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Abstract

Mesenchymal stem cells (MSC) are one of the prevalent cell types for potential clinical utility including
cell therapies and tissue engineering. In order to meet massive demand for clinical usage, a large scale
in vitro cell expansion is required. The culture of adherent cells like MSCs is typically thought to require
cell spreading on a rigid substrate to sustain the formation of stable focal adhesions and the assembly
of a contractile cytoskeleton. More recent studies suggest that cells may also actively respond to
external stimuli despite the lack of bulk mechanics on underlying substrates, bringing liquid-liquid
interface, which offers attractive features for the development of novel stem cell technologies as a
potential culture platform. In particular, liquid emulsions can provide surface area comparable to
current solid-microcarriers used in industry for cell culture, emulsion are also more advantageous in
avoiding harsh enzymatic digestion for cell harvesting. The relative cheaper cost and potential
recyclability also make emulsions a promising substrate for next generation platform for in vitro cell
expansion. In this thesis, we aim at developing a protein nanosheet-assembled liquid-liquid interface
with tuneable interfacial mechanical properties for the expansion of MSCs. In particular we focus on
development of a protein-nanosheet stabilised oil in water (O/W) emulsion as a carrier for long-term

cell culture.

Chapter one presents fundamental knowledge of this research, starting with a general description of
integrin mediated cell adhesion and mechanotransduction, followed by an introduction to self-
assembled polyelectrolyte multilayers (PEMs) for cell culture. The third part discusses the generation
of emulsions by highlighting the important role of agitation and emulsifiers in its formation. Special
attention is paid to the stability of the emulsion. In the final section of this chapter, we investigate the

current cell expansion techniques with a major focus on microcarrier-based bioreactor systems.

In Chapter two, we focus on the design and characterisation of poly-L-lysine (PLL) nanosheets at the

liquid-liquid interface between fluorinated oil and PBS. The impact of pro-surfactant, solution pH and



PLL molecular weight on PLL assembly at the interface are investigated. In particular, we focus on the
impact on the interfacial mechanical properties, characterised by interfacial rheology. Upon the
adjustment of these parameters, controllable PLL nanosheets with interfacial moduli of a wide range

are obtained.

Chapter three demonstrates the culture of MSC on the interfaces prepared in chapter two. Cell
adhesion is studied by imaging focal adhesion markers and actin, demonstrating that MSC adhesion
at our liquid-liquid interface is mediated by classical integrin/acto-myosin machinery. Cellular
proliferation is also found on such nanosheets, showing the effects of pro-surfactant and nanosheet
mechanics on the ultimate cell output. Similar findings are also displayed by other non-fluorinated oil
systems. Furthermore, we summarise interfacial mechanical properties of the nanosheets and the
corresponding proliferation data, showing MSC proliferation at the liquid-liquid interface is seemingly

regulated by the stress retention of the self-assembled PLL nanosheets.

In chapter four, O/W emulsion stabilised by the PLL assembled nanosheets is employed as a novel
platform for the culture of MSCs. Based on the emulsion stability and cell proliferation, the optimum
emulsion is selected to conduct long-term culture of MSCs and compared with commercially available
microcarriers and tissue culture polystyrene (TPS, tissue culture treated). During this process cellular
adhesion and morphology are monitored; the expression of MSC surface markers are characterised,
whilst the stemness and multi-lineage differentiation potential are all characterised. These
characterisations demonstrate minor difference in MSC phenotypes on three different platforms,

suggesting the emulsion could be a potential candidate for the in vitro expansion of MSCs.

Chapter five summarises the main findings and conclusions of this thesis, addresses the challenges of

the project and provides possible directions and improvements for future research.
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Chapter 1

Introduction



Mesenchymal stem cells (MSC) are famous for their in vitro self-renewal properties and multi-potency,
are one of the prevalent cell types for potential clinical utility including cell therapies and tissue
engineering. However, such cells are uncommon and relatively difficult to isolate in large numbers. In
order to meet the massive demand for clinical usage, a large scale in vitro cell expansion is required.
The culture of adherent cells like MSCs is typically thought to require cell spreading on a rigid substrate
to sustain the formation of stable focal adhesions and the assembly of a contractile cytoskeleton. Such
processes are crucial for the cell to build up proper and active intra- and extra-cellular connections,
converting external signals into biochemical signals and generating appropriate cellular responses to
extracellular cues. However, such solid rigid substrates present clear drawbacks, particularly in the
case of cell harvesting, where an invasive enzymatic digestion is typically required, which can be
harmful and induce cell phenotype changes. Moreover, since most of such substrates are made of
plastic (normally polystyrene), massive plastic waste is also an issue. An alternative platform to
address these challenges would be favoured. A number of recent studies suggest that cells may also
actively respond to external stimuli despite the lack of bulk mechanics on underlying substrates, hence
the surface of liquid could be a potential platform for cell culture. The culture of cells on more adaptive
substrates such as liquid-liquid interface is particularly interesting especially in the case of designing
oil-derived emulsion for cell culture purpose. The liquid emulsions provide surface area comparable
to current solid-microcarriers used in industry for cell culture, and they are potentially more
advantageous than the current industry choice by directly addressing the cell detachment and plastic
waste issues mentioned above. This project is focusing on developing a protein nanosheet-assembled
liquid-liquid interface with tuneable interfacial mechanical properties for the expansion of MSCs. In
particular, we aim on the development of a protein-nanosheet stabilised O/W emulsion as a carrier

for long-term cell culture.

This chapter presents fundamental knowledge of this research, starting with a general description of
integrin mediated cell adhesion and mechanotransduction, followed by an introduction to self-
assembled protein nanosheets for cell culture, including the mechanisms and methods of nanosheet
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assembly and stiffening. The third part of this chapter discusses the generation of an emulsion and
the mechanism is introduced by highlighting the important role of agitation and emulsifiers in its
formation. Special attention is paid to the stability of the emulsion and common reasons for instability
are discussed, including a theoretical mechanism and possible solutions. In the final section of this
chapter, we investigate the current cell expansion techniques with a major focus on microcarrier-

based bioreactor systems. The selection and operation parameters of this system are also reviewed.

1.1 Integrin Mediated Cell Adhesion and Mechanotransduction

The extracellular matrix (ECM), the microenvironment in which cells lives, is a three-dimensional
network of proteins and polysaccharides secreted and remodelled by cells.! Cell adhesion to the ECM
in vivo is essential for maintaining tissue structure and functionality, and its roles in regulating cell
behaviour and phenotype such as spreading, motility, endocytosis, proliferation, differentiation and
apoptosis have been widely recognised.’ Cell-ECM adhesion has been at the centre of the study
of cell-material interactions to aid the design of materials for biomedical applications.’* The
interaction between the ECM and cells is mainly mediated by a family of transmembrane
heterodimeric surface receptors termed ‘integrins’, which interact with specific proteins of the ECM
including fibronectin (FN), laminin (LN), vitronectin (VN) and collagen (COL). Such interaction directly
activates signal transduction pathways converting extracellular environmental stimuli such as
chemical, mechanical and topographical cues into intracellular molecular responses, guiding cells to
adapt to various physiological changes. Understanding the detailed mechanisms of cell adhesion and
the establishment of signalling pathways is of particular importance in designing biomaterials

regulating cell phenotypes for tissue engineering and regenerative medicine applications.

ECM components such as elastic fibres, fibrillar collagens, glycosaminoglycans (GAGs) and
proteoglycans (PGs) provide the basic mechanical properties of the ECM.%* These mechanical

properties are some of the major cues that cells sense from the ECM. The translation of such
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mechanical cues into biochemical signals is a process termed mechanotransduction.>® The process
that cells use to sense the stiffness of their underlying substrates involve four steps: 1. cells begin by
generating thin protrusions (filopodia), probing the new environment into which they spread; 2. these
protrusions adhere to specific proteins of the ECM surrounding them; 3. cells exert forces to deform
the surrounding substrate via adhesion; 4. finally, by measuring the forces applied via a transduction
process, cells sense the stiffness of the area to which they adhere.” The entire process, which plays a
critical role in various cellular activities (including motility, morphological changes, proliferation,
differentiation and polarity formation, etc.) and pathogenesis of various diseases (including
cardiovascular diseases, osteoporosis and cancer, etc.),® and requires the involvement of the actin

cytoskeleton, focal adhesion and ECM (Figure 1.1).
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Figure 1.1. Schematic depicting the binding of the actin cytoskeleton to the ECM via integrin-
mediated formation of a focal adhesion complex.? Reprinted with permission from [Springer Nature
Customer Service Centre GmbH]: [Springer Nature] [Nature Reviews Molecular Cell Biology]
[Humphrey, J. D., Dufresne, E. R. & Schwartz, M. A. Mechanotransduction and extracellular matrix
homeostasis. [COPYRIGHT] (2014)



1.1.1 The Dynamic Process of Actin Filaments Assembly
Cell membrane protrusions forming at the leading edge of cells determine cellular morphology, and

play an important role in initial cell contact with a given substrate.®!° Since protrusions require the
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Figure 1.2 Schematic illustration of cellular migration and the role of different actin filament
structures.!? Reprinted with permission from [Springer Nature Customer Service Centre GmbH]:
[Springer Nature] [Nature Reviews Molecular Cell Biology] [Mattila, P. K. & Lappalainen, P.
Filopodia: Molecular architecture and cellular functions. [COPYRIGHT] (2008)

formation of actin microfilaments, it has been widely accepted that the formation of protrusions is
driven by actin polymerisation.'®!! Filamentous actin (F-actin) is known as the primary component cell
spreading and motility and in combination with other associated proteins it forms the actin

cytoskeleton which interacts with the ECM.2 Globular actin (G-actin) molecules are the constitutive
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subunits of F-actin, which assemble into F-actin at the front end and disassemble from the
polymerised filaments at the rear end. This polymerisation and depolymerisation process is known as
treadmilling, and allows the manifestation of cell-surface projections including dynamic structures
such as sheet-like wide area protrusions called lamellipodia and thin rod-like protrusions termed
filopodia (Figure 1.2) which form at the leading edge of cell.*?> Polymerisation of a single actin filament
has been measured to generate a force of 1 pN*3 while filament bundles generate a force of as much
as 300 nN.** With such significant protrusive forces generated by bundles of treadmilling F-actin, cells
are able to deform their membranes, pushing their leading edges forward, protruding in some areas

and retracting in others allowing them to explore new territories.™

1.1.1.1  Associated Proteins Regulating Filaments Assembly

This dynamic assembly and disassembly behaviour of actin filaments is regulated by hundreds of
accessory proteins including formin, profilin, a-actinin, fascin and filamin in the cytoplasm (Figure
1.3).1101216 These proteins normally bind to either F-actin or G-actin and permit cytoskeletal
structures to react once signals are received from the extracellular or intracellular environment. The
actin-related proteins-2/3 (ARP2/3), whose active configuration resembles the plus end of F-actin, can
accelerate actin assembly by initiating G-actin polymerisation onto a filament, bypassing the rate-
limiting step of filament nucleation upon the activation of Rho-type GTPases regulated by Wiskott-
Aldrich syndrome protein (WASP) binding.?%'” Similarly, formins can also promote actin nucleation
under the influence of Rho-type GTPases. Formins associate with the plus end of the filament to
sequester monomers once their autoinhibited conformation is relieved by Rho-type GTPases.1%1%16
The proteins thymosin and profilin compete in binding free actin subunits instead of filaments.
Monomers which bind to thymosin are in locked status and can neither associate with filaments nor
be hydrolysed, and in this way F-actin assembly is inhibited. Those monomers bound to profilin can
be readily bound to the formin homology-1 (FH1) domain at the plus end of the filament as the protein
occupies the binding site, facilitating the elongation of F-actin.}®'%1¢ Gelsolin and capping proteins

function as plus-end cappers of F-actin, terminating the elongation process and limiting the filament
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length.®® Cofilin, which binds to both actin filaments and actin subunits, is known as an actin
depolymerising factor which destabilises actin filaments by twisting the filaments tightly upon binding,
producing a consequent force that weakens the connection between the subunits, gradually
dissociating the monomers from the minus end.'® These proteins work jointly to control the

polymerisation and depolymerisation of actin filaments and consequently the treadmilling rate.
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1.1.1.2  Accessory Proteins Organised Actin Filament Networks

Actin filaments in cells exist in three forms: single filaments, meshworks (or isotropic gels) and
bundles.?® As mentioned above, bundle filaments generate forces orders of magnitude higher than
those produced by a single filament.®®>'* In order to respond to mechanical stimuli, the actin
cytoskeleton must form a network featuring mechanical integrity inside cells, which requires the
organisation of each individual actin filament into a single interconnected structure. Filaments formed
of different nucleating proteins differ in their higher-order structures: formins produce long and
straight filaments and thus form bundled networks whereas the ARP2/3 complex-generated networks
are weblike.*® Accessory proteins are classified as either bundling proteins or gel-forming proteins and
are known to assist in maintaining such structures. The gel-forming proteins, which typically feature
comparably elevated molecular weights and elongated structures, produce more flexible filament
webs.2% A typical example is filamin, which roughly clamps filaments together forming an actin gel to
extend cell-surface projection lamellipodia.” In contrast to gel-forming proteins, bundling proteins
are often small and globular, providing stiff connections to align filaments in parallel,>* with
examplesincluding fimbrin, a-actinin and fascin. Fimbrin, for instance, allows the formation of densely
packed filaments featuring restricted contractility. By contrast, a-actinin forms a loosely packed
network which allows the entry of myosin, a basic motor protein required for contractility, allowing
the network to condense.® Fascin is another bundling protein that cross-links F-actin at the ends of
stress fibres; it also prevents myosin entry as fimbrin does but it works alongside a-actinin to stiffen
the cytoskeleton at cell protrusions against the rearward flow of actin.?? Since fascin is strongly
enriched in established filopodia, its role in bundling the tip of filopodia has been widely

acknowledged.!%?

There are two common protrusions termed ‘lamellipodia’ and “filopodia’, the formation of which were
proposed by the dendritic nucleation model and the convergent elongation model respectively.®%3
Lamellipodia are seen as persistent protrusions over a substrate,'® the formation of which starts with
a WASP activated ARP2/3 mediated dendritic nucleation, followed by filament elongation and
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importantly termination via capping proteins binding to keep filaments short and of a common length.
However, filopodia which are recognised for sensory and exploratory functions are formed as a result
of the reorganisation of abovementioned dendritic network with a subset of uncapped filaments.*?
During this process, Ena/vasodilator-stimulated phosphoprotein (VASP) is believed to be the key
element which contributes to the anti-capping activity of the filaments, allowing continuous
elongation.**82 Other models such as the de novo filament nucleation model and the working model
have also been proposed for the formation of filopodia, though both suggested alternative nucleation
routes other than the ARP2/3 mediated dendritic nucleation highlight the important role of

Ena/VASP.??

1.1.2 Cell Adhesion via Integrin Mediated Focal Adhesions

Once lamellipodia and filopodia reach new areas, they must adhere to the substrate before a cell can
apply any force to deform it. Integrin-mediated adhesions — termed ‘focal adhesions’ (FAs) frequently
form at these sites. FAs are force-bearing protein complexes and serve as mechanical linkages
connecting the ECM and the actin cytoskeleton via integrins. FAs not only provide resistance against
the retrograde flow generated by myosin contraction but also convert such contractile forces into

traction forces to deform the ECM.

