity of
primary MSCs (Nagai et al., 2007). In this regard, Alkaline Phosphatase (ALP) and Vinculin
expression were visualised by immunostaining, as the former is a known marker for MSCs
commitment to the osteogenic lineage (Kuroda et al., 2017; Stefkova et al., 2015), whilst the
latter gives insights on the morphology and cell behaviour when under mechanical tension
(Chang et al., 2019). In particular, ALP activity in MPs shows an expression peak around day 7
which subsides at later timepoints, whilst higher expression of vinculin is related to focal

adhesion formation and mechanosensing (Chang et al., 2019).

As shown in Figure 4.3, ihMSCs grown on GelMA both in a flat disc and microparticle format,
respond to the substrate similarly, showing stronger ALP staining at 7d and quasi-absence at 14d.
In parallel, the morphology of the ihMSCs changes as evidenced by the expression of vinculin
which shows how the cells assumed a globular appearance at 14d. The results of this preliminary
study show that the microparticle format is able to induce phenotypic changes in ihMSCs, thus
opening the way to further studies towards a 3D culture of primary hMSCs.
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GMA MPs

7d

14d

Figure 4.3 Bright field (left) and Fluorescence (right) images of the experimental conditions, as displayed.
Cells were stained for Alkaline Phosphatase (green), Vinculin (red) and DAPI (blue). The peak of
expression of ALP at 7d and its decrease at 14d, correlated with a stronger signal of vinculin at the 14d
rather than at 7d, suggesting that both the GelMA disc and GelMA MPs can induce the variation of marker
expression in ihMSCs. Scale bar = 100 pm.

4.2.3 Primary hMSCs lineage marker screening

Differentiation capacity of primary hMSCs on GelMA flat discs and microparticles with
increasing stiffness was tested using five formulations of GelMA as discussed in section 4.2.1.
The choice of these particular elasticities was reinforced by previous studies about the optimal
values that can induce a behavioural change in hMSCs into a commitment towards defined
lineages (Engler et al., 2006; Sekiya et al., 2004; Wen et al., 2014). In particular, the elasticities of
produced discs and microparticles are within the range of physiological values that have been
shown to promote differentiation towards the neurogenic (Eceima~0.2-1.5 kPa, Eprin~0.1-1 kPa),
adipogenic (Eceima~6 kPa, Eri~3-7 kPa), myogenic (Ecema~18 kPa, Emuscie~8-17 kPa) and
osteogenic (Eceima~44 kPa, Enone~40 kPa) lineages (Engler et al., 2006; Shih et al., 2005, 2011).
The 7""-day timepoint was chosen as this is when most of the early markers for commitment are
deemed to be expressed, and among these immunohistological staining of MAP2b (Fazeli et al.,
2015), PPARy (Li et al., 2018), Myogenin (Gunetti et al., 2012) and Osterix/Sp7 (Kaback et al.,

2008) were employed for their respective lineages.
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As Figures 4.4 and 4.5 show, the screening revealed that hMSCs grown on GelMA discs and on
microparticles with relevant stiffness were able to express early markers exclusively in the
elasticity specified by their lineage, as compared to the controls (Fig. 4.6). The expression of
these markers was indeed present on the respective stiffnesses and was specific for those lineages
as the staining of the same markers on separate lineages did not occur. Several markers were
present in other matrix stiffnesses for both flat discs and MPs, albeit in low count. PPARy
expression, for example, was identified in cells cultured on MPs with surface moduli ~1.5 kPa
and ~44 kPa at 1% and 4% positive samples respectively. Similarly, Osterix is seen in ~18 kPa
with 5.3% positive cells. This could be an indication that the production process of microparticles
generates a non-fully homogeneous population in terms of elasticity, and that therefore needs
further optimisation. However, although there seems to be an overlap of lineage commitment in
adjacent ranges of stiffnesses, this is at minimum a 17-fold difference in positive cells’ expression
of early markers on these adjacent stiffnesses as compared with the elasticity where one would

expect a certain lineage commitment.