1.1.2.1 Integrins

Since the cytoplasm is an enclosed region isolated from the external environment by the cell
membrane, the interconnection and communication between the intracellular actin cytoskeleton and
the ECM relies on a transmembrane heterodimer, the integrin. There are at least 24 types of integrins
in human body all comprised of an a and a B subunit noncovalently bound to each other.?* The
intracellular portions of the subunits can adhere or detach from each other and the extracellular
portions can be either folded or extended, through which process integrins can be inactivated or

activated respectively. Such conformational change can be triggered via both inside-out and outside-
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in pathways, allowing an integrin to transmit and convert signals bidirectionally?* as shown in Figure
1.4. Each compatible combination of an a and a B subunit produces a different integrin, permitting it
to bind specific adhesive ECM proteins include FN, COL, LN and VN, conferring each integrin a different
adhesive role. For example, although both asB; and a,Bs integrins connect to FN, asP: integrin
determines the strength of the adhesion whereas a,Bs integrin enables mechanotransduction.?® A
peptide sequence of three amino acids - arginine-glycine-aspartic (RGD) - has particular affinity to
integrin heterodimers and has therefore been widely used for bioactive coating to promote cell
adhesion to various culture substrates. The intracellular domain of an integrin does not directly bind
to the actin cytoskeleton but requires a link in the form of intracellular proteins such as talin, vinculin
and a-actinin, which are called integrin linker or adapter proteins. Talin, which contains 2 F-actin-
binding sites and 11 vinculin-binding sites® is particularly important as a force bearing protein that
directly binds to the B chain initiating an outside-in response and inside-out activation which triggers

the assembly of FAs.?
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Nature Reviews | Molecular Cell Biology
Figure 1.4. Schematic illustration of integrin activation via outside-in and inside-out pathways.?®
(Reprinted with permission from [Springer Nature Customer Service Centre GmbH]: [Springer Nature]

[Nature Reviews Molecular Cell Biology] [Shattil, S. J., Kim, C. & Ginsberg, M. H. The final steps of
integrin activation: the end game. [COPYRIGHT] (2010)
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1.1.2.2  The formation of focal adhesions

The formation of FAs is initiated when an integrin binds to the ECM proteins at the protruding edge of
the cell, forming integrin clusters or nascent adhesion. Such initial clusters serve as a platform for the
tethering and polymerisation of F-actin.?”-*® By applying mechanical tensions to stretch FN, the cryptic
sites on talin are exposed, initiating the sequential recruitment of adapter proteins, including vinculin,
VASP, zyxin, and signalling proteins such as paxillin and focal adhesion kinase (FAK) to reinforce the
adhesion.>?*3% During this process, the originally small and short-lived nascent adhesions forming at

the leading edge of the lamellipodia gradually evolve into small (0.5-1 um in diameter) transient ‘dot-
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Figure 1.5. Schematic illustration of focal adhesion assembly, turnover and
maturation.**°Reprinted with permission from [Springer Nature Customer Service Centre
GmbH]: [Springer Nature] [Nature Cell Biology] [Choi, C. K. et al. Actin and alpha-actinin
orchestrate the assembly and maturation of nascent adhesions in a myosin Il motor-
independent manner. [COPYRIGHT] (2008)

like’ contacts (focal complexes) and then mature into FAs (3-10 um long and 2 um wide) at the ends
of stress fibres or actin bundles (Figure 1.5). FAs provide a more stable adhesion when associated with

actin molecules such as myosin,3%3! whilst the formation, maturation and disassembly of FAs are
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continuous and dynamic processes regulated by the balancing of actin polymerisation and actomyosin

contraction.3°

Myosin is a motor protein that participates in various cellular activities, including organelle transport,
mitosis, and cell locomotion.?? Based on the differences of their C-terminal tails and N-terminal
extensions, myosin has been classified into different classes, of which myosin Il is particularly
important for actin bundling and contractility.*®* Under a minor load, myosin shows a significant
increase in its affinity to actin. By interacting with actin filaments and sliding them in opposite
directions, myosin |l generates the contractile forces to deform the substrate and allows the
deformation of the cell membrane.* Myosin Il can also work as a mechanosensor, as the exposure of
talin’s cryptic sites is regulated by forces generated by the contraction of myosin 11> and cells no longer
respond to external forces once it has been inhibited by blebbistatin.> It has also been reported that
the maturation of a nascent adhesions and the speed of protrusion formation are dependent on the
activity level of myosin I, suggesting that myosin Il based contractility is related to adhesion formation,

although this mechanism is not yet fully understood.>*

1.1.3 Cell Measures and Responds to Mechanics via Signalling Processes

Cells can sense the underlying stiffness of a substrate if the counteracting forces they exert to deform
the substrate are measured. Since many proteins can extend due to force resulting in altered
conformations, functionalities or the kinetics of assembly and disassembly,? they can act as
mechanical sensors that convert mechanical signals into biochemical signals. FAs act as signalling hubs
that gather vast numbers of closely packed signalling proteins, and whose assembly and maturation
are regulated by forces,*®*” FAs are naturally regarded as mechanotransduction associated structures.
Figure 1.6 illustrates the proposed structure of an FA, including a first ‘integrin signalling layer’

comprising FAK and paxillin; a ‘force transduction layer’ comprising talin and vinculin and a final ‘actin-
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regulatory layer’ including zyxin, VASP and a-actinin. Such well-defined architecture reveals how

forces are transmitted from the ECM, through the cell membrane, up to the actin cytoskeleton.!
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Figure 1.6. Schematic illustration of the focal adhesion nanoscale structure.?*' Reprinted with
permission from [Springer Nature Customer Service Centre GmbH]: [Springer Nature] [Nature]
[Kanchanawong, P. et al. Nanoscale architecture of integrin-based cell adhesions. [COPYRIGHT] (2010)

As mentioned in previous sections, some proteins such as talin and vinculin have binding sites hidden
in the interior of bundles that are composed of several helices making them difficult to access. Such
cryptic sites can be uncovered once tension is applied to unfold the protein, thus triggering the
downstream binding processes which consequently translate the forces into biochemical
information.?>3* In addition to the exposure of cryptic sites, force-dependent phosphorylation is
another common process in translating mechanical signals. A typical example is the adaptor protein
p130Cas which connects actin and integrin. After being phosphorylated by Src family kinases, p130Cas
binds to several guanine-nucleotide exchange factors (GEFs) activating a series of downstream
signalling pathways. This phosphorylation process can be facilitated by mechanical stretching.3® A
concept called molecular clutch was proposed to describe these dynamic processes. This refers to the
linkage between the integrin-bound ECM and the actin cytoskeleton and a more engaged clutch will
more effectively transmit the described mechanical forces.3® When myosin contractility is countered
by a FA coupled to the ECM on a substrate with high elastic resistance, the retrograde flow of actin is
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restricted, hence there is an increase in the force loading onto the FA, triggering subsequent
downstream signalling including talin unfolding and vinculin recruiting or filament binding, which
enables mechanosensation.?*™*! In the case of softer substrates where the actin retrograde flow is not

restricted, talin does not unfold and the downstream signalling process ceases.

However research into this conformational change-based sensing system seems to be incomplete as
the frequency of applied cyclic stretch or compression can have major impacts as well, which cannot
be simply explained by this conformational change-based sensing system.”® For example, whilst
exposed to the same magnitude of stretch, gene expression in endothelial cells varies between steady
stretch and cyclic stretch?? and their alignment also changes when the frequency of the cyclic stretch
is altered.*® In fact, such mechanosensing processes are also dependent on the total duration rather
than solely depending on the strength of the force. For example, a force of 50 pN induces in talin a
conformational change within 25 ms, although 200 ms is required if only 20 pN of force is applied.*
This might be explained by the slip and catch bonds that commonly bind to actin and a-actinin, and
FN and integrin respectively. The existence of slip bonds whose lifetime can be shortened by forces
terminates the force transmission after a short time, resulting the lack of sensing of high frequency
forces. By contrast, more sensitive sensing can be achieved by catch bonds whose lifetime can be
expanded under tension.? In fact, in order to properly differentiate different level of forces, at least
two mechanosensory mechanisms with different properties are required. For example, in the case of
FN-integrin-talin binding, FN-integrin binding is a catch bond while talin unfolding is a slip bond, so
talin unfolding is only triggered when the applied force is above the threshold at which integrin binding

(catch bond) sustains longer than talin unfolding (slip bond).3°

Since the activation of an integrin is bidirectional, the signalling process between the actin
cytoskeleton and the ECM is bidirectional as well, and thus a cell can not only sense the extracellular
mechanical cues but also actively respond to them. Cells often generate mechanotransductory

feedback loops by regulating cytoskeletal and adhesion structures.?! For instance, mechanical stimuli
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activate the myocardin-related transcription factor pathway, which then upregulates the genes
encoding vinculin, filamin, actin etc., facilitating the generation of force-transmission pathways.
Moreover, cells align either parallel or perpendicular to applied forces in a frequency-dependent
manner under cyclic stretch. When the force application rate is faster than the remodelling rate of
load-bearing subcellular structures, there is an induction of perpendicular alignment as cells are able
to minimise stretching on these elements, whereas a higher remodelling rate enables cells to remodel
themselves without risk, thus inducing alignment parallel to the stress direction.?* Using similar
feedback loops, cells are also able to actively remodel the substrate which they inhabit. For example,
FN, an important ECM protein for cell attachment, also has cryptic sites in its structure. Once bound
by integrins, the forces that are generated by actin-mediated contractility trigger its self-association
process thus forming FN fibrils, stiffening the substrate.*>*® Similarly, a given cell is also able to
remodel COL fibres via integrin mediated actomyosin machinery to maintain and establish its
mechanical state. However, an increase in stress may result in continuous ECM stiffening which

ultimately leads to fibrosis.?

Through such complicated mechanosensory and menchanotransduction processes, cells are able to
regulate their fate in response to mechanical stimuli. For example, osteogenic differentiation is
upregulated when mesenchymal stem cells (MSCs) adhere to stiff substrates while adipogenic
differentiation is preferential on soft substrates.” It has also been reported that cells on more
compliant substrates with suppressed FAK signalling are more likely to undergo apoptosis.? However,
beyond sensation of bulk mechanical properties, an increasing number of reports propose that other
nanoscale physical cues may dominate in regulation of cellular phenotypes.*” It was reported that the
typical behavioural response of stem cells to the stiffness of silicone-based materials was not
observed, in contrast to observations typically made with acrylamide hydrogels with a range of moduli
from 0.1 kPa to 2 MPa. This was attributed to the differences in COL fibril anchoring densities
modulating the activation of the extracellular-signal-related kinase (ERK)/mitogen-activated protein
kinase (MAPK) signalling pathway.*® Similarly, del Rio et al. studied the spread of human foreskin
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derived primary fibroblasts cultured on surfaces coated with the RGD amino acid repeat sequence
with varied tether length, proposing the possibility of modulating cellular behaviour by simply altering
nanoscale tether length, as cell adhesion to RGD chains with longer tether length permits its integrin
unhindered movement, leaving the force transducer inactivated, thus triggering fibroblast behaviour
typically found on soft substrates (Figure 1.7).*° In this study, they identified the critical tether length
of fibroblasts falling between 40 and 200 nm, below which the substrate is analogous to a stiff
material, while triggering a cellular response similar to that caused by a soft substrate if longer.
Moreover, MSCs on soft nanofiborous mats and hydrogels also display a phenotype that is typically
found on stiff substrates, for instance wider spreading and osteoblast differentiation were observed
on the mats with high stress relaxation®® and hydrogels with more viscoelastic substrates,*!

respectively. All these findings suggest to us the possibility of culturing cells on softer materials

regardless of the bulk mechanical properties of the substrates.
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Figure 1.7. Proposed model to explain both rigidity and tether length sensing. (a) The integrin is fixed
with limited motility on a stiff ECM, whilst the actin pulls the force transducer forward. Once greater
than the trigger force (when time t=t;), the cryptic binding sites are exposed, initiating the subsequent
signalling pathway. (b) Cells on RGD with short tether experience a similar process, thus the short linker
is analogous to a stiff substrate. (c) Integrins on soft ECM is not hindered and can move freely as actin
moves forwards. The force transducer is subjected to a force lower than the trigger force, therefore
the following signalling is not triggered. (d) Cells on a long tether undergo the same process, thus the
long linker is analogous to a soft substrate.*
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1.2 Modulating Interfacial Physicochemical Properties to Regulate Cell Culture

The culture of adherent cells is typically thought to require cell spreading on rigid substrates to allow
the formation of stable focal adhesions and to enable actomyosin contractility.>? In this way, cells
establish mechanotransduction networks to convert extracellular mechanical signals into intracellular
biochemical cues, generating appropriate cell adaptative responses. However, recent studies
addressed the impact of nanoscale other than bulk mechanical properties in cell behaviour, making
interfacial physicochemical properties modulation particular interested in regulating cell behaviours.
Polyelectrolyte multilayers (PEMs) coating has emerged as a promising novel strategy to allow the
modulation of the interfacial physicochemical properties of the substrate. Moreover, PEMs present
additional advantages in terms of ease handling and cost-effectiveness, making them suitable for
routine cell culture applications. PEMs are a new class of polymeric nanomaterials typically displaying
thickness-dependent interfacial and mechanical properties such as noncovalent adhesiveness,
tuneable flexibility and molecular permeability.>® Although they have been used in various fields such
as electrochemical devices, chemical and nano-mechanical sensors, their quasi-two-dimensional
features are attractive for synthetically mimicking of the ECM which functions to promote cellular
organisation in vitro.>* In the field of biomedicine, PEMs have been widely used for wound dressing,
tissue engineering and health-care monitoring.>> Many technologies have been used for the
fabrication of such multilayers, including spin-coating,”® Langmuir-Blodgett method,>” Layer-by-Layer
(LbL) assembly>®* and sol-gel,®® etc. Apart from solid substrates, recent studies have also successfully
assembled protein PEMs at liquid-liquid interfaces, which have then been harvested via Langmuir-

Blodgett method,5%%3

and subsequently used for cell culture. Understanding the mechanism through
which polyelectrolytes (PELs) assemble and adsorb at interfaces is crucial to design proper PEMs for

biomedical application.
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1.2.1 Self-Assembled PEMs at Interfaces

1.2.1.1  Mechanism of PEL Self-Assembly at Interfaces

For cell culture purposes, ECM molecules including structural proteins and polysaccharides are
commonly used for the build-up of PEMs. The adsorption of these molecules at the surface of
substrates is a multistep process involving molecule diffusion, adsorption and conformational
changes.®*7! It starts with molecules transferring from the bulk phase to the surface, induced by
diffusion or external forces such as gravitation. These molecules then adsorb to the surface or pre-
adsorbed layer under the influence of electrostatic and van der Waals forces. Subsequently, these
molecules, especially proteins, undergo a conformational change, immobilising at the surface as a
result of interactions led by hydrogen bonding and surface roughness, etc.” Depending on the
selection of the PELs, PEL concentration, solution temperature, pH and ion strength, the resulting
PEMs can be very different. The modification of such parameters can be used to control the process

to obtain a particular PEM with defined physicochemical properties.

Since the charge and conformation of weak PELs are easily affected by the pH values during the
assembly, the pH adjustment has often been used to better control the nanosheet structure and
formation. For example, poly-L-lysine (PLL) undergoes a conformation transition from random coil to
a-helices and B-sheets at high pH.®®7277% |t has been widely accepted that PELs exhibit greater
adsorption at or near the isoelectric pH as a result of minimised electrostatic repulsion between
molecules.”® Since pH controls the linear charge density of the adsorbing and adsorbed PELs, the
thickness of the nanosheets can be tailored by the pH as well, indeed the thickness tends to increase
when the pH is close to its pKa value during adsorption.”® In Shiratori and Rubner’s study, the thickness
of poly(acrylic acid) (PAA) and poly(allylamine hydrochoride) (PAH) paired PEMs’ thickness can be
adjusted to a range between less than 1 nm to more than 12 nm under different pH.”® In light of the
pH-dependant nature of PEMs, their thickness would inevitably affect the mechanical properties of
the PEMs. With the same PEL pairs, Thompson and colleagues obtained PEMs adsorbed surfaces with

stiffness ranging from 200 kPa to 142 MPa.”’ Similar to pH, the ion strength of the solution affects the
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ionisation of the weak PELs and consequently the PEM thickness and mechanical properties.”®
Chitosan (CHI) is a weak polycation commonly used for the study of the impact of ionic strength on
PEL assembly. The thickness of CHI-containing films is increased as a consequence of a higher ionic
strength, while a loss of pH sensitivity and improper PEM formation were also observed at very high
ionic strengths.”®8% The authors of these studies attributed these effects to the decreased charge

density of CHI under high ionic strength.

In addition to changing the properties of PEL solutions during assembly, modifying the surface of
substrates that PELs adsorbed to can greatly impact the PEMs formation as well. As shown in Figure
1.8, the adsorption of PELs can be influenced by the chemistry, topography, roughness and wettability
of the surface.” Self-assembled monolayers (SAMs) are commonly used to investigate the kinetics and
amount of PEL adsorption on surfaces with different chemistries.® When PELs are deposited to —CHj,
—NH,, —COOH or —OH terminated SAM:s, it is not unexpected to find that the largest adsorbed mass
was achieved on the surface with ionised groups of the opposite charge to the PEL. For example, —
NHs*and —COO" attract the highest amount of polyanions and polycations, respectively.®*#2 Apart from
electrostatic surfaces, the PELs can also adsorb to non-electrostatic surfaces and even to
electrostatically repulsed surfaces. Such process is driven by non-electrostatic short-range forces such
as hydrogen bonding, van der Waals forces and hydrophobic forces, among which hydrophobic force
is the most pronounced as mass PEL adsorption was found on —CHs terminated SAMs.8%82 The
hydrophobic force induced conformational change is an important step for the adsorption of those
PELs with complex structures like proteins. During this process, PEL tends to unfold irreversibly at the
hydrophobic interface, exposing its non-polar domain that is normally hiddenin its natural state. This
can also lead to intermolecular interactions at high PEL density, resulting in different interfacial
mechanical properties, especially at liquid-liquid interfaces. By using different oil subphases,
Bergfreund and colleagues obtained liquid interfaces with different hydrophobicity and found that
more hydrophobic interfaces led to faster and more oriented adsorption of B-lactoglobulin, resulting
in a more viscoelastic protein network at the interface. Interestingly, they also found that polar
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interfaces decelerated protein unfolding and consequently form softer nanosheets, which were
resulted from the strong integration of the polar group in the oil and the hydrophilic surface of B-
lactoglobulin.® Studies also revealed that protein conformation can also be altered by surface
topography including surface curvature, nanopattern and roughness.”>®*8> However, owing to the
different characteristics of each individual protein, the impact of surface topography can be very
different. Taking a globular protein bovine serum albumin (BSA) and a rod-shaped fibrinogen as an
example, the increase of surface roughness (root-mean-square roughness from 2.0 to 32.9 nm) seems
to induced a massive increase of fibrinogen adsorption but had little effect on BSA adsorption;®® while
the surface curvature with radii less than 30 nm resulted in a greater secondary structure loss of

fibrinogen but maintained the native conformation of BSA.%

6 Fibrinogen
L]

Figure 1.8. Schematic illustration of materials surface properties affecting fibrinogen adsorption.”
Reproduced with permission. Copyright 2017 WILEY-VCH Verlag GmbH & Co. KGaA, Weinheim.
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1.2.1.2  PELs Coupling at Liquid-Liquid Interface

Peptides and proteins containing less amphiphilic amino acids such as and arginine®” are less likely to
undergo conformational changes when adsorbed to substrates. In such cases, the interface between
hydrophilic and hydrophobic liquids can be used to combine hydrophilic PELs with hydrophobic
reaction partners, performing reactions that are impossible in homogenous solutions, thus supporting
the formation of PEMs at liquid interfaces.® Interfacial reactions have been widely used in the field of
polymer chemistry, for example, Nylon polymers, which also have repeating units linked by amide
bonds like peptides and proteins, were firstly synthesised via interfacial polycondensation.®® Since
then, a large variety of diamines and diacid chlorides with different structures such as aliphatic,
alicyclic, or aromatic, short- or long- chains were investigated for the synthesis of polyamides via
interfacial polycondensation at interfaces between water and different oils.®”#® These works inspired
the introduction of oil soluble acid chlorides to form amines with peptides and proteins from aqueous
solutions and effectively pin those less hydrophobic domains at the interfaces, inducing subsequent
conformational changes. However, as the acid chloride is rather vulnerable to hydrolysis, the
competition between the hydrolysis and the amidation is an important factor to take into account
during the whole process.®® We investigated the impact of such acid chloride on BSA nanosheet
assembly at interface between fluorinated oil and PBS.*”? Additionally, we used the acid chloride for

the generation stiff and stable nanosheets of less hydrophobic polypeptides, PLL.%°

In addition to assisting PEL adsorption, these low molecular weight reagents can also induce PEL
reorganisation at the interface. During such process, surfactant molecules compete with proteins for
the interfacial area at high concentrations by penetrating into the defects between proteins at the
interface, disrupting the protein network and weakening the interaction between proteins. In the case
of non-ionic surfactants, the surfactant forms a surfactant-rich domain displaying greater surface
pressure than the protein-rich domain, displacing proteins further from the interface. Whereas in the
case of ionic surfactants, the surfactant compensates the protein charges until a net zero charge is
reached, after which the surfactant continuously couple to the protein via hydrophobic forces,
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forming a surfactant-protein complex at the interface, making the protein more hydrophilic and
subsequently disassembling it from the interface.’®® However, protein nanosheets with higher
interfacial shear viscosities resulted from higher levels of protein denaturation and interaction
between proteins are more sustainable to such surfactant-led displacement.®? On the other hand,
surfactants can also function as a template inducing the crystallisation of PELs at liquid interfaces.
Surfactant molecules organise or crystallise at the interface, coupling to PELs chain via either hydrogen

bonding or ionic bonding, giving rise to its supramolecular assembly.%*%

1.2.2 Layer-by-Layer Assembled PEMs Modulate Cell Culture

The LbL method (Figure 1.9) involves the repetitive and alternative deposition of oppositely charged
PELs driven mainly by electrostatically interactions.***#> The LbL method is particularly indicated for
the assembly of biomedical PEMs as it allows a variety of biochemical PELs such as ECM proteins and
polysaccharides to be integrated into the structure, and the properties such as thickness, roughness
and surface chemistry can be precisely controlled.®® Via this process, those biochemical molecules are
assembled on either solid or liquid substrates, which are then for cell culture, tissue engineering and

drug delivery among other biomedical applications.
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Figure 1.9. Schematic illustration of LbL assembly. (A) flat film mode and (B) colloidal mode.®’
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1.2.2.1  PEL Pairings for Cell Culture

LbL assembly is typically led by a reversal of interfacial charge to allow the adjacent oppositely charged
PELs to adsorb.®® Parameters that influence the assembly of nanosheets include the selection of PEL
pairs, the ionic strength and pH of the polyelectrolyte solution. For example, pairs that prefer assembly
by intrinsic compensation are more likely to form thinner, less permeable films;*>'® high salt
concentration is favoured to coil PELs and thus produce thicker layer; pH can affect the conformation
and charge of the PELs assembled thus leading to the reorganization of the PEMs.'1%2 To assemble
PEMs with controlled physicochemical properties and structure, these factors must be taken into

consideration.

As mentioned in the previous section, ECM is a network of proteins and polysaccharides providing the
necessary mechanical and chemical stimuli for cell adhesion, which eventually regulates cell
behaviour. Therefore, ECM components such as FN, COL, hyaluronic acid (HA), chondroitin sulfate
(CHS), gelatine and heparin (HEP) are necessary when preparing nanosheets for cell culture
applications. Although these natural PELs are advantageous in mimicking cellular microenvironment
and offering excellent bioactivity, the batch-to-batch variation and limited pH and ionic strength work
range are issues for wider applications.”® In addition to these natural PELs, some synthetic polymers
with more choice of chemistries and structures are also used, those commonly applied in biomedical
application include positively charged PLL, poly(ethylene imine) (PEl) and negatively charged
polystyrene sulfonate (PSS) because of their biocompatibility and capacity of conjugating with
bioactive molecules.'®*!% Due to the large varierty of biocompatible PELs available, different PEL

pairings result in very different assembly mechanisms and material properties.

HA is the only non-sulfated glycosaminoglycan in ECM, it has shear dependent viscoelasticity, which
makes it perfect for lubrication. It is known to bind CD44 receptor in chondrocytes,'®® acting both as a
structural element as well as a signalling molecule in the ECM.% Paired with PLL, they form a PEM

frequently used to promote cell adhesion. By conducting atomic force microscopy (AFM) tests, optical
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waveguide lightmode spectroscopy (OWLS) and dissipation enhanced quartz crystal microbalance
(QCM-D), C. Picart et. al.2® monitored the absorption process and revealed that the assembly of
HA/PLL nanosheets occurs in a two-step manner, where the polyelectrolytes form isolated but
homogeneous islands at the initial stage, and once the continuous film is formed, an exponential
increase of the film growth is observed. This was explained as a result of the PLL chains within the
interior of films during the PLL treatment being able to diffuse out and further enable contact with the
HA solution during the HA treatment. In a study showing PLL coupling with structurally similar but
different in charge density PELs, namely, HEP, CHS and HA, the exponential growth was found on less
charged PELs (CHS, HA), suggesting that such growth mode is charge density dependant.”® Such
exponential growth has also been reported for COL/HA paired nanosheets, and explained by the same
mechanism.>® In the case of PLL/FN pairing, FN experiences a conformation change during its assembly
on PLL, with an increase of B-strands and a decrease of random domains and B-turn. Together with
the observation of larger, globular island-like structure via scanning electron microscopy (SEM), these

results suggested an enhanced FN-FN interaction and possibly FN fibrillogenesis in PLL/FN pairing.®

Apart from coupling with cell adhesion proteins such as FN, VN, COL and LN, synthetic PELs may also
be presented as the final layer of the nanosheets for cell adhesion. The positively charged final layer
seemly attracts negatively charged cell membranes. However, in many cases, the majority of cells
prefer negatively charged PELs as it helps maintaining Na* that keeps cell hydrated and promotes the
retention of negatively charged growth factors from serum and medium. For instance, hepatocytes
and smooth muscle cells (SMCs) were found attached to nanosheets ending with negatively charged
PSS but not to the positive poly(diallyldimethylammonium) chloride (PDAC) terminated in a PSS/PDAC
pair.1%17 Similarly, in the case of PSS/PAH pair, PSS-terminal layer promoted proliferation and
differentiation of C2C12 skeletal muscle cells.’®® Moreover, with positively charged CHI as the outmost
layer, different polyanion sublayers can also cause very different cell behaviours. Although MSCs
displayed similar adhesion and spreading properties on GEL/CHI, HEP/CHI and HA/CHI PEMs,
differences in MSC osteogenesis on these PEMs were observed when culturing in differentiation
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medium as osteogenesis was promoted on HEP/CHI and HA/CHI PEMs but inhibited on GEL/CHI
PEM.2% This result was explained by the low adhesive of HEP and HA that allowed MSCs to migrate

and aggregate into an osteogenesis-favoured 3D-environment.

1.2.2.2  Multilayers Stiffening
In the case of HA/PLL nanosheets, it has been reported that sometimes such PEMs do not necessarily

support cell adhesion and proliferation,?®:110-113

even when using pre-adsorbed adhesive proteins such
as FN.? The stiffness of the native HA/PLL nanosheets was pointed as the cause of such observation
at it was found to be too low to support cell adhesion and proliferation.®® Similar findings have also
been reported for other polysaccharides assembled PEMs such as COL/HA.>® Several approaches have
been developed to increase the stiffness of multilayers, among which chemical cross-linking is the
most frequently used. Cross-linked via the formation of amide induced by a water soluble
carbodiimide (EDC) in combination with a N-hydroxysulfo-succinimide (NHS), the once viscoelastic HA-
containing films become rigid and highly resistant to hyaluronidase.'** By changing the concentration
of EDC, up to two orders of magnitude (from 3 to 400 kPa) increase in the Young’s modulus was
observed.!®® Chondrosarcoma cells, '3 C2C12 myoblast!® and MSCs'*? successfully adhere and
proliferate on such stiffened surfaces. Photo cross-linking is another alternative to modify the PEM
mechanical properties after assembly. Such strategies require photoreactive groups such as p-

)1* and vinylbenzyl (VB)*® to be inserted or grafted to one of

diazonium diphenyl amine polymer (PA
the PEL building blocks. The increase of the photoreactive groups lead to more intense cross-linking
and therefore more rigid multilayers. Even though, in the case of PLL/HA-VB, the maximum stiffness
reached after being cross-linked by UV-irradiation remains significantly lower than chemically cross-

linked due to limited linkages only provided within HA by photo-cross-linking other than between HA

and PLL by chemical cross-linking.”®

Although cross-linking has significantly increased the stiffness of the PEMs, it also reduces the motility

of the polymer, prevents the film from incorporating bioactive agents and inhibits the biodegradation
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of the film.%® Another option to stiffen nanosheets is the combination with synthetic materials which
are normally more charged and more flexible than their natural counterparts.’”® For example, PSS/PAH
nanosheet has a Young’s modulus of up to 100 MPa.*® Upon depositing onto PLL/HA nanosheets, PSS
can penetrate into the multilayers and greatly enhance the elasticity and viscoelasticity.'’:118
Progressively increasing PSS/PAH pairs in the system gradually stiffened the PLL/HA multilayers and
enhanced the adhesion of kidney epithelial cells.'*® Similarly, the deposition of PAA on CHI/HA
multilayers can destroy the soft diffuse matrix of HA by intercalating in the multilayer, making the
exponential growth of the multilayers become linear, significantly increasing the mechanical
strength.’®® Incorporating nanoparticles into the PEMs is another effective way for nanosheet
stiffening, commonly used examples include gold nanoparticles (AuNPs), montmorillonite and carbon
nanotubes, which can increase the Young’s modulus as much as two orders of magnitude compared
to substrates purely stiffened with PELs.'?° By depositing negatively charged AuNPs on the HA/PLL
surface, Dmitry V. Volodkin’s group®® was also able to stiffen the nanosheet more than an order of
magnitude (from 80 kPa to 1000 kPa, Figure 1.10). This is due to AuNPs clustering on the surface,
exceeding the threshold of AuNPs percolation at the interfaces. In such situation the nanoparticles act

as cross-linkers, stiffening and roughening the interface and promoting fibroblast adhesion but

without affecting the motility of the polymers.

hyaloronic acid
S poly-I-lysine

80 kPa 1000 kPa

Figure 1.10 General scheme of adding AuNPs on HA/PLL film resulting in cellular adhesion.%®

Reprinted with permission. Copyright (2012) American Chemical Society.
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In addition to nanoparticles, there has been an increasing number of works focused on graphene oxide
(GO) because of the ability of this nanomaterial to influence cellular behaviour, such as adhesion and
differentiation.'?! Graphene and its derivatives, which are two-dimensional monolayer of sp2-bonded
carbon atoms with fascinating mechanical properties, have broadened their applications to the
biomedical field. Compared with graphene, GO induces higher protein absorption and is less likely to
denature native proteins,’?! thus it favours cell proliferation. With PLL/FN absorbed on the GO
nanosheets, Yilei Zhang’s group found that such films are an excellent cell culture substrate for MSCs
as a result of the increased stiffness and high surface roughness provided by GO.'?? Similar findings
were also reported by Wei Q et.al.?®> who found that the elastic modulus of nanomaterials could be
increased by 1.81 fold if a layer of GO is deposited in 10 PSS and PAH paired bilayers, and such increase
in elastic properties was found to promote the adhesion and proliferation of NIH-3T3 fibroblasts,

which displayed increased spreading areas and better organised adhesions on the GO-based PEMs.

Instead of stiffening nanosheets via the introduction of covalent or non-covalent molecular assembly,
fibrilisation of COL can stiffen the substrate as well. As the most abundant protein in tissues, COL has
a triple helix structure which provides mechanical support in the ECM.**> The diversity of polypeptide
chains allows the triple helix structure to be built from different building blocks thus producing
different types of COL. Among these, type | COL, classified as fibrillar collagen, can assemble into
higher-order polymer networks known as COL fibrils and subsequently aggregate into COL fibers. Type
| COL is the most abundant COL in human body and the key structural component for load-bearing
tissues such as bone and tendons.?* It has been reported that the concentration of COL is crucial for
cell spreading. For example, fibroblast spreading is proportional to the COL density at the beginning,
the relationship is however reversed beyond a certain concentration.'? Paired with HA and incubated
in PBS at 37 °C for 12 h, type | COL forms several large fibrillar structures.®® During this process, 56%
of the HA has been found dissociated from the multilayers just two hours after incubation, leaving
COL molecules without polyanions to act as binders, an important parameter proposed to closely
regulate the thermodynamic self-assembly of COL molecules into the long fibrils assembled.>® In
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comparison with non-fibril COL/HA multilayers, the elastic modulus of the fibril multilayer is three-
fold greater. It is also associated with more elongated fibroblasts, observed on fibrous multilayers
compared to the non-fibrous counterparts. Such cell adhesive properties can be easily tuned by

changing the content of HA and COL fibrils.*®

1.3 Generation and Stability of Emulsion

The physicochemical properties of interface clearly play an important role in regulating cell behaviour
at interfaces. Although most of the studies reviewed above were made on solid-based interfaces,
some encouraging progress has been made recently in the field to develop more adaptive interfaces
for cell culture purposes, such as liquid-liquid interfaces.*”->261.6289.126-125 4awever, due to the fluidity
of liquids, the modulation and characterisation of the physicochemical properties of the PELs
assembled multilayers at the liquid interfaces are not as straightforward as the characterisation of
solid interfaces. Emulsions are often employed to characterise such liquid-liquid interfaces, and the
stability of the emulsion is often regarded as a reflection of the interfacial properties. In this section,

factors that affect the generation and stability of emulsions are reviewed.