These results overall denote that primary hMSCs could have undergone commitment to the
neurogenic, adipogenic, myogenic and osteogenic lineages following culture on both 2D and 3D
GelMA substrates of various stiffness as also demonstrated in previous studies (Engler et al.,
2006). This confirms that the differentiation potential of hMSCs can be driven by the stiffness of
the substrate alone. Coupled with the ease of fabrication of GelMA in a microparticle format, this

will constitute a potential platform for cell differentiation in a 3D environment.
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Figure 4.4 (A) Fluorescence images of MSCs cultured in GelMA Flat Discs and (B) Quantification of %
positive samples based on total cell count. Standard deviations for % calculated values are as follows:
MAP2b (1.5 kPa) =7.1; PPARy (1.5 kPa) = 0.2, (6 kPa) = 7.6, (44 kPa) = 2.7; Myogenin (18 kPa) = 6.3,

(44 kPa) = 0.1; Osterix (18 kPa) = 1.9, (44 kPa) = 5.8; all at n=2 technical replicates and N=3 donors.
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Figure 4.5 (A) Fluorescence images of MSCs cultured in GelMA MPs and (B) Quantification of %
positive samples based on total cell count. Standard deviations for % calculated values are as follows:
MAP2b (1.5 kPa) = 8.9; PPARY (6 kPa) = 8.6, (44 kPa) = 1.4; Myogenin (18 kPa) = 6.8; Osterix (18 kPa) =
2.9, (44 kPa) = 4.8; all at n=2 technical replicates and N=3 donors.
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Figure 4.6 (A) Fluorescence images of MSCs cultured in Tissue Culture Plates (Controls) (B)
Quantification of % positive samples based on total cell count. Standard deviations for % calculated values
are as follows: PPARy (+Adipo) = 1.8, (+Osteo) = 1.5; Osterix (-Control) = 0.3, (+Osteo) = 4.1; all at n=2

technical replicates and N=3 donors.

4.3 Summary and Discussion

The work in this chapter focused on the generation of microparticles presenting a well-defined
range of stiffness in order to induce differentiation in primary hMSCs. Increasing the degree of
methacrylation and concentration enables control of the matrix stiffness for both microparticles
and discs of GelMA, allowing for a finely-tuned range of elasticity that is suitable for MSCs
differentiation. As previous literature suggested, the elasticity attained could achieve
neurogenesis (Ecema~0.2-1.5 kPa, Eprin~0.1-1 kPa), adipogenesis (Eceima~6 kPa, Ef~3-7 kPa),

myogenesis (Eceima~18 kPa, Emuscle~8-17 kPa) and osteogenesis (Eceima~44 kPa, Epone~40 kPa)
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(Engler et al., 2006). The effects of substrate stiffness for cell differentiation have been
demonstrated multiple times, however, the research was focused either on already committed
progenitor cells, like myofibroblasts (Huang et al., 2012) and bronchial fibroblasts aided by TGF-
B1 release (Shi et al., 2013), or by using elasticity tuned polymer films coated with bioactive
elements such as collagen or fibronectin (Engler et al., 2006; Evans et al., 2009; Olivares-

Navarrete et al., 2017; Sun et al., 2018).

In this regard, the work here presented wanted to focus on the gap that exists between the 2D and
the 3D world, by employing GelMA hydrogel capabilities to provide mechanical inputs, allow the
access of intrinsic bioactive elements for cell adhesion and therefore stimulate the differentiation
of MSCs without exogenous inducing factors. Several studies have performed on 2D substrates
(Engler et al., 2006; Sun et al., 2018; Tse and Engler, 2011) that does not recapitulate actual cell-
cell interaction with autocrine, paracrine and 3D spatiotemporal effects of matrix stiffness and
overall cell curvature. There are significant differences between 2D and 3D culture, because in
2D cultures, cell-to-cell contact is only happening within their cellular boundaries. Cell signalling
for 2D are the cells on its vicinity, while on 3D, autocrine and paracrine signalling is expounded
(Hoarau-Véchot et al., 2018; Kapatczynska et al., 2018). In addition to cell signalling, the
curvature effect on the cellular organisation is also expounded on 3D, as cells will have more
surface area exposed in contrast with 2D (Baptista et al., 2019; Chen et al., 2017). This study
emphasized the effect of both matrix stiffness and 3D organisation of cells that can capture the

actual dynamics in cell signalling pathways.