1.3.1 Generation of Emulsions

An emulsion is a mixture of two immiscible liquids with one of them dispersed in the other, depending
on which liquid is the continuous phase, emulsions are classified into either oil-in-water (O/W) or
water-in-oil (W/0O) emulsions. The process of generating emulsion is termed emulsification, involving
the introduction of shearing energy into the system to overcome the interfacial tension that keep the
liquids phase separated at the thermodynamically most stable state. The thermodynamic properties
of emulsions are described by a Gibbs free energy equation derivation (Equation 1), where AG
represents the free energy of emulsification, y is the interfacial tension, A is the interfacial area, Tis

temperature and AS is entropy of mixing.
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AG = yA — TAS Equation 1

Spontaneous formation only occurs when the value of AG is negative, given the fact that the value of
the configurational entropy (TAS) is much smaller than the value of the interfacial free energy (yA) in
most of the emulsions, spontaneous formation is almost impossible. To aid in the formation of
emulsions, surface reactive agents are introduced to lower the interfacial tension. Applying agitation,
such as vigorous and high shear mixing, to introduce shearing energy as well as increase entropy are
commonly applied processes for the formation of emulsions. The closer the value is from positive to

zero, the easier the emulsification will be.'*°

1.3.1.1 Role of Agitation

As mentioned above, the two immiscible liquids stay phase separated as it minimises the contact area
between two phases, minimising the free energy. The most thermodynamically stable status as such
is maintained by the interfacial tension at the interface between two liquids. The generation of
emulsion starts with an agitation process, breaking up one of the liquid phases into droplets. To do so,
the disruptive forces introduced by agitation must be higher than the interfacial forces that hold the
droplets together. In a perfect spherical droplet, the interfacial force is characterised by the Laplace
pressure (Equation 2), where AP is the pressure difference between the outside and inside of the
droplets, ris the radius of droplets and y is the interfacial tension.!! As it suggests, higher interfacial
tension would result in larger droplets, and larger disruptive forces would be needed to generate
smaller droplets. Apart from the disruptive forces, the duration of the forces being applied is also
crucial for the formation of emulsion. It has to be longer than the droplets deformation duration to
enable successful emulsion forming. The deformation duration (7) is the defined as the ratio of oil

viscosity (1) to the external stress (o) acting on the drop as shown in Equation 3.132%3

AP = ZT—Y Equation 2

Q=

Equation 3
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1.3.1.2  Role of Emulsifier

In addition to increasing entropy, the breakdown of droplets also significantly increases the surface
area by creating smaller droplets. According to Gibbs free energy equation derivation (Equation 1), an
increase in surface area would lead to an increase in AG, which is detrimental to the stability of the
emulsion. Thus, the high frequency of collision during agitation may lead to coalescence, so the
presence of emulsifiers would be necessary to avoid such coalescence. The emulsifiers adsorb at the
interfaces between liquids, forming structured interfacial films and stabilising the emulsion via either
long-ranged electrostatic repulsion or short-ranged steric repulsion. The concentration of the
emulsifier must be sufficiently high to cover the whole surface of the emulsion, and the adsorption
speed must be fast enough to modify the interface before collision.’** As mentioned in the previous
section, the amphiphilic characteristics of proteins allow them to strongly adsorb at the interface

135137 and drug delivery®® as

between water-oil and thus has been widely used in food industry
emulsifiers in stabilising O/W emulsion. In light of the role that polysaccharides play in increasing the
viscosity of continues phase to slow down the destabilisation process,'*® there has been growing
interests in developing polysaccharide—protein complexes as emulsifiers. Depending on how
polysaccharides and proteins are complexed, three classes have been identified including naturally-
occurring complexes, Maillard conjugates, and electrostatic complexes.’® Among which, the
naturally-occurring complexes offer very limited choices, gum Arabic is by far the most commonly
used due to its ability to form thick interfacial multilayers.13>138140.141 Other natural complexes have
been reported including pectin'*? and corn fibre gum,®*° meanwhile, attempts have also been made
in developing gum Arabic alike polysaccharide—protein conjugates via Maillard reaction.’®® The
Maillard reaction is a series of non-enzymatic browning reaction between reactive carbonyl groups of
reducing sugars and nucleophilic amino groups of amino acids. Ever since it was first developed in
1912, it has been thoroughly investigated for its emulsifying potentials.'39143-14¢ From which, Maillard

7

reaction products (MRP) such as dextran-ovalbumin conjugates!*’ and B-lactoglobulin-dextran

conjugates,*® successfully brought more enhanced emulsion stability than their purely native proteins
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counterparts emulsified. However, the complicated reaction process and long reaction time are the
issues for further application. In such concern, LbL assembly of polysaccharide—protein electrostatic
complexes is a simpler and more controllable method, as previously described in 1.2.2. Given that
most proteins and polysaccharides are PELs and would perform very differently under different pH,
ionic strength, temperature, and etc. they would result in very different surface coverages and layer

thickness — leading to emulsions with different stabilities.!3714°

Since most emulsifiers are also amphiphilic, they also work as a surface active agent (surfactant),
lowering the interfacial tension to compensate the increased surface area during emulsion formation
and decelerate the increase of Gibbs free energy. In addition to proteins and polysaccharides, low
molecular weight surfactant alone can function as emulsifiers as well. Compared to ionic surfactants,
non-ionic surfactants are favoured for their stability, compatibility, and formulating flexibility as well
as their inertness to ionic ingredients. Although these low molecular weight surfactants are more
effective in reducing surface tension, they are unable to provide strong repulsion to prevent
coalescence. Instead, they stabilise emulsion via Gibbs-Marangoni effect.'3” During the collision of two
droplets, insufficient surfactant concentrations result in a concentration gradient and consequently
an interfacial tension gradient at the surface of droplets. Less surfactant molecules are available at
the region that droplets are close to each other, thus has higher interfacial tension in such area. The
tension gradient results in the aqueous solution moving toward regions where interfacial tension are
higher, driving the droplets away from each other. Although experiment is necessary to determine the
optimum surfactant for a given system, the Hydrophilic-Lipophilic Balance (HLB) method is frequently
used to select non-ionic surfactants. HLB value, calculated from the surfactant molecule structure or
experimental data, is an important parameter to characterise the amphiphilicity of surfactants. High
HLB values represent higher hydrophilicity while low HLB values represent higher hydrophobicity, and
are favoured for the stabilisation of O/W and W/O emulsions, respectively, according to the Bancroft
rule.’®11 For instance, hydrophilic Tween and lipophilic Span are two commonly used non-ionic
surfactants respectively for O/W and W/O systems.? By blending different surfactants together, a
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wider range of surfactant options can be obtained, whose HLB values are determined by the

corresponding weigh fraction (x) and HLB values of the components as shown in Equation 4.133152

HLB = x{HLB; + x,HLB, Equation 4
Apart from these abovementioned classical emulsifiers, another recently and commonly used choice
is solid particles, by which the stabilised emulsion is referred as Pickering emulsion. Although the
impact of solid particles on interfacial tension remain in doubt, the particles can stabilise emulsions
by providing significant steric hindrance. Due to the larger size of the particle, it is more likely to form
much thicker interfacial films than those classical emulsifiers and provide the most effective
protection to coalescence.’®® However, others suggest otherwise as Tcholakova and colleagues’
finding indicates no difference in stability was found among emulsions stabilised by globular protein,
surfactant, or particles.’?® The adsorption of particles to the interface depends on its hydrophobicity.
It stabilises O/W and W/O emulsion when the contact angles is more than 90° and lower than 90°,
respectively.™ Commonly used particles include silica, latex particles, polystyrene, metal oxides with
sulphates, clays, and carbon, etc.’® The presence of surfactants can modify the hydrophobicity of the
particles. Some studies have been trying to combine surfactants with particles to make use of the
advantages in emulsion stabilisation. Some progress has been made on such mixed-emulsifiers with

156-158 For example, when Span®80 is added in silica particles stabilised

enhanced emulsion stability.
water-in-paraffin oil emulsions, the resultant emulsions retain a longer stability and a narrower size

distribution than emulsions prepared by the surfactant or the particle alone.*®

1.3.2 Stability of Emulsions

An emulsion is a thermodynamically unstable state owing to its natural tendency for minimising its
interfacial energy, thus property changes would sooner or later occur.'® The emulsion stability is a
kinetic stability, the longer the emulsion can maintain its properties, the more stable the emulsion is.

Physical instability causes size distribution or structural reorganisation including creaming and
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sedimentation, flocculation, coalescence, phase inversion, Ostwald ripening and ultimately complete
phase separation (Figure 1.11).133159160 Tg address the problem and provide long-term stability of
emulsion, the mechanism of physical instability needs to be understood. However, chemical instability

involving chemical changes such as oxidation and hydrolysis will not be discussed here.
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Figure 1.11. Schematic illustration of demulsification and instability of oil-water emulsion.*?

Reproduced with permission. Copyright 2013 WILEY-VCH Verlag GmbH & Co. KGaA, Weinheim.

1.3.2.1 Creaming and Sedimentation

Emulsions are made of two immiscible liquids that generally have different densities. Upon applying
gravitational or centrifugal forces, the emulsion droplets tend to either cream at the top or sediment
at the bottom of the emulsion, depending on the density differences. Creaming and sedimentation
are not an actual breaking of the emulsion but a phase separation, the rate of which is determined by
the density differences between two phases (Ap), radius of the dispersed phase droplet (R) and
viscosity of the continuous phase (1) as calculated by Stokes’ law (Equation 5, g is the acceleration
due to gravity). Although the law is only applicable to diluted emulsions, it indicates potential
pathways to slow down such emulsion instability. Possible solutions include minimising the density
difference between two liquids by adding weighting agents in the lighter phase or using emulsifiers of

different densities to vary the density of droplets; reducing the droplet sizes by introducing more
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vigorous agitation or more concentrated emulsifiers, and increasing viscosity of the continuous phase

with thickeners or gelling agents. 133161

__ 2ApgR?

Equation 5
Mo q

Vo
1.3.2.2  Flocculation
Flocculation is a type of aggregation where droplets stick to each other while each droplet keeps its
own identity.’331%% As mentioned above, in the formation of emulsions, droplets are surrounded by a
thin layer of the continuous phase between droplets, which acts as a barrier preventing droplets from
aggregation. To break up such barrier, a certain level of energy is required. Flocculation always occurs
unless the energy barrier is significantly strong. Flocculation is normally driven by the van der Waals
attraction when droplets are close to each other.® Although flocculation is reversible by mixing the
emulsion again, severe flocculation can ultimately lead to phase separation of either creaming or
sedimentation, as larger floc are subject to more gravitational effect.'>>%! Some mathematical models
have been developed in predicting the influence of flocculation over emulsion stability in literature. 6
84 To manage the extent of flocculation, one of the choices is regulating steric, electrostatic and
hydrophobicinteractions between droplets. For sterically stabilised emulsion, it is necessary to ensure
complete and thick coverage of the droplets by the emulsifiers and strong attachment of the
emulsifiers to the droplets and it is also crucial to maintain the stabilising chain of the emulsifiers in
good solvent conditions to avoid poor solvency. In the case of electrostatically stabilised emulsion that

is easily sabotaged by electrolytes, keeping high surface potential while keeping the electrolyte

concentration and ion valency low is important.!33

1.3.2.3  Coalescence

Apart from flocculation, coalescence is another form of aggregation of droplets, but it is a non-
reversible process. Coalescence is the merging of two or more droplets into a larger droplet that
ultimately leads to the separation of two immiscible liquid layers. The mechanism of such emulsion

failure mainly results in the thinning, disruption and eventual rupture of interfacial membrane — the
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cause of which is complicated and depends on the properties of the liquids and emulsifiers. For
example, coalescence increases when the viscosity of the interface or continuous phase is decreased,
or the emulsion is agitated. In order to prevent coalescence, droplet contact and interfacial membrane
rupture need to be minimised or avoided.®® The introduction of mixed-emulsifiers such as the mixture
of polysaccharide—protein complexes, low molecular weight surfactants, and nanoparticles that
adsorb to the surface of droplets forming a mechanically strong, thick, and viscous layer as well as
providing steric or electrostatic hindrance is a possible way to address this issue. Moreover, generating

smaller emulsions also helps as smaller droplets are less susceptible to surface fluctuations.'

1.3.2.4 Ostwald Ripening

Ostwald ripening is another merging of emulsion droplets, appearing as the growth of larger droplets
at the expense of smaller droplets. This process is driven by the difference in solubility among droplets
of different sizes as smaller droplets are subjected to higher Laplace pressures (Equation 2) thus have
higher solubility.'3%!33 |n light of that, the Ostwald ripening can be at least slowed down by narrowing
the size distribution of emulsion to a slightly larger size. However, as mentioned above, larger
emulsion would also increase the potential of flocculation and coalescence. A better alternative is to
reduce the solubility of the dispersed phase by selecting less water-soluble oils. For example, use
hexadecane instead of decane can effectively reduce the rate of Ostwald ripening. Moreover, many
studies suggest that the rate of Ostwald ripening is determined by interfacial tension and diffusion
coefficient of the dispersed phase.!3%132.1%¢ Therefore by introducing protein or polysaccharides-based
biopolymers will not only lower the interfacial tension, but also provide a mechanical resistance to
droplet deformation, inhibiting the ripening.!*® The stability can be increased further by cross-linking

the biopolymers or recruiting biopolymer multilayers via LbL methods.167-16°
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1.4 Microcarriers-based Bioreactors for in vitro Cell Expansion

Human stem cells such as embryonic, induced pluripotent and mesenchymal stem cells are favoured
for cell therapy because of their intrinsic immunologic properties and multi-lineage differentiation
potential.!’® For examples, embryonic stem cells (ESCs) have been investigated for retinal pigment
epithelial (RPE) transplantation?’* and for treatment of spinal cord injury,'’? Induced pluripotent stem
cells (iPSCs) have been utilised as models for disease tracing such as Parkinson's, Alzheimer's and
Huntington diseases,'”> MSCs have been tested for acute graft-versus-host disease (GVHD),
cardiovascular repair, bone and cartilage disease.'’* To fulfil these purposes, a large amount of cells
would be needed, for instance, a dose ranged from 0.23 to 9 million MSCs per kilogram body weight
were required per infusion for the treatment of GVHD.'>'7® Since most stem cells are sparse and
rather difficult to be isolated from the body in a large amount, such massive demand cannot be easily
met by traditional cell expansion on culture flasks (the current gold standard) because of their limited
surface area and intensive labour work required on passages. Thus, a more efficient in vitro cell
expansion at a larger scale would be required. Culturing cells on liquid provides an alternative cell
culture platform. Due to the large surface-to-volume ratio, stable emulsions can provide significantly
larger surface area with the same amount of medium than that of a traditional 2D culture flask does.
However, since culturing on liquids is a novel cell culture platform, commercialised systems currently

available on market are exclusively solid-based. Here, the existing cell culture platforms are reviewed.

1.4.1 Common Culture Systems for Cell Scale-Up

There is a variety of systems that have been developed for the scaling up of stem cells, such as multi-
tray systems, roller bottles, and microcarriers (Figure 1.12). Since most stem cells are anchorage-
dependent, all of these systems feature sufficiently large surface areas that provide significantly higher
output of cells than the conventional tissue culture flask. Multi-tray systems, also known as cell

factories, is a batch of trays stacked on top of each other (Figure 1.12A) that provides a surface area
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up to 2.54 x 10* cm?2.Y”7 Although the employment of automated robotic arm dramatically reduced
labour work and cell heterogeneity caused by manual culture, its inefficient gas exchange and
unavailability of automatic monitoring and control system remains a challenge for large scale-up
application. Roller bottle system provides surface area as much as more than 3.50 x 10° cm?, far
superior to the multi-tray systems. Additionally, it also allows the introduction of agitation to the
system (Figure 1.12B), which not only enhances the gas exchange efficiency and lower the
consumption of culture medium, but also minimise cell aggregation. However, similar to the multi-
tray systemes, it still lacks real-time monitoring and control, and still requires intensive labour work for
cell passage.'’”’® Microcarrier-based systems overcome the abovementioned issues of the other two
systems. A typical structure of microcarrier-based bioreactor is shown in Figure 1.12C, it contains an
agitation paddle which guarantees the homogenous distribution of cells, mass transfer of oxygen and
other nutrients, making the whole system cost-effective as it also prevents the formation of cell
clusters.’” The high surface-to-volume ratio of the microcarriers significantly increase the number of
cells that could adhere and culture at the same time. It has been reported that a culture of 3 mg/mL
Cytodex 1 microcarriers can provide a surface area of 1.32 x 10* cm? in 1 litre medium,*®° which is
equivalent to 176 conventional T75 tissue culture flasks, and it can normally culture 4-fold higher cell
density than planar platform with the same amount of medium used.® More importantly,
microcarriers culture is also advantageous in allowing easy cell passage via bead-to-bead
transfer, 218 this not only saves intensive labour work from cell passaging, but also minimises the risk
of contamination. For the industrial application of cell scale-up, the cost-effectiveness is of particular
importance, S-curve plots were proposed by Simaria et al. as shown in Figure 1.12D.%8* The optimal
production range of different culture systems mentioned above is plotted against the R&D effort
required, demonstrating that the microcarriers system would be of particular interest when a very
large cell yield (4.7 x 10 to 10'2) per lot is needed. Considering the industry would be continuing in
high demand scenario, more R&D investment and effort will be required to move from tissue culture

flask based culture system to microcarrier-based large-scale expansion system.!8
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Figure 1.12. Different cell culture systems for in vitro expansion. (A) Multi-tray system,'®® (B) roller
bottle system?’® (Reprinted with permission from Elsevier. Copyright (2018).), (C) microcarriers-based
system?’® (Reprinted with permission from Elsevier, Copyright (2016).) and (D) Conceptual illustration
of a technology S-curve illustrating the evolution of cell culture system for in vitro expansion. The R&D
effort/investment values are calculated based on the direct costs (material, labor, QC testing) and
indirect costs (equipment depreciation only) of the cell expansion process and assuming overheads
are spread over 10 lots/year for all scenarios'® (Reprinted with permission from John Wiley and Sons,
Copyright (2013).).

1.4.2 Microcarriers

Microcarriers are small beads with diameters generally between 100-300 um. These microcarriers
provide anchoring points either via ECM proteins or electrostatic attraction for cell adhesion,
proliferation, and potentially differentiation. Ideal microcarriers should enable the efficient harvest of
expanded cells and should also have adequate physical mechanical properties to sustain the shear
forces generated by the dynamic systems. Last but not the least, it must not be too expensive as the
cost-effectiveness is the main concern for an industrial application.'’”® The first introduction of
microcarriers were dated back to 1967, when human cells were successfully cultured on a positively

charged dextran particles.'® Since then, the microcarrier technology have been developed further for
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large scale cell expansion. Other materials such as cotton cellulose, polystyrene (PS), polyvinyl acetate

(PVA) and ceramic have also been used for the fabrication of microcarriers.8%183.187

1.4.2.1  Microcarrier Classification and Selection

Microcarriers can be classified in different ways. When based on different materials used for
fabrication, microcarriers can be classified into ceramic and polymer (natural and synthetic)
microcarriers.'’® Microcarriers made from ceramic and synthetic polymer are advantageous due to in
their excellent mechanical property, reproducibility, as well as cheap cost, but are poor in cell
adhesion performance comparing to those made from natural polymers. Different materials with
different resulting stiffnesses would ultimately lead to different cell phenotype. For example, MSCs
are more likely to commit towards osteogenic lineage on rigid surfaces (stiffness higher than 34 kPa)
but more likely to differentiate into chondrocytes and adipocytes on softer substrates.” Microcarriers
can also be classified based on the surface topography: porous and non-porous. Porous microcarriers
can be further subdivided into microporous (< 10 um) and macroporous (10 to 70 um) depending on
different pore sizes.'® Obviously, porous microcarriers provide significantly larger surface areas than
non-porous microcarriers. Although microporous structures are too small for cells to grow in, it allows
for the cells to create a microenvironment of its own inside the beads, which can potentially promote
differentiation of cells such as osteogenesis.’®® In addition to extra spaces for cells to grow,
macroporous structure also works as a shelter — shielding cells from the shear forces exerted by
agitation.’® However, the drawbacks of porous systems include limited transportation of nutrients
and oxygen, and accumulation of metabolic waste in small pores. Poor diffusion of digestion enzyme
such as trypsin into pores also leads to poor cell detachment and ultimately inefficient cell
harvesting.1781891% |n such cases, pores over 20 um in diameter should be suitable in accommodating

most cells by allowing cell loading and sufficient penetration of the substances mentioned above.*!

There is a range of microcarriers available in the market with various shape and properties and the

commercial options have been extensively studied with different cells and thoroughly reviewed in
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literature.177:178185189,190,192 \ing to the complexity of cell culture process, many factors can affect the
ultimate cell yield, therefore a universal rule for the selection of microcarriers is not yet established.
Apart from the materials and porosity mentioned above, the size of microcarriers is another important
factor affecting the cell proliferation and behaviour. For instance, it has been reported that MSCs
prefer microcarriers larger than 150 um in diameter while iPSCs are more likely to self-aggregate into
cluster on microcarriers smaller than 100 um.*’® Moreover, the curvature of microcarriers seems to
be another factor to consider, as it could induce different shear forces on the cells in dynamic systems,
which may lead to changes in MSCs proliferation rate and osteogenesis potential.’®* More recent
studies also suggest that cell-scale curvature triggers a dynamic interplay between the nucleus and
cytoskeleton, functions as an important regulatory cue in guiding cell migration, and potentially
differentiation.’®*!% In addition to the cell type, cell proliferation, and differentiation potential, the
intended use of the final cell product is also of great importance in selecting microcarriers. Non-
biodegradable microcarriers such as ceramic or synthetic polymer-based can be used if the single cell
suspension or cell pelletis wanted as the final product, otherwise only natural-polymer such as gelatin-

based biodegradable microcarriers are allowed for direct infusion and transplantation purposes.®

1.4.2.2  Microcarrier Coatings

Cell attachment to microcarriers is an important factor in determining overall cell proliferation. Cells
are attracted to microcarriers either via an electrostatic interaction or ECM protein adhesion, both of
which can be effectively modulated by modifying the surface chemistry and coating of the
microcarriers. For example, Cytodex microcarriers are made from cross-linked dextran-based matrix,
of which Cytodex 1 is positively charged with N, N-diethylaminoethyl groups but Cytodex 3 is
denatured COL coated, both of them are commonly used commercialised microcarriers for the
expansion of ESCs'® and MSCs.' Although ECM proteins coated microcarriers have reduced plating
efficiency compared to simply positively charged microcarriers which electrostatically attract cells
(which are negatively charged) at very high efficiency (about 90% within an hour), the ECM coated
microcarriers usually support better growth of cells.’®® Commonly used ECM coating for microcarriers
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include FN, VN, LN, COL and Matrigel. It was found that LN or Matrigel coating are essential in
maintaining long-term proliferation and pluripotency of ESC on microcarriers.’®® However, these
protein substances often originate from animal products, which suffer from batch-to-batch variability,
and risk of contamination for clinic application. A possible solution is to use recombinant proteins
produced by prokaryotic or eukaryotic cells, but these are typically more expensive. Another choice is
to coat the surface with chemically synthesised adhesion motifs, such as RGD peptides.*®> A typical
example is Synthemax microcarrier, which is coated with a short peptides sequence derived from VN.
It performed similarly well for the prolonged culture of ESC,'* iPSC*®> and MSC*® compared to
microcarriers coated with Matrigel, VN and FN, respectively. Modifying the surface chemistry of the
microcarriers would also lead to different cell adhesion and fate, for instance, -COOH groups coated
surfaces suppressed MSC spreading but enhanced chondrogenesis, while —NH, groups coating

promoted MSC proliferation and osteogenesis.?*

In addition to promoting cell adhesion, surface coating on microcarriers also affect cell harvesting. The
cell harvesting after expansion on the microcarrier must provide an efficient cell-microcarrier
separation and cell recovery without affecting the cell quality such as viability and differentiation
potential.”® A classical method used on planar platforms is enzymatic digestion which results in the
damage of cell membrane receptors and other cell membrane proteins. However, this is not practical
on large scale production as the concentration of the enzyme and the incubation time is difficult to
control which would affect cell viability and recovery efficiency.’° A cell sheet technology wherein
cells are cultured on a thermo-responsive polymer has been developed. By switching the temperature
and therefore altering the hydrophobicity of the polymer, cells can be harvested with ease as shown
in Figure 1.13.%%2 pPoly(N-isopropylacrylamide) (PIPAAm), a thermo-responsive polymer has a low
critical solution temperature (LCST) at 32 °C which promotes cell adhesion at temperature beyond its
LCST when it is hydrophobic but repels cells when it hydrates and swells at the temperature below, is
a common candidate for cell sheet technology.?°?% Ever since this technology has been developed,
it has been used for the culture of a wide range of cells including MSCs, iPSCs and ESCs for corneal,
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cardiac and periodontal regeneration.?’>2% Such thermo-responsive properties can be transferred on
the surface of microcarriers by radiation-induced grafting or living radical polymerisation.?°* However,
complete detachment has yet to be achieved and initial cell adhesion is often relatively poor.?® By
introducing other substance such as polymer and protein into the system, cell performance can be
further altered. For instance, when a positively charged quaternary amine monomer and a
hydrophobic monomer was incorporated into PIPAAm, the terpolymer-grafted microcarriers
facilitated cell proliferation and rapid cell detachment.?®® Apart from PIPAAm, other thermo-
responsive copolymer such as 2-carboxyisopropylacrylamide (CIPAAm) and even other
environmental-responsive materials such as pH-responsive and field-responsive materials were also

used for the coating of microcarriers for the non-invasive cell harvesting.

Temperature-responsive

PIPAAm brush cell adhesion and

proliferation

Hydrophilic surface Hydrophobic surface
(Hydration below LCST) (Dehydration above LCST)

1. Cell seeding and °
suspension culture

Reducing
temperature
37°C—20°C

2. Cell adhesion and expansion 3. Thermally-induced cell harvest
on bead surface at 37 °C at20°C

Figure 1.13. Schematic illustration of cell culture and harvest on thermo-responsive polymer
coated microcarriers.?°®?%” Reprinted with permission from Elsevier and American Chemical Society.
Copyright (2012).
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1.4.3 Operational Parameters of Microcarrier Systems

A typical cell proliferation profile can be divided into four phases as shown in Figure 1.14. The lag
phase, also known as the inoculation phase, corresponds to the start of cell adhesion and spreading.
It has been reported that the attachment efficiency at this point is crucial for the subsequent growth
rate and cell yield.?%® In a dynamic culture system such as a microcarrier-based bioreactor system,
applying agitation during this inoculation phase would affect the attachment efficiency. For example,
MSC attachment efficiency can be increased to 55% under an intermittent agitation rate, 21% higher
than using continuous agitation.?°® Reducing medium volume or increasing microcarrier density also
helps as they increase cell-to-cell and cell-to-microcarrier collisions.’” At the log phase, cells
proliferate exponentially so it is also called exponential growth phase. The agitation rate is again the
key parameter at this stage as it helps for effective and homogenous transportation of metabolic
waste, nutrients, and oxygen, as well as prevents cell aggregation. It has also been found that
introducing a certain amount of agitation could induce osteogenesis and chondrogenesis in MSCs.%
Yuan et al. investigated three different agitation rates — 60, 90 and 115 rpm, and found that the
increase of agitation leads to higher growth rate and lower doubling time of MSCs. However, a
noticeable high level of cell debris was observed at the agitation rate of 115 rpm, the highest cell
proliferation rate was therefore observed at 90 rpm.?°® Moreover, the selection of medium and
frequency of medium exchange is another important parameter at this stage. It is difficult to perform
a complete medium exchange in microcarrier culture, and so a partial medium replacement is often
conducted instead. Sufficient and frequent medium exchange would therefore be required to avoid
glucose depletion and ammonium accumulation which inhibits cell growth.'’” Although the supply of
serum-protein in culture medium can protect cells from stress induced by agitation, it may also
introduce contamination, chemically defined media is thus often preferred.!®® An increasing number
of report shows that cells on confluent microcarriers are able to colonise newly added fresh
microcarriers.180183197.209 Mgny have found that cells bridge the gap between beads. This process

would require sufficient cell migration and proliferation, and only occurs when cell proliferation
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183 |t was also shown that

capacity is not impaired by over-confluency or metabolite inhibition.
continuously adding fresh microcarriers would extend the log phase, postponing the stationary phase
to later time points,'® which suggests that the stationary phase is determined by the maximum
loading of the microcarriers which is the availability of surface area for adherent cell culture. Such
feature is beneficial for industrial scale production as the intensive labour work associated with
repeated passaging can be avoided. Since different cell sources on different microcarriers respond
differently to these parameters, systematic study over all the conditions is lacking and unfeasible. It is

of great importance to carry out high-throughput optimisation studies, to standardise parameters for

cell expansion on microcarrier based on the type of cells and microcarriers.
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Figure 1.14. A typical growth curve of cells.

1.5 Aims and Objectives

Cell-material interactions are at the centre of the design of biomaterials for tissue engineering and
regenerative medicine. A significant amount of research has focused on mimicking the natural

microenvironments of cells via the assembly of nanosheets made from ECM proteins and
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polysaccharides that are essential in maintaining tissue structure and functionality as well as providing
mechanical support. The control of bulk mechanical properties of biomaterials is considered to be
essential for the regulation of mechanotranduction process that control cell behaviour, such as

proliferation and differentiation. However, many recent studies have suggested otherwise, as cell may

48,49 50,51

response to changes in local ligand tethering or viscoelasticity of substrates, regardless of bulk
mechanical properties. These reports suggest that the regulation of nanoscale mechanics may
dominate over bulk mechanical properties and provide a new degree of flexibility for biomaterials
design, whereby bulk mechanics can be tailored independently from interfacial mechanics to regulate

structuring and scaffolding properties separately from the promotion of cell adhesion and spreading,

as well as downstream cell phenotypes.

In this respect, the pioneering works of Keese and Giaever'?*'?° have provided particularly striking
examples of extreme scenarios, in which the culture of fibroblasts at liquid interfaces was shown to
be possible. This opens the door to particularly novel technologies in which adherent cells can be
cultured at surface of emulsions for the scale up of cell expansion, replacing solid substrates and
enabling more affordable and simplified processing. However, the design of viable liquid-liquid
systems for cell culture requires the understanding and control of interfacial mechanical properties
and their impact on cell adhesion and proliferation. In this project, we aim to design protein
nanosheet-assembled liquid interfaces whose interfacial mechanical properties are tuneable via the
adjustment of pro-surfactant, pH and the molecular structure of protein or polymers. These interfaces
are employed for the culture of MSCs to investigate the impact of interfacial mechanical properties
such as the interfacial moduli and viscoelasticity on the adhesion and proliferation of MSCs. Overall,

our aim is to formulate the improved interfaces that support the in vitro expansion of MSCs.

A major challenge in the field of regenerative medicine is the supply of cells at sufficient scales for
therapeutic intervention, whilst controlling and retaining desired cell phenotypes. Hence this project

also aimed to address these issues, by developing stable emulsions that can provide significantly larger
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surface area for cell expansion as well as bypass enzymatic digestion in cell collection. Emulsions are
stabilised by the assembly of protein-nanosheets at the liquid interface to provide steric repulsion to
the coalescence of droplets and cell adhesive motifs. The stability of the emulsions was assessed under
microscopy to help us understand the adsorption and assembly of the nanosheet under different
conditions. Despite the fact that the assembly of proteins for the stabilisation of O/W emulsion has
been extensively studied, its application and impact on cell culture remains mostly undocumented. In
our study, the behaviour of MSCs, including their adhesion and proliferation, on emulsions are
investigated. Formulations displaying improved emulsion stability and cell proliferation were then
further explored for long-term culture. The prolonged culture of MSCs was carried out on selected
emulsions as well as tissue culture polystyrene (TPS, tissue culture treated) and commercialised
microcarriers for comparison. During this process, MSC phenotypes were continuously monitored and
compared. We propose that such study demonstrates the potential of protein-nanosheet stabilised

emulsions as an alternative to solid microcarriers for the in vitro scale-up of MSC production.
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Chapter 2

Design of Poly-L-lysine Nanosheets at
Liquid-Liquid Interfaces
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2.1 Introduction

Adherent cell culture is typically thought to require cell spreading on rigid substrates to sustain the
formation of stable focal adhesions and assembly of contractile cytoskeletal.?!° It has been extensively
reported that the establishment of such cell adhesion is crucial for cell to convert external signals,
such as mechanics and topography into biochemical signals, generating appropriate cellular response
to extracellular cues, thus mechanical properties have become particularly important in the design of

materials for biomedical applications.

Traditionally, bulk mechanical properties were regarded as key in regulating cell fate. However, more

4752 35 the lack of cell response on Sylgard

recent studies have suggested a more nuanced situation,
184 poly(dimethyl siloxane) (PDMS) with wide range of moduli from 0.1 kPa to 2 MPa has been
reported.*® Moreover, it has been reported that cell culture at the surface of liquids is possible in the
presence of mechanically strong nanosheets at corresponding interfaces to counterbalance forces

that cells exert.*7->261763,127,129

To generate a strong interface to culture cells, proteins are obvious candidates due to their bioactivity
and ability to form layers with strong interfacial rheology properties providing stability.®* Protein
adsorption to the interface is driven by the lowering of free energy via the reduction of surface area
to restrict the exposure of hydrophobic groups to aqgueous phase. This is a multistep process involving

64-70

protein diffusion, adsorption and conformational change. Parameters such as protein

concentration, temperature, pH, ion strength, etc. can all contribute to this process.t”¢87° By
monitoring dynamic interfacial tension during protein adsorption, H.W. Blanch and co-workers’® have
divided protein adsorption at oil/water interfaces into three stages: induction, monolayer saturation
and interface gelation. Induction, the regime when interface tension remained unchanged, was chiefly
controlled by protein diffusion, where higher protein concentration and more hydrophobic protein

result in shorter induction time, however, the difference in hydrophobicity can easily be levelled off if

the oil phase strongly affects the proteins in solution. During monolayer saturation, interfacial tension
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is sharply decreased as more proteins adsorb to the interface. At this point, while more proteins are
still diffusing to saturate the interface, those adsorbed start to unfold and interact more with the oil
phase. This stage was related to the hydrophobicity and the bulk stability of the protein. Finally, the
tension slowly decreases as a result of the formation of a gel-like structure via entanglement and
aggregation. At this stage, a multilayer structure is established. When the newly adsorbed layer
become further distant from the interface, the environment becomes more bulk like, equilibrium is
reached and adsorption ceased. The interfacial shear mechanical properties of the adsorbed
multilayer are determined by the interaction among proteins as well as between proteins and

interfaces, %’

which can be generally grouped as ionic or electrostatic interactions, hydrophobic
interactions and hydrogen bonding. Likewise, by adjusting with buffer solution for example, ion
strength, pH, temperature, or via changing the liquid-liquid interaction for instance, replacing the oil

phase, or introducing surfactants, the protein layer can behave differently and display altered

interfacial mechanical properties.