A prior trial-and-error study was carried out to evaluate if GelMA microparticles could be apt as
microcarriers able to influence immortalised MSCs behaviour and morphology, by enabling the
expression of Alkaline Phosphatase and Vinculin as compared to MSCs grown on tissue culture
plastic. The study highlighted the presence of ALP expression at 7d and its absence at 14d, whilst
also assuming a globular appearance has shown by the vinculin arrangement, whose presence

relates to the linkage of integrin adhesion molecules to the actin cytoskeleton and focal adhesion
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formation, an essential element in mechanotransduction (Ezzell et al., 1997). Finally, by growing
primary hMSCs on GelMA microparticles of varying stiffnesses, it was possible to induce the
expression of early lineage markers, namely MAP2b for neurogenesis, PPARY for Adipogenesis,
Myogenin for myogenesis and Osterix for osteogenesis, according to the specific matrix stiffness
increase where the cells were grown upon. This was also shown by quantification of the
percentage of positive cells to the marker expression which is comparable to those achieved by
the adipoinductive and osteoinductive positive controls. Further validation via reproducibility

studies is underway to robustly prove the stiffness induced differentiation.

The work presented here suggests that moving the cell response from a 2D matrix-induced
differentiation onto a 3D surface is possible using microparticles. The significance of this work is
on the usage of 3D format for scalable cultures, where a larger surface area is utilised for high-
density cultures in a bioreactor and/or could be used for cell delivery to localise cells within the
injection site. Emphasizing its possible role on clinical use, current cellular therapies are limited
in cell numbers due to constraints in the expansion process. However, enabling the platform in a
3D format allows a multitude of increase in cell expansion throughput that are relevant in clinical
applications. In addition, reduction or elimination of the use of exogenous factors used in
differentiation (i.e. growth factors) could be advantageous, removing several issues such as costs,
the use of xenogenic sources and the risks associated with off-target effects. Such microparticle-
based culture may be beneficial for clinical use, as low cell numbers and the need for non-

xenogenic differentiation induction have, to date, been the bottleneck of stem cell therapy.
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5. Overall Discussion
5.1 Key Findings

In this thesis, it has been hypothesized that stiffness-induced differentiation in 2D could be
translated in a 3D format using varying stiffnesses of hydrogel microparticles. A custom
microfluidic co-flow setup was made to produce monodispersed GeIMA hydrogel microparticles
with a span index of 0.35 and a coefficient of variation of up to 20%. These microparticles were
produced with diameters within the range of 170-760 um as determined using DLS. Such particles
were found out to be affected by the ratio of continuous (Mineral Oil + Span 80) and disperse phase
(GelMA solution), where an increased ratio tended to reduce the size of the resulting microparticle
diameter. It is thought that this is because the higher the continuous phase is, the larger the shear
force is being transmitted to the dispersed phase, increasing jet breakup due to Rayleigh instability.
A highly porous material was observed in eSEM, and it has been seen that the smaller the particle
size, the more ordered its porous walls were. In terms of surface modulus, the range of microparticle
stiffnesses measured using AFM was from 0.23-130 kPa. It was evident that matrix stiffness was
inversely proportional to the particle size, i.e., the smaller the particle, the stiffer the surface
properties. This relationship could be a result of the more ordered structure of the walls seen in
smaller particles, in which a higher degree of crosslinking could be contributing to these structural

changes in the particle microstructure.

The produced microparticles with varying stiffnesses were assessed concerning cell adherence and
viability. Immortalised human MSCs were cultured for a week on these particles, and a live-dead
assay was performed to quantify the overall viability of cells during static culture. On all
microparticles, cell viability was recorded as >80%, but one noticeable trend was that the larger
microparticles (the lower stiffness range) exhibited a lower percentage of live cells in comparison
with the cells cultured on smaller, stiffer microparticles. Two reasons for this observation might be

either the increased RGD peptide density on the smaller particles or the elevated stiffness caused
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increased cell proliferation as has been previously described in the literature (Schrader et al., 2011;

Trensz et al., 2015; Wang et al., 2012).

To compare the effects of hMSC differentiation in 2D and 3D, GelMA hydrogel discs as the 2D
control and microparticles as the 3D model were used. Through the generation of microparticles
with a well-defined spectrum of stiffness via increasing levels of methacrylation and concentration
whilst keeping the microparticle diameter the same, it was possible to control the matrix stiffness
in a range that had been previously reported to support hMSCs differentiation. The Young’s
modulus of the 2D and 3D formats was tailored according to previous literature values which had
supported neurogenesis (Ecema~0.2-1.5 kPa, Eprin~0.1-1 kPa), adipogenesis (Eceima~6 KPa, Efa~3-
7 kPa), myogenesis (Eceima~18 kPa, Emuscie~8-17 kPa) and osteogenesis (Egeima~44 kPa, Epone~40
kPa) (Engler et al., 2006; Sekiya et al., 2004; Wen et al., 2014). The ability for cells to attach onto
GelMA microparticles was evaluated via immunocytochemistry for ALP and Vinculin expression,
giving insights on both the mechanosensing ability of ihMSCs and the change of morphology as
compared to the tissue culture plastic control. The cells exhibited a peak of ALP expression at day
7, whilst a phenotypical change occurred at day 14 where cells assumed a globular shape, contrary
to the TCP control where cells still maintained a spread conformation. This could be an indication
of integrin activation and focal adhesion formation thanks to the RGD peptides present on the
GelMA surface, as they allow ihMSCs to sense further mechanical information of their
surroundings (Atherton et al., 2016; Kuroda et al., 2017). The same protocol for cell culture on
GelMA hydrogel microparticles were then optimised for early marker screening of MAP2b for
neurogenesis, PPARy for Adipogenesis, Myogenin for myogenesis and Osterix for osteogenesis.
As the surface modules of the GelMA microparticles increased, primary hMSCs showed evidence
of lineage commitment in an elasticity-specific fashion, between 82% and 94% expressing the

above early markers of differentiation.
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5.2 Discussion in Context of the Wider Literature

Mesenchymal stem cells have been the subject of investigation because of their potential for
regenerative medicine. Factors affecting their self-renewal and differentiation have been
thoroughly explored, albeit the incomplete understanding of other exogenous factors makes the
direction of their differentiation not well understood. Among a plethora of factors, it has been
established that mechanical effects do have a significant effect on its differentiation capacity
(Wang, Tytell and Ingber, 2009; Vining and Mooney, 2017; Chang et al., 2019). However, to the
best of the author’s knowledge, all studies performed were in 2D format, not recapitulating the
microenvironment that cells grow and communicate. Translating the current knowledge into 3D
can bring a close to the question about the applicability of the previous hypotheses on mechanically
induced differentiation (Engler et al., 2006). We have developed a microparticle-based platform to
experimentally confirm that the differentiation based on mechanical strength alone in a 3D space

could induce specific lineage pathways.

Microparticles have been used as a microcarrier to expand culture conditions from 2D to 3D (Neto
et al., 2019). Traditionally, materials used for microcarriers are biologically inert (i.e. glass or
polystyrene), allowing only adhesion of cells without any biological feedback (Choi et al., 2018;
Piskin et al., 1994; Silich et al., 1992). This passive role was replaced with more relevant materials:
properties that can induce specific effects on cells being cultured. It is possible therefore nowadays
to modify the inherent property of the microparticles such as chemistry, topography, and matrix
stiffness, to better understand its effects on the cells (Lu et al., 2015; Mata et al., 2011; Smith et al.,

2019).

On the 2D culture methods used to examine the effects of the material modulus towards MSCs
differentiation, often the researchers used soft materials (e.g. polyacrylamide) coated with collagen
or with any integrin-binding sites (Engler et al., 2006; Park et al., 2011; Tse and Engler, 2011). To
transform works into a 3D space, we have used GelMA due to its mechanical tuneability and the

availability of RGD peptide sequences for cell binding. To the author’s knowledge, this is the first
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work ever performed where MSCs are cultured in 3D with varying mechanical properties.
Observations have shown that by mimicking Young’s modulus of native tissues, MSCs express
markers relevant to the stiffness in which they are cultured — results confirm that MSCs differentiate
based on the mechanical strength of the material in 2D and 3D. Soft materials enabled the
expression of neuronal markers, while the stiffest microparticles produced cells that has elevated
osteocyte markers. Other works were performed on culturing MSCs on microparticles, and it is
observed that a significant number of publications had resulted in MSCs differentiating into
osteoblasts (Amer et al., 2021; Muller et al., 2017; Sezer et al., 2014). The majority of the materials
used in these studies are very stiff (hundreds of MPa), and applying the findings learned in this

thesis, it could be that the stiffness alone affected the MSCs differentiation into osteoblasts.