Based on their sequence of amino acids, proteins can be classified as globular or random coiled. In
water, globular proteins such as BSA, lysozyme (Lys) and B-lactoglobulin can be conveniently described
as colloidal particles (at least until they adsorb to the interface) whilst random coil proteins such -
casein, glycoproteins and lipoproteins, behave more as charged polymers or PELs.®” Between these
two classifications, exists another type of proteins which has reversible secondary or tertiary
structures, such as gelatin (GEL) whose structure can be changed by temperature®® and PLL whose
structure is tunable upon the adjustment of pH.®72774 |n terms of mechanical performance, it has been
widely reported that globular proteins are more likely to display higher interfacial shear viscosity and
moduli because of their high packing density and unfolding level, whilst owing to their high flexibility,
random coil proteins rearrange more easily in bulk or at the interface, thus are less likely to organise

as ordered crystal structure and less likely to denature to build up intermolecular cohesion.5467.70.92,149
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Due to the amphiphilic character of some proteins, it is generally accepted that they can function as
surfactants by adsorbing to any interface subjected to interface-adapted conformational change.
However, owing to the mobility of liquid-liquid interfaces, the adapted conformational change is more
transient and flexible, with random coil proteins being less affected than globular proteins, as
mentioned above.®” Low molecular weight surfactants might be needed in assisting protein adsorption
and denaturation at interfaces,”® especially for proteins composed of less hydrophobic amino acids
such as lysine and arginine.®” The protein-surfactant mixtures often cause a competitive adsorption
phenomenon where low molecular surfactants penetrate into the defects between proteins at the
interface, disrupting the protein network either by displacing proteins further (non-ionic surfactants)
or forming an interface surfactant-protein complex (ionic surfactants).’°3* When presented to an oil
phase, non-ionic surfactants bound to proteins via hydrophobic binding and are less likely to cause
dramatic conformational changes. In contrast, ionic surfactants, which electrostatically interact with
proteins, tend to result in larger changes in conformation.®? Therefore, the resultant interfacial
mechanics may significantly differ between these two types. Another route to promote protein
adsorption is to enhance amphiphilicity via chemical modification, as either the amino acid group or
the carboxylic group of the amino acids can be substituted by hydrophobic tails to respectively form
N-acylated anionic surfactants or C-substituted cationic surfactants.?!*?!? These surfactants are
favoured in food and pharmaceutical industries for their robust amphiphilicity and biocompatibility
and have been thoroughly studied for their self-assembly behaviours and direct adsorption at liquid-

liquid interfaces.?!%212

A wide range of techniques have been employed to investigate protein adsorption at liquid interfaces.
Interfacial rheology, which quantifies the relationship between applied forces and the corresponding

649092213 is amongst one of the most commonly used techniques to not only

shear deformation,
monitor the dynamic adsorption process but also characterise the interfacial shear properties. There
are two types of deformations in interfacial rheology: dilatational deformation, which maintains the

shape but change the area, and shear deformation which distorts the shape but keeps the interfacial
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area unchanged.®*°®?13 These two methods are generally complementary with each other, with
dilatation rheology more focused on short-term stability while shear rheology on long-term.%%%
Ellipsometry is another powerful tool frequently used in measuring the thickness of an interfacial film
by fitting the measured change in the polarisation of the polarised light reflected from the interface
of interest to an existing optical model.?'*2! |t has been widely used in the studies of the thickness of

LbL assembled multilayer films. %1618 |n the field of protein adsorption at liquid interfaces, it was

used to characterise the adsorption and destabilisation of the protein layers via monitoring the

thickness®2219220 or ellipticity.®® Other techniques that have also been employed in such study include
neutron reflection,®”#%?2! dynamic light scattering,’>7>'3622! second harmonic generation®®??? and
sum-frequency generation, etc.?%%2
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Figure 2.1. Schematic representation of PLL adsorption at oil interfaces, assisted by pro-surfactants.
(A) PLL assembly at the interfaces between PBS and Novec 7500 containing PFBC. (B) PLL assembly at
the interfaces between PDMS containing the mixture of HDC and SBC (mixed at 1:1 ration) and PBS.

In this chapter, PLL nanosheets were designed at liquid-liquid interfaces under different conditions to

investigate the factors that affect interfacial mechanical properties. PLL, as a polypeptidic weak PEL,
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displays pH-responsive conformation,’? and has been widely used for biomedical applications such as

228229 gnd bioactive coating!®?*° due to its

cell adhesion,?** cell encapsulation,?>2% drug delivery
biocompatibility and biodegradability. It can undergo conformational changes, switching between
random coil, a-helix and B-sheet in response to pH,%®727* temperature®#2 gnd even shear force.?
From this point of view, it is an excellent building block for protein nanosheets for cell culture at liquid
interfaces. However, owing to the weak hydrophobicity of lysines, even at high pH, as mentioned
above, low molecular weight reactive pro-surfactants such as pentafluorobenzoyl chloride (PFBC),
sebacoyl chloride (SBC) and heptadecanoyl chloride (HDC) were introduced in the system we
designed. We proposed that such molecules would function as pro-surfactants at oil-water
interfcaces, reacting with amine side groups to form hydrophobic amide residues able to pin the
corresponding protein or polypeptide at the liquid-liquid interfaces (Figure 2.1).>*% Interfacial shear
rheology was conducted to explore the macroscopic mechanical properties of the nanosheet-
reinforced interfaces. A platinum ring was placed at the interface between the two liquids, applying a
sinusoidal shear deformation, and the resultant nanosheets response was then monitored. From the
measured phase and amplitude shifts between the applied deformation and obtained response, the
difference in viscoelasticity can be calculated (Figure 2.2A and B). Since cell-generated deformation
are nano- to micro-scale, primary sensing of mechanics is local.**#%23% |n light of the possible
difference in macroscopic and microscopic mechanical performance, magnetic tweezers were also
used to characterise the rheological properties of the nanosheets microscopically. Magnetic tweezers
are a powerful technique allowing the application of controlled magnetic forces on magnetic beads
bound to the entity of interest. The mechanical characteristic of the entity can therefore be extracted
by tracking the beads displacement. This technique has been extensively used for single molecule
mechanical characterisation, such as DNA stretching,?®*® protein folding?*® or cellular
mechanotransduction.?®” Hereby, magnetic beads were bound to the surface of nanosheets
assembled at the interfaces to measure the microscopic mechanical performance as shown in Figure

2.2D. The Langmuir-Blodgett technique was also employed to harvest the nanosheets designed as
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shown in Figure 2.2C, and subsequent characterisation was carried out by epifluorescence microscopy

and ellipsometry.

B Elastic material C S % e DI H:0
|

Stress Strain

N o/

|
Viscous material ‘ 6=0

\_/ Novec 7500

DI H:0
Pt Ring

Stress Strain

Novec 7500

DI H:0

Stress Strain
N <

Z Qil pin droplet_

Novec 7500

Figure 2.2. Schematic illustration of the characterisation of nanosheets assembled at the interfaces.
(A) Cross-section illustration of interfacial shear rheology experiments set up for PBS/Novec 7500
interface (top) and PDMS/PBS interface (bottom). (B) Typical stress response to strain deformation for
a pure elastic (top), a pure viscous (middle) and a viscoelastic material (bottom). (C) Schematic
illustration of harvesting nanosheets via Langmuir-Blodgett Trough, substrate was placed at the
interface between deionised water/Novec 7500 (top), the protein was then added and assembled at
the interface with the presence of PFBC (middle), the nanosheets were harvested by slowly lifting the
substrate out of the liquid. (D) Schematic representation of experiment set up for magnetic tweezer in
this study to apply forces on beads bound to the nanosheets assembled at the PBS/Novec 7500
interface.

2.2 Materials and Methods

2.2.1 Materials and Chemicals

PFBC, PBS, sodium bicarbonate pellet (NaHCOs), sodium hydroxide pellet (NaOH), PLL hydrobromide
(mol wt 1-5 kDa, 4-15 kDa, 15-30 kDa, 30-70 kDa, 70-150 kDa, 150-300 kDa and >300 kDa), toluene
(anhydrous, 99.8%), dimethyl sulfoxide (DMSO), trimethylamine (TEA), trichloro (1H, 1H, 2H, 2H-

perfluorooctyl) silane, SBC, HDC, BSA and FN from human plasma were purchased from Sigma-Aldrich.
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Fluorinated oil (Novec 7500) was from ACOTA. Foetal bovine serum (FBS) was from PAA. Cover glasses
(25 x 60 mm) and pure ethanol were from VWR. PDMS (trimethylsiloxy terminated, viscosity 10 cSt)
was from ABCR. Silicon wafers (100 mm diameter) were purchased from Pi-Kem Ltd. Dynabeads (M-
450 epoxy), Alexa Fluor 488 NHS ester (succinimidyl ester), Alexa Fluor 488 goat anti-rabbit IgG (H+L)
highly cross-adsorbed secondary antibody were purchased from Thermo Fisher Scientific. Mica Sheets
(11mm x 11mm x 0.15mm thick) were from Agar Scientific Ltd. Polyclonal anti-fibronectin antibody

from rabbit was from ABCAM.

2.2.2 Preparation of Fluorinated Oil-based Interfaces

24 well-plates were plasma oxidized via a plasma coater (Diener, 100% intensity) for 10 minutes. An
amount of 500 uL pure ethanol pre-mixed with 10 uL TEA and 10 uL trichloro (1H, 1H, 2H, 2H-
perfluorooctyl) silane was added into each well. The well-plates were then sealed with parafilm and
left overnight. After 24 h, 500 uL Novec 7500 containing PFBC of desired concentrations was pipetted
into the treated well after being washed twice with pure ethanol and three times with deionised (DI)
water obtained from a Purelab® Chorus system. A 1 mL amount of pH 10.5 PBS was added dropwise
on top of the oil in each well, 1 mL of PLL of interest solution (in pH 10.5 PBS unless otherwise
specified) was then pipetted at 200 pg/mL, making the final PLL concentration at 100 pg/mL in each
well. After an hour incubation allowing the PLL nanosheet to be formed, the excessive polymer
solution was removed by diluting with PBS (pH 7.4) six times. When FN was required, 1 mL amount of
20 pg/mL FN solution (in pH 7.4 PBS) was pipetted on top of the PLL film and left for another hour

incubation. The residual FN was then washed out by diluting with PBS (pH 7.4) six times.

For fluorescence imaging, conjugated PLL was used instead of normal PLL. The conjugated PLL stock
solution was prepared by dissolving PLL powder in 0.1M NaHCOs; buffer and reacting with Alexa Fluor
488 NHS ester (succinimidyl ester) dissolved in DMSO, as suggested by the user manual. The

conjugated PLL was mixed with normal PLL at 1:9 ratio and added into each well at 100 pug/mL as the
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final concentration. The incubation and washing process was the same as described above. To image
FN film, primary antibody (rabbit-anti-fibronectin, at 1:400 dilution in 3% BSA solution) was incubated
with the film for an hour first before secondary antibody was incubated for another hour. Extensive
washing was performed after each incubation. Samples were imaged by Leica DMI4000 fluorescence

microscopy.

2.2.3 Interfacial Rheology

Rheological measurements were carried out on a hybrid rheometer (DHR-3) from TA Instruments
fitted with a double wall ring (DWR) geometry and a Delrin trough with a circular channel. The double
wall ring used for this geometry has a radius of 34.5 mm and the thickness of the platinum—iridium
wire is 1 mm. The diamond-shaped cross-section of the geometry’s ring provides the capability to pin
directly onto the interface between two liquids and measure the interface properties without
complicated sub-phase correction. 19 mL of the fluorinated oil pre-mixed with PFBC at desired
concentrations was placed in the Delrin trough and the ring was lowered, ensuring contact with the
surface, via an axial force procedure. The measuring position was set 500 um lower than the contact
point of the ring with the oil-phase surface. Thereafter, 15 mL of the PBS buffer (pH 10.5 for PLL, pH
7.4 for FBS) was carefully syringed on top of the oil phase. For PDMS-based system, 19 mL of pH 10.5
PBS buffer was placed as bottom phase while 15 mL of the PDMS pre-mixed with the pro-surfactants
(mixture of SBC and HDC at 1:1 ratio) at 0.1 or 0.01 mg/mL was added as top phase when the
measuring position was set as mentioned above. Time sweeps were performed at a constant
frequency of 0.1 Hz and a temperature of 25°C, with a displacement of 1.0 x 1073 rad to follow the
formation of the protein layers at the interface. The concentration of PLL and FBS used for all rheology
experiments were 100 pg/mL and 1 g/mL (with respect to agueous phase volume), respectively. After
the time sweep, a frequency sweep (with a constant displacement of 1.0 x 102 rad) was conducted to

examine the frequency-dependant characteristics of the interface. Before an amplitude sweep (with
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constant frequencies of 0.1 Hz) was carried out to ensure that the selected displacement was within
the linear viscoelastic region (the limit of which was defined as the point where 5% deviation from the
value of the previous point in storage modulus was observed), stress relaxation was performed at 1%
strain for 120 s. The strain in the interfacial shear rheology test is defined as angular displacement
relative to a reference length, calculated by the Equation 6. The y represents the shear strain; 9 is the
angular displacement in radians, displaying the circular path an object moves; and K, is the strain

constant determined by measurement geometry and/or initial sample dimensions.

y =0 XK, Equation 6
For creep-recovery measurements, a double wall Du Noly Ring (DDR, 20 mm in diameter and 400 um
in thickness) geometry and a smaller trough was used. An amount of 3 mL of the fluorinated oil pre-
mixed with 0.01 mg/mL PFBC was placed in the Delrin trough and the ring was lowered, ensuring
contact with the surface, via an axial force procedure. The measuring position was set 200 um lower
than the contact point of the ring with the oil-phase surface. Thereafter, 4 mL of the pH 10.5 PBS
buffer was carefully syringed on top of the oil phase. Time sweep was performed at a constant
frequency of 0.1 Hz and a temperature of 25°C, with a displacement of 1.0 x 1073 rad to follow the
formation of the protein layers at the interface. A 40 uL amount of 10 mg/mL (in DI water) PLL with
molecular weight of interest was pipetted to the aqueous phase, making the final concentrations at
100 pg/mL. When the time sweep measurement was finished, the excessive polymer solution was
washed by diluting with PBS (pH 7.4) six times. The creep-revocery experiment was then conducted
by applying a1 x 103, 5 x 1073 or 10 x 107 Pa stress for a duration of 30 s, followed by a 30 s recovery

without applying any stress.

Since the creep ringing issues are inevitably resulted by the coupling of instrument inertia and sample

elasticity in a stress-controlled rheometry.?382%! The initial creep ringing parts were discarded via a
smoothing tool in Origin and the creep results were fitted with a 6-element modified Burger’s model

(a Burger’'s model®* with an extra Kelvin-Voigt element in series, Figure 2.3) via MATLAB. The
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constitutive equation of the form is showing below (Equation 7). The J represents creep compliance

(the ratio of the measured strain to the applied stress), G is the elastic modulus, n is the viscosity and

t is the time. T is the retardation time given by n/G, defined as the time required for the strain to

reach approximately 63% of its final asymptotic value.

6-element Burger’s model
GZ Gl

VS \f\/‘_ﬂ G

N2 N1

Figure 2.3. Schematic illustration of a 6-element Burger’s model. It consists of two Kelvin—Voigt
elements (a spring and a dashpot in parallel) in series with a Maxwell element (a dashpot and a spring

in series).

1 1 1 t
]:_+G_(1_e_t/71)+6_(1_e—t/fz)+— Equation 7
fo oy ot
Instantaneous Viscoelastic Effect Long-term
Deformation (2 characteristic times) viscous flow

A modified Jeffreys model (a dashpot in series with a Kelvin—Voigt element and the instrument inertia,
Figure 2.4) was also used in the creep results fitting to extract viscoelasticity properties from the creep
ringing.2382%1 The raw data was fitted via MATLAB with the equation showing below (Equation 8, with

parameters defined by Equation 9,10,11), where / is the instrument inertia and b is determined by the
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specific instrument and geometry used, can be calculated by the angular velocity (Q), torque(T), shear

rate (¥) and shear stress (o) as Y T/ Q o.

Jeffreys model
G:

N2

—

L

N1

Figure 2.4. Schematic illustration of a linear viscoelasticity Jeffreys model. It consists of a Kelvin—Voigt
element (a spring and a dashpot in parallel) in series with a dashpot and an instrument inertia element.
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2.2.4 Magnetic Tweezer Measurements

To prepare fluorophilic glass slides, thin glass slides (25 mm x 60 mm) were plasma oxidized for 10
minutes and placed into a staining jar. An amount of 1 mL toluene pre-mixed with 30 pL trichloro (1H,
1H, 2H, 2H-perfluorooctyl) silane was added in a glass vial. The staining jar containing the glass slides
and the glass vial with the silane solution were placed into a desiccator under vacuum for 5 min and
then left under reduced atmosphere but sealed overnight. The fluorinated glass slides were washed
with ethanol and dried in air before being cut into chips and placed into a petri-dish, where 5 mL of
PBS (normally at pH 10.5 otherwise specified) was filled. Droplets of 100 L fluorinated oil with PFBC
at desired concentrations were deposited on top of the glass slide and formed a fluorinated oil droplet
spreading over the entire substrate. An amount of 50 uL 10 mg/mL PLL solution (in DI water) was
pipetted into the dish, making a final concentration of 100 pg/mL. After 1 hour incubation, the
polymer solution was then diluted with PBS (pH 7.4) six times. Meanwhile, epoxylated dynabeads
were diluted by 100 times in PBS, and 50 uL of which was homogeneously pipetted into the dish and
left to incubate for 15 mins. The excess beads in the dish were removed by diluting with PBS (pH 7.4)

six times before measurement.