A significant effect that this work could bring is the stiffness-induced differentiation culture into
3D, where a larger number of cells could be induced without requiring exogenous factors. This may
translate into higher cell densities that are relevant towards clinical use, as well as reducing the
costs related to using growth factors for differentiation. The avenue in which the work has been
done needs further research to realise its commercial use, but as a proof-of-concept is likely enough

to warrant investigations for scale-up and (pre)clinical trials.

The particle format allows an important vertical development of 3D cell culture in various
applications such as research, being an easily manipulable platform for the study of
mechanotransduction and related pathways, which has remained mostly confined to the 2D
perspective, failing to faithfully recapitulate the conditions to which the cell is physiologically
exposed (Labriola et al., 2018; Wang et al., 2019); clinically, for the production in a bioreactor of
large batches of terminally differentiated cells for transplants, tissue reconstruction and cancer
modelling (Daly et al., 2020; Gong et al., 2015); industrially, for both biomedical products (Daly
et al., 2020) and cellular agriculture, of which synthetic meat is one of the most relevant emerging

fields (Bodiou et al., 2020).

82



5.3 Current limitations

Several limitations became evident during this research project. First of all, the production method
requires further optimisation and suitable instrumentation for use, since the process gives rise to
the formation of tailing patterns during the co-current flow dynamic, producing smaller droplets
that, although eliminated after filtration, still contaminate the monodispersity of the sample. Also,
the current process cannot at present control the RGD peptide density presented at the microparticle
surface, which can change due to the degree of methacrylation (as it substitutes the amine portion

of lysin and occasionally arginine) and concentration of the polymer.

Additionally, it was not yet possible to achieve a fully dynamic seeding protocol, wherein cells
were left to sediment on the microparticles, needing to stir them occasionally to improve the

homogeneous distribution on microparticles surface.

Further limitations are the lack of neuroinductive and myoinductive positive controls in the lineage
marker screening, as the current restrictions due to the COVID-19 pandemic resulted in reduced

laboratory time.

5.4 Conclusion

In this research work, we have successfully developed a 3D platform for cell culture with varying
stiffnesses via the generation of GelMA hydrogel microparticles. Through co-flow microfluidics,
this work managed to produce controllable diameters (170-760 um) with low polydispersity by
adjusting the continuous and dispersed phase of the system. The stiffnesses of such microparticles
were adjusted by modifying both the polymer concentration as well as the degree of methacrylation,
in which the stiffnesses obtained ranged from 0.2-44 kPa; values were obtained in both 2D discs
and 3D microparticle format. A biocompatibility study was performed on the synthesised

microparticles, and ihMSCs showed viabilities greater than 80%.

To evaluate the hypothesis that matrix stiffness induces differentiation in 3D, we produced 2D discs

and 3D microparticles with similar stiffness. It was shown that both in 2D and 3D, primary hMSCs
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show early markers of neurogenic, adipogenic, myogenic, and osteogenic lineages depending on
the matrix stiffness the cells were cultured upon. This work shows that matrix stiffness in a 3D
format can induce expression of specific genes for hMSCs differentiation, translating previous
works of 2D mechano-induced differentiation into a 3D space. These results implicate the
transitioning of the mechanical induced differentiation into a more relevant 3D culture method that
may break the current limitations of cellular density and xenogenic use of growth factors in clinical

applications.