The creep-recovery measurement was performed by magnetic tweezer, where the beads attached to
the nanosheets were subjected to a force pulse with a magnitude of 6 nN (40 um distance between
the bead and the tip) and a duration of 30 seconds, and their trajectories recorded for a total of 1

minute per bead with a frame every 20 ms. Around 30 traces were obtained per dish. Bead tracking
was achieved by MATLAB and fitted with a 6-element modified Burguer’s model (Equation 7)

described above.

2.2.5 X-ray photoelectron spectroscopy (XPS)
A 1 mL amount of fluorinated oil containing the pro-surfactant PFBC at 0.01 mg/mL was added in a 50

mL centrifuge tube with 2 mL of PLL solution of desired molecular weight (200 pg/mL, in pH 10.5 PBS).
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The tube was vigorously vortexed to generate emulsion and subsequently left to incubate at room
temperature for 1 h. The top liquid phase that above the settled emulsion was aspirated and replaced
with DI water 4 times. Droplets of emulsion were then transferred to silicon substrates and left to dry
in air. The samples were further washed by ethanol and dried in air before conducting the

measurement.

XPS was performed via a Kratos Axis Ultra DLD electron spectrometer with a monochromated Al Ka
source (1486.6 eV) operated at 150 W. A pass energy of 160 eV and a step size of 1 eV were used for
survey spectra. For high energy resolution spectra of regions, a pass energy of 20 eV and a step size of
0.1 eV were used. The spectrometer charge neutralising system was used to compensate sample
charging and the binding scale was referenced to the aliphatic component of C 1s spectra at 285.0 eV.
The concentrations obtained (error less than £10%) are reported as the percentage of that particular
atom species (atomic %) at the surface of the sample (< 10 nm analysis depth) without any correction.
The analysis area (0.3 x 0.7 mm?), the angle of incidence and the beam intensity were kept constant
for all measurements. To determine the functionalisation level of PLL, the molar mass of lysine repeat
units before and after functionalisation with PFBC were used to predict a reference curve to which

experimental data was compared.

2.2.6  Nanosheet Harvesting via Langmuir-Blodgett Deposition

To prepare fluorophilic substrates, mica sheets or silicon wafers (11 mm x 11 mm) were plasma
oxidized for 10 minutes and placed in a petri dish. An amount of 1 mL toluene pre-mixed with 30 pL
trichloro (1H, 1H, 2H, 2H-perfluorooctyl) silane was added in a glass vial. The petri dish containing the
mica sheets or silicon wafers and the glass vial with the silane solution were placed into a desiccator
under vacuum for 5 min and then left under reduced atmosphere but sealed overnight. The

fluorinated sheets or wafers were washed with ethanol and dried in air.
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20 mL of fluorinated oil containing PFBC at the relevant concentration were pipetted into the tray of
a Langmuir-Blodgett trough (Kibron). The functionalised substrates was clamped by the dip coater
combined with the instrument, then was lowered to be perpendicularly fully immersed into the oil
phase, and 60 mL of DI H,0 was added dropwise on the top of the oil phase. To form a nanosheet at
the interface, 600 pL PLL solution (10 mg/mL in DI H,0) of desired molecular weight was pipetted into
the aqueous phase, making a final concentration of 100 pg/mL. After an overnight incubation, the PLL
nanosheet was harvested by lifting the substrate completely out of the top phase via the clamp at a

speed of 0.5 mm/min.

For imaging, the mica sheet was used as the substrate, and the conjugated PLL that prepared as
described in 2.2.2 was mixed with normal PLL at 1:9 ratio and pipetted into the aqueous phase at the
final concentration of 100 pug/mL. After harvesting the nanosheet as described above, the mica was

placed in a well of 24-well plate and imaged by Leica DMI4000 fluorescence microscopy.

2.2.7 Ellipsometry

The thickness of nanosheets harvested via Langmuir-Blodgett deposition on silicon wafers (asin 2.2.6)
was monitored by spectroscopic ellipsometry (JA Woollam, SE). The measurement was individually
conducted in dry condition on the silicon wafer after plasma and after the fluorination treatment.
When the nanosheet was harvested, the measurement was also conducted in DI H,0 and PBS. For wet
ellipsometry measurements, the wafer was placed in a chamber where 6 mL of the corresponding

solution was gently injected. In each measurement, three different positions were measured.
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2.2.8 Statistical Analysis
Statistical analysis was carried out using Origin 2019 through one-way ANOVA with Tukey test for
posthoc analysis. Significance was determined by * P < 0.05, ** P < 0.01, *** P < 0.001 and n.s., non-

significant.

2.3 Results and Discussions

2.3.1 Impact of Pro-surfactant on Protein Assembly at Liquid Interface

2.3.1.1 Impact of PFBC on FBS Assembly

As a common composition in cell culture medium, FBS adsorption to the surface of liquid-liquid
interfaces generated between fluorinated oil and PBS was studied via interfacial rheology. As shown
in time sweep experiments (Figure 2.5A), upon the injection of 10% FBS after 900 s, the storage shear
modulus was rapidly increased roughly by two orders of magnitude, and reached a plateau within 30
min. The presence of 0.01 mg/mL PFBC promoted an increase in the modulus significantly higher than
without (31.5 £ 2.8 mN/m and 16.2 £ 1.9 mN/m, respectively). PFBC dependent variations were also
found in stress relaxation (Figure 2.5C) measurements where significantly higher stress retention was
found in FBS-assembled interfaces in the presence of PFBC. Based on amplitude sweeps
measurements, an oscillation stress-strain curve (Figure 2.5D) was plotted up to the point where
fracture occurs (the limit within linear viscoelastic region) and toughness was calculated as the total
area below the curve. The resilience represents the maximum energy the nanosheet can adsorb during
elastic deformation, calculated as the area below curve up to elastic point (the point where the slope
is significantly decreased). Similarly, the toughness and resilience were also significantly improved
when PFBC was introduced. These findings suggest that PFBC assisted FBS assembly at the interface,
and that its coupling with FBS generated a stiffer, yet more elastic, tougher and more resilient

interfaces.
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Figure 2.5. Interfacial mechanical properties of interface between Novec 7500 containing PFBC (0
and 0.01 mg/mL) and PBS containing 10% FBS. (A) Representative time sweep measurement profiles
(left) and the corresponding interfacial shear moduli (right), (error bars are s.e.m.; n=4). (B) Frequency
sweep measurement profile. (C) Representative stress relaxation curves for different PFBC
concentrations (left) and summarised stress retentions obtained from the corresponding curves (right),
(error bars are s.e.m.; n=4). (D) Representative oscillation stress-strain curves (left) and summarised
toughness (middle; calculated as the area within the curves and the blue dash line in the oscillation
stress-strain curves) and resilience (right; calculated as the area within the curves and the red dash
lines in the oscillation stress-strain curves), (error bars are s.e.m.; n=4).

2.3.1.2 Impact of PFBC on PLL Assembly

Apart from globular proteins such as albumin present in FBS, PFBC was found to assist the adsorption
of PLL at the Novec 7500 and PBS interface as well. All of the five concentrations (0, 1.25, 2.5, 5 and
10 pg/mL) that have been explored showed very similar time sweep profiles (Figure 2.6A). However,
itis noticeable that the presence of PFBC accelerated PLL assembly, higher concentrations resulting in

stiffer interfaces. The adsorption of PLL took a much longer time to equilibrate, owing to the modest
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hydrophobicity and the less compact structure of PLL which would need a longer time to adsorb and
unfold than more hydrophobic and more compact globular proteins, such as albumin. However,
significantly higher plateau values were observed in PLL than in FBS (without PFBC, 45.7 + 6.6 mN/m
v.s.16.2 +1.89mN/m; with PFBC, 1522 + 115 mN/mv.s. 31.5 + 2.8 mN/m). This implies PLL adsorption
to the interface is significantly different to that of proteins contained in FBS, perhaps involving higher
degree of cross-linking or network formation and more closely packed assemblies (amide formation).
Interestingly, stress retention was reduced compared to those observed for FBS (Figure 2.5C), with
trends showing weaker retentions at higher PFBC concentrations resulting in less elastic interfaces
(Figure 2.6C). A possible explanation for that is that at lower PFBC concentrations, the slower
adsorption of PLL may result in lower densities at the available interface areas, resulting in more
stretched but less densely packed PLL at the interface, inducing more cross-linking but less adsorption
at the surface of oil therefore more elastic but softer in mechanics. Whereas for FBS, the adsorption
occurred in a very fast manner at almost the same rate in with and without the presence of PFBC. This
is in agreement with the proposal that PFBC is not driving the interfacial adsorption of proteins from
FBS, in contrast to PLL. Moreover, as the unfolding of globular proteins (such as albumin, the main
component) from FBS is limited, the protein density may dominate the elasticity rather than the
unfolding, leaving stiffer and more elastic mechanics in the presence of PFBC. Frequency sweeps
suggest that at 10 ug/mL of PFBC, the profile was the least frequency dependant (Figure 2.6B),
suggesting less viscous nanosheets, more compact PLL assemblies. Although the oscillation stress-
strain curves may indicate that higher PFBC concentrations lead to tougher and less resilient
nanosheet, no significant difference was yet found (Figure 2.6D). Overall, the contrasting trends
observed from the frequency sweeps and stress-strain profiles, compared to the stress relaxation
profiles, suggested that multiscale mechanical and relaxation behaviours regulated the overall

macroscale mechanics of nanosheet-reinforced liquid-liquid interfaces.
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Figure 2.6. Interfacial mechanical properties of interface between Novec 7500 containing PFBC (0,
1.25, 2.5, 5 and 10 pg/mL) and pH 10.5 PBS containing 100 pg/mL PLL. (A) Representative time sweep
measurement profiles (left) and the corresponding interfacial shear moduli (right), (error bars are
s.e.m.; n=3). (B) Frequency sweep measurement profile. (C) Representative stress relaxation curves for
different PFBC concentrations (left) and summarised stress retentions obtained from the
corresponding curves (right), (error bars are s.e.m.; n=3). (D) Representative oscillation stress-strain
curves (left) and summarised toughness (middle) and resilience (right) calculated from the
corresponding curves, (error bars are s.e.m.; n=3).

To investigate the local mechanics of nanosheets assembled at liquid-liquid interfaces, their
microscale mechanical behaviour was characterised with a magnetic tweezer assay, performing creep-
recovery tests. The results of this assay are displayed as displacement against time (Figure 2.7C).
Nanosheets generated at higher PFBC concentrations were found to be stiffer, as indicated by the
lower initial creep displacement subjected to the same stress (Figure 2.7C) and confirmed by the
guantification (Figure 2.7D), consistent with the interfacial rheology findings at the macroscale (Figure

2.6A). However, in contrast to the macroscale behaviour observed, it was also found that higher
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concentrations gave significantly higher elasticity (Figure 2.7C, F). One possible explanation for that is
the formation of domains during PLL nanosheet formation at higher PFBC concentrations, perhaps
resulting from the stiffer and more brittle assemblies. Such finding is predictable as the protein layers
consist of denatured, partly denatured and native proteins can be expected.®”” When the experiment
performed at the microscale, beads on rigid domains display a more elastic behaviour while those on

inter-domain spaces are more fluid-like, giving a bimodal distribution of viscosity (Figure 2.7E) and
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Figure 2.7. Characterisation of PLL assembled nanosheets assisted by PFBC at different concentrations
(1.25 pg/mL and 10 pg/mL). (A) Epifluorescence images of PLL nanosheet harvested on mica via
Langmuir-Blodgett Trough. (B) Epifluorescence images of PLL nanosheet assembled at the interfaces
between Novec 7500 containing PFBC and PBS. (C) Creep-recovery curves obtained by magnetic tweezer
at the interfaces between Novec 7500 containing PFBC (1.25 pg/mL, top, and 10 ug/mL, bottom) and pH
10.5 PBS containing 100 pg/mL PLL. A 6-element Burger’s model was fitted to the raw data with
viscoelasticity parameters quantified shown as (D) elastic modulus, (E) viscosity and (F) percentage
recovery. Error bars are s.e.m.; n217.

elasticity (Figure 2.7F). At macroscale, the ring embedded at the interface, the fracture or brittleness

of the inter-domain prevents the translation of such elasticity to the macroscale. Epifluorescence
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images of PLL nanosheets also show less PLL fracture at higher PFBC concentrations than the lower
(Figure 2.7A) and some domains like structure can be observed (Figure 2.7B). The low elasticity at
lower PFBC concentration observed at the microscale, could possibly result from slippage or flow of

PLL within the monolayer, as the nanosheet is more fluidic.

2.3.1.3 Impact of SBC/HDC on PLL Assembly
At the interfaces between PDMS and PBS, another pro-surfactant mixture (SBC and HDS mixed at 1:1
ratio) was used due to the hydrophobic nature of PDMS. The pro-surfactant also accelerated the

adsorption of PLL and led to an increase in modulus to a higher level (Figure 2.8A). The resulting moduli
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Figure 2.8. Interfacial mechanical properties of interface between PDMS containing SBC and HDC
mixed at 1:1 ratio (0.01 and 0.1 mg/mL) and pH 10.5 PBS containing 100 pg/mL PLL. (A)
Representative time sweep measurement profiles (left) and the corresponding interfacial shear
moduli (right), (error bars are s.e.m.; n=3). (B) Frequency sweep measurement profiles. (C)
Representative stress relaxation curves for different PFBC concentrations (left) and summarised stress
retentions obtained from the corresponding curves (right), (error bars are s.e.m.; n=3). (D)
Representative oscillation stress-strain curves (left) and summarised toughness (middle) and
resilience (right) calculated from the corresponding curves, (error bars are s.e.m.; n=3).
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were similar to those of PLL nanosheets assembled at Novec 7500-based interfaces with PFBC at
similar concentrations. No significant difference was observed in terms of stress retention, toughness
and resilience (Figure 2.8C and D). Interestingly, values of toughness and resilience from PDMS-based
PLL nanosheets were orders of magnitude higher than that of Novec 7500-based system, this could
be attributed to the higher flexibility and polar imbalance of HDC and SBC compared to PFBC,
potentially impacting on the morphology of the nanosheets assembled as well as their mechanical

behaviour.

2.3.1.4 Summary

As frequently found in the studies of protein adsorption at oil-water interfaces, non-reactive
surfactants were often reported to compete with proteins for the interfacial areas, reducing the
adsorption of proteins as well as the interfacial modulus.®>*®* Some others reported that the polarity
of the oils also affects the unfolding of proteins at the interface, as higher oil polarity often promotes
stronger interaction with outer hydrophilic residues of proteins such as albumins and B-lactoglobulin,
restricting protein unfolding and subsequently reduces the shear moduli of the protein layers.®
However, in all the systems we tested, though polar as those acyl chloride-based pro-surfactants are,
they all helped to stiffen the nanosheets formed at the interface. This is due to the reaction between
acyl chlorides of the pro-surfactants and amine residues in the proteins assembling, forming pro-
surfactant and protein couplings at the interface. Higher pro-surfactant concentration obviously
assists and accelerates the formation of such couplings therefore resulting higher moduli. Instead of
relying on protein bulk concentrations in controlling the adsorption rate,?*® the pro-surfactant
concentration can also be adjusted to control the rate of adsorption and subsequently control protein
unfolding. Different mobility and flexibility resulted by different pro-surfactant structures may also
contribute to different interfacial mechanical properties. The interaction between the couplings also
provides physical crosslinking that is expected to alter the viscoelastic behaviour of nanosheets but its

impact on toughness and resilience is not pronounced.
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2.3.2 Impact of pH on Protein Assembly at Liquid Interfaces

Since PLL displays a conformational change in response to different pHs, the role of pH in PLL assembly
was investigated. At higher pH, the assembly of PLL nanosheets resulted in increased interfacial storage
moduli (Figure 2.9A). As PLL has an isoelectric point in the range from 9 to 11,°%7% PLL should be more
deprotonated and neutralised at a higher pH (around pH 10.5), which leads to more compact shape
with reduced steric hindrance and electrostatic repulsion between polymers,®® accelerating the

assembly of PLL. This is in consistent with other studies, where the random coil structure PLL formed

at lower pH has significantly lower coverage density than those with a-helix and/or B-sheet structures
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Figure 2.9. Interfacial mechanical properties of interface between Novec 7500 containing 0.01
mg/mL PFBC and PBS at different pH (pH 8.5, 9.5 and 10.5) containing 100 pg/mL PLL. (A)
Representative time sweep measurement profiles (left) and the corresponding interfacial shear moduli
(right), (error bars are s.e.m.; n=3). (B) Frequency sweep measurement profiles. (C) Representative
stress relaxation curves for different pHs (left) and summarised stress retentions obtained from the
corresponding curves (right), (error bars are s.e.m.; n=3). (D) Representative oscillation stress-strain
curves (left) and summarised toughness (middle) and resilience (right) calculated from the
corresponding curves, (error bars are s.e.m.; n=3).
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at higher pH.?** More importantly, in this neutral state, lysine residues are able to form covalent bonds
with acyl chloride, resulting in amide formation. It was also reported that the discharge of amide
groups in high pH solution induces an a-helix structure with hydrogen bonds, leads to a rigid rod

872 which was also suggested by significantly higher dynamic viscosity observed at higher

structure,®
pH (Figure 2.10), as globular conformation usually significantly more viscous than random coil
conformation.®’ By contrast, the protonated lysine residues at lower pH can hardly react with the pro-
surfactant due to the electrostatic repulsion or even dissociate from the interface, leaving more

viscoelastic (Figure 2.9B) and less elastic (Figure 2.9C) nanosheets. However, it remains unclear why

such difference did not translate into significant differences in toughness and resilience (Figure 2.9D).
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Figure 2.10. PLL nanosheets assembled at higher pH display higher dynamic viscosity. (Error bars are
s.e.m.; n=3).

In light of the impact of pH on PLL adsorption at the interface, we further looked into whether the
mechanical properties of adsorbed PLL nanosheets at the interface would still be affected by switching
pH from 10.5 to 7.4. PLL nanosheets were adsorbed at pH 10.5 (the pH PLL was fully adsorbed compare
to others as shown above), then was washed with pH 7.4 PBS to neutralise the pH as well as remove
excess PLL in solution, a stress relaxation test was conducted before and after the washing step. As
shown in Figure 2.11A, the washing step (neutralising pH) made little change on the stress relaxation

profile, except for slightly reduced residual stress, which may be resulted from the removal of excess
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PLL or loosely bound PLL in the solution. No significant difference was found on stress retention (Figure
2.11B), confirming that neutralising pH has little impact on the mechanics of adsorbed PLL nanosheets

once they are covalently bind to the pro-surfactant at pH 10.5.
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Figure 2.11. Neutralising pH has little impact on the mechanics of PLL nanosheets adsorbed at pH
10.5. (A) Representative stress relaxation curves for adsorbed PLL nanosheets at pH 10.5 (before
washing, black) and after being neutralised by pH 7.4 PBS (after washing, red). (B) Summarised stress
retentions obtained from the corresponding curves (right), (error bars are s.e.m.; n=3).

2.3.3 Impact of Molecular Weights on Protein Assembly at Liquid Interface

With PFBC concentration fixed at 0.01 mg/mL and PBS pH fixed at 10.5, the adsorption of PLL chains
with different Mw was also investigated. Most of these polymers presented very similar time sweep
profiles and interfacial storage moduli except for the lowest Mw (1-5 kDa), whose modulus was
significantly lower than the rest (Figure 2.12A). A possible explanation for this could be the lack of
sufficient interlocking or cross-linked PLL domains associated with low Mw chains. It has also been
reported that mass density of PLL adsorbed at the interface was lower with shorter PLL chain length,®®
which may also result in reduced moduli. The stability of emulsions was consistent with this
explanation, as 1-5 kDa PLL failed to form stable emulsions (Figure 2.13A), suggesting insufficient steric
hindrance to coalescence. However, it was surprising that 1-5 kDa PLL maintained a high stress
retention (Figure 2.12C), indicating high elasticity. Although such softer but more elastic PLL
nanosheets were also found in those formed by lower PFBC concentrations (Figure 2.6) and the cause

of such may be explained by the unfolding of PLL. As less sterically hindered, 1-5 kDa PLL chains could
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Figure 2.12. Interfacial mechanical properties of interface between Novec 7500 containing 0.01
mg/mL PFBC and pH 10.5 PBS containing 100 pg/mL PLL at different Mws (1-5, 4-15, 15-30, 30-70,
70-150, 150-300 and >300 kDa). (A) Representative time sweep measurement profiles (left) and the
corresponding interfacial shear moduli (right), (error bars are s.e.m.; n=3). (B) Frequency sweep
measurement profiles. (C) Representative stress relaxation curves for different PLL molecular weights
(left) and summarised stress retentions obtained from the corresponding curves (right), (error bars are
s.e.m.; n23). (D) Representative oscillation stress-strain curves (left) and summarised toughness
(middle) and resilience (right) calculated from the corresponding curves, (error bars are s.e.m.; n>3).

more fully unfold than longer chains, inducing higher degree of networking and higher elasticity. This
explanation is supported by the frequency sweep measurements (Figure 2.12B) as a less frequency
dependant modulus suggests more extended crosslinked networks. However, it should also be noted
that the reduced modulus observed for short chain PLL nanosheets may also resulted in too fast

relaxation to be quantified via our assay.
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Figure 2.13. Characterisation of different Mw PLL ((1-5, 4-15, 15-30, 30-70, 70-150, 150-300 and >300
kDa)) assembly at the interfaces. (A) Images of emulsions formed by Novec 7500 containing PFBC and
10.5 PBS containing PLL. (B) XPS spectra (F 1S) obtained for dried emulsions (right) and summarised
functionalisation level of the corresponding PLL (left), (error bars are s.e.m.; n=3).

In addition, amongst all the stable emulsions, it is worth mentioning that emulsions became more
sticky, with restricted flow, and more likely to aggregate at the bottom of a vial, at higher molecular
weights (Figure 2.13A). This might be related to entanglement caused by longer polymer chains or the
formation of intermolecular (and inter-droplets) physical crosslinks and/or B-sheets.”? Such
entanglement or intermolecular B-sheets could also contribute to higher elasticity as the incremental
Mw leads to incremental stress retention (Figure 2.12C). XPS analysis of the resulting PLL nanosheets

collected from emulsions revealed comparable levels of PFBC functionalisation for all Mw tested (near
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10%, Figure 2.13B), suggesting comparable levels of covalent coupling of the pro-surfactant to PLL.
This is compatible with the similar storage moduli observed for all molecular weight PLLs. Although
significantly tougher nanosheets were only assembled by PLL over 300 kDa, significantly more resilient

nanosheets were found in nanosheets assembled by PLL over 70 kDa.
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Figure 2.14. Characterisation of different Mw (1-5, 30-70 and >300 kDa) PLL assembled nanosheets.
(A) Epifluorescence images of PLL nanosheet harvested on mica via Langmuir Blodgett Trough. (B)
Epifluorescence images of PLL/FN nanosheet assembled at the interfaces between Novec 7500
containing 0.01 mg/mL PFBC and PBS. (C) Summarised thickness of different Mw PLL nanosheet
harvested on silicon wafer via Langmuir Blodgett Trough, measured by ellipsometry in dry (top), DI
water (middle) and PBS (bottom), (error bars are s.e.m.; n=3).

Interestingly, even though 1-5 kDa PLL formed relatively softer nanosheet, epifluorescence images
(Figure 2.14A and B) showed that the adsorption densities were comparable to the others molecular
weight PLLs. This implies that the weaker modulus of low Mw PLL nanosheets may be due to the lack
of interlocking of polymer chains. Some domain-like structures can be observed at the interfaces with
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1-5and 30-70 kDa PLL, but not with >300 kDa PLL, and were also seen with FN (Figure 2.14B), indicating

weaker PLL assembly at inter-domain areas.
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Figure 2.15. Creep experiments via interfacial rheology at the interfaces between Novec 7500
containing 0.01 mg/mL PFBC and pH 10.5 PBS containing 100 pug/mL PLL at different Mws (1-5, 30-
70 and >300 kDa). (A) Representative creep and recovery curves at different oscillation stresses (top)
and at stress of 0.001 Pa alone (bottom). (B) Representative creep curves fitted with a 6-element
Burger’s model and (D) the corresponding viscoelasticity parameters (elastic modulus, Go, G; and G,
left; and viscosity n, right). (C) Representative creep curves fitted with a modified Jeffreys model and
(E) the corresponding viscoelasticity parameters (elastic modulus G, left; and viscosity ns, right.). Error
bars are s.e.m.; n=3.

Ellipsometry measurements were carried out to characterise the thickness of PLL nanosheets

harvested on silicon substrates. The dry thickness of nanosheets were around 3 nm (Figure 2.14C),
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comparable to other PLL monolayers studied via ellipsometry,10%214216.218 bt much shorter than our
previous study on nanosheets harvested from dried emulsions via AFM, which was around 14 nm.?*
Measurements carried out in DI water suggested significantly thicker layers for higher Mw PLLs, as
longer polymer chains swell more. Maldonado et al. also suggested that a-helix could be truncated by
lysine yielding with higher Mw, giving more elongated structures.”> However, such differences in
thickness were not observed in PBS, presumably due to electrostatic screening and partial collapse of
chains. Therefore, more compact structures were perhaps the reason for higher stiffness at higher

Mws.
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Figure 2.16. Creep experiments via magnetic tweezer at the interfaces between Novec 7500
containing 0.01 mg/mL PFBC and pH 10.5 PBS containing 100 pug/mL PLL at different Mws (1-5, 30-
70 and >300 kDa). (A) Representative creep and recovery curves and the corresponding viscoelasticity
parameters extract from a 6-element Burger’s model fitting (B) elastic modulus (Go, G1 and G3); (C)
viscosity (n); and (D) percentage recovery. Error bars are s.e.m.; n27.

Creep-recovery experiments were performed at both macroscale via interfacial rheology and
microscale via magnetic tweezer. The stress was sequentially increased in the test performed by
interfacial rheology. 1-5 kDa nanosheets broke at a stress of 0.005 Pa and 30-70 kDa nanosheets broke

at a stress of 0.01 Pa. PLL with Mw > 300 kDa maintained intact nanosheets at all stress investigated,
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further confirming the difference in yield strength observed (Figure 2.15A). At the macroscale, initial
displacements were inversely proportional to the PLL Mw, when subjected to 0.001 Pa stress, in
agreement with the incremental moduli as a function of Mw. To overcome the creep ringing issue,
which is a ramped oscillatory strain response at the beginning of the creep experiments via a stress-

controlled rheometry,?1:242

a Jeffreys model with an instrument inertia was also introduced in addition
to the 6-element Burger’s model that commonly used to described a gel-like structure to fit the results
(a Burger’s model was used for the fitting first but did not fit well, thus we introduced an extra Kelvin—
Voigt element to improve the fitting). Similar to other reports used Jeffreys model to fit creep ringing,
the model fits well at short time but progressively deviates from the raw data as the total strain
accumulates.?®® In general, both Burger’s model (Figure 2.15B) and Jeffreys model (Figure 2.15C)
fittings displayed a very similar trend that higher Mw PLL nanosheet had higher elastic modulus
compared to low Mw PLL (Figure 2.15D and E), but the difference was not significant when the
instrument inertia was taken into account (Figure 2.15E). However, the trend was exactly the opposite
at the microscale (Figure 2.16A, B). This was possibly an indication of the stretching of polymer chains
by beads independent of the nanosheet modulus. It was also worth noting that the viscosity and
percentage recovery displayed a bimodal distribution (Figure 2.16C, D), which was again an indication
to the formation of different domains. After the initial deformation, the profile obtained for > 300 kDa
PLL nanosheets almost flattened while that of lower Mw PLL nanoshets experienced a rather
pronounced increase (Figure 2.16A), which suggests that nanosheet formed by > 300 kDa PLL was
more solid like than fluid like. Overall, although the creep curves presented similar profiles at different

scales that suggests nanosheets behave similarly macroscopically and microscopically, there were

some microscale variations that were not probed at macroscale.
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Figure 2.17. Epifluorescence images of 1-5 kDa and > 300 kDa PLLs mixed at different ratios
assembled at the interfaces between PBS and Novec 7500 containing 0.01 mg/mL PFBC. Images were
taken after PLL incubation (top), then FN incubation (middle) and after 24 hours (bottom).
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We also mixed 1-5 kDa PLL with > 300 kDa PLL at different ratios, and imaged interfacial nanosheets
under epifluorescence microscopy. As shown in Figure 2.17, fractures were spotted when a small
amount of the high Mw PLL was introduced, however, when the percentage of high Mw was increased,
more intact and continuous nanosheets were formed. Small domains were also observed at the
interfaces with higher 1-5 kDa contents, and became much clearer after FN incubation and after 24 h.
Apart from such PLL/FN pairs, similar finding was also reported in PLL/HA pairs on a solid surface when
HA was added on PLL monolayer.’®® It was attributed to the complex coacervates formed by the
interaction between HA and PLL. Upon the increase of > 300 kDa PLL content, the domains became
larger. From 50% onwards, the domains disappeared and nanosheets appeared continuous. In some
protein-surfactant mixtures, it has been reported that the interfacial nanosheet networks formed by
globular proteins can be penetrated by low molecular weight surfactants through a process called
‘orogenic displacement’, through which the surfactants self-assemble into small domains among the
network and gradually expand in size and eventually disrupt the protein network.?4%?*> This theory

may also be used to describe the domain formation among nanosheets formed by different Mw PLL
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mixtures. Since only limited PLL residues (roughly 10%) are able to react with the PFBC thus pinned at
the interface according to the XPS measurements (Figure 2.13B), those residues that do not bound to
the PFBC may penetrate into the network and assemble into domains. This could possibly explain the
reason that the higher >300 kDa PLL contents had larger domains, as it is more difficult for higher Mw

PLL to penetrate into the network.

2.4 Conclusions

The aim of the work in this chapter is to design mechanically strong protein nanosheets to support cell
culture at liquid-liquid interfaces. We started with nanosheets formed from FBS which is often used
in cell culture media. We found that nanosheets with relatively weak storage moduli at the interfaces
between PBS and Novec 7500 even with the presence of the pro-surfactants PFBC. Therefore, a further
modification of the interfaces would be needed before being presented for cell culture. In light of the
mechanical requirements as well as its biocompatibility and bioactivity (In particular for extracellular
matrix protein adsorption and cell adhesion), PLL was selected as the candidate for such purpose. The
interfacial storage moduli of PLL varied from 5 x 103 N/m to 2.5 N/m, as confirmed by interfacial shear
rheology, under different conditions including pro-surfactant concentrations, oil phase, pH and PLL
Mw. As PLL adsorption on liquids was a rather complicated process, those factors can easily affect the
mechanical performance by changing the interfacial interactions sustained by nanosheets. This must
be taking into careful consideration in designing the naonsheets. It is worth noting that even the
softest PLL nanosheets still had higher moduli than that of FBS nanosheets. Despite the relative
homogeneous adsorption of PLL at the interface, the microscale creep experiments reveal there is a
heterogeneous in viscosity and elasticity. This is also found in other proteins in similar adsorption
experiments in literature,®” and it was mostly attributed to the mixture of proteins of different
denaturation levels in the adsorbed layers. Knowing the high functionalisation level of PLL (around

10%) and the small domain-like structures observed in the PLL nanosheets, we propose that the
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formation of PLL-surfactant rafts at liquid-liquid interfaces resulted in nanosheets with high rigidity.®
In addition to interfacial storage moduli, PLL nanosheets also exhibited very different stress retention
or elasticity behaviour at the interface where higher elasticity nanosheets had lower moduli. It was
also found that although pro-surfactants and pH had impact on PLL assembly, as well as stiffness and
viscoelasticity, they had very little influence on toughness and resilience, for which Mw seems to

contribute more.

Overall, we demonstrated the formation of PLL nanosheets with tunable interfacial storage moduli
and viscoelasticity at liquid-liquid interface. These nanosheets provide a possible substrate to support
cell culture on liquids. The detailed study of cell adhesion and proliferation at such interfaces is

presented in the next chapter.
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Chapter 3

Culture of Mesenchymal Stem Cells on
Liquid interfaces Mediated by Protein
Nanosheets
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3.1 Introduction

The importance of cell adhesion to ECM in regulating cell behaviour and phenotype has been
addressed extensively, particularly in the study of cell-material interactions.>* Cell adhesion is mainly
mediated by integrins, which are transmembrane heterodimeric surface receptors that connect
intracellular and extracellular environments. Common ECM proteins binding to integrins include FN,
LN, VN and COL. These proteins selectively bind to different integrin families. For example FN mainly
binds to a5B1, allbpB3 and the avp integrins;?*® LN to a3B1, a6B1, a6B4 and a7B1;2*” VN to avpl,
avP3, avB5 and allbp3;%*® and COL to a1B1, a2B1, al0B1 and al1B1.247:24° Thus, these proteins have
been widely used for coating the surface of materials for biomedical applications. The organisation
and presentation of these proteins to integrins have a great impact on cell