5.5 Future work

The results shown in this thesis demonstrate that by using hydrogel microparticles, a translation
from a 2D matrix-induced differentiation onto a 3D surface is feasible and represents the novelty
of this work. Future work could include the culture of cells on these microparticles in a bioreactor
for scalable high-density cultures, thanks to the increased surface area of microparticles (Figure
5.1). Also, by exploiting the mechanosensing abilities of hMSCs and the versatility of GeMA both
in terms of RGD presentation to integrins and matrix stiffness control, a reduction in the use of
exogenous factors involved in differentiation is plausible. This would mitigate the current
limitations of using these factors such as costs, off-target effects and the utilisation of xenogenic

sources.

Indeed, the production process could benefit by modifying the fluidic prototype with the necessary

technical changes, such as:

1) Recirculation pump for reintroducing the continuous phase to the flow;

2) Fine control over the temperature of the disperse phase, allowing reduced viscosity but
also the possibility of including cells for possible encapsulation;

3) Addition of vibrational elements to create the breaking of the jet regime to obviate the use

of the oily phase;
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Further investigations are needed to evaluate the extent of hMSCs differentiation, to confirm their

lineage commitment to maturation as terminally differentiated cells.

Finally, interest will focus on the culture of the microparticles in bioreactors for growth and

differentiation in a critical mass useful for clinical applications.
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Figure 5.1 Schematic of the project workflow towards scalable production of differentiated MSCs
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APPENDICES

Table S1 Diameter modelling fitting statistics

Sum of Mean
Source Df F-value p-value
Squares Square
Model 5.223E+05 4 1.306E+05 31.23 <0.0001 significant

A - Disperse phase
3.247E+05 1 3.247E+05 77.66 <0.0001
flow rate

B - Continuous
1.456E+05 1 1.456E+05 34.83 <0.0001
phase flow rate

AB 0.1115 1 0.1115 0.0000  0.9960
A? 51953.13 1 51953.13 12.43 0.0042
Residual 50169.59 12 4180.80
not
Lack of Fit 28880.88 4 7220.22 2.71 0.1071
significant
Pure Error 21288.71 8 2661.09
Cor Total 5.724E+05 16

Table S2 Regression statistics of Predicted vs. Actual diameter values

Std. Dev.  64.66 R2 0.9124
Mean 510.49 Adjusted R2 0.8831
CV.% 12.67 Predicted R2 0.8382

Adeq Precision  17.1597
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Table S3 Young’s modulus modelling fitting statistics

Source

Model

A - Disperse phase

flow rate

B - Continuous

phase flow rate

Residual

Lack of Fit

Pure Error

Cor Total

Sum of Mean
Df

Squares Square
5643.80 2 2821.90
2828.45 1 2828.45
2815.35 1 2815.35
5043.76 14 360.27
1048.07 6 174.68
3995.68 8 499.46

10687.55 16

F-value

7.83

7.85

7.81

0.3497

p-value

0.0052 significant

0.0141
0.0143

not
0.8913

significant

Table S4 Regression statistics of Predicted vs. Actual Young’s modulus values

Std. Dev.

Mean

CV.%

18.98

65.52

28.97

R2 0.5281
Adjusted R2 0.4607
Predicted R? 0.2655

Adeq Precision  8.4272
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Figure S1 Setup for production of GelMA microparticles using the co-current flow system.
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Figure S3 (A) Correlation between the Predicted values of the model versus the Actual experimental
values; (B) First order interaction between the disperse phase flow rate and continuous flow rate in
determining the microparticle diameter.
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Figure S4 2D contour plot of the diameter response with respect to the disperse phase (DP) and continuous
phase (CP) flow rates. The red areas define higher microparticle diameter, the blue ones smaller
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microparticle diameter. The graph shows the direct proportionality between DP flow rate and diameter and
the inverse proportionality between CP flow rate and diameter.
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Figure S5 (A) Correlation between the Predicted values of the model versus the Actual experimental
values; (B) First order interaction between the disperse phase flow rate and continuous flow rate in

determining the microparticle Young’s modulus.
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Figure S6 2D contour plot of surface Young’s modulus response with respect to the disperse phase (DP)

and continuous phase (CP) flow rates. Green areas show higher microparticle Young’s modulus, blue areas
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show lower microparticle Young’s modulus. Considering the inverse proportionality between surface
Young’s modulus and the microparticle size, the effect of the DP flow rate is inversely proportional and the

effect of CP flow rate is directly proportional.
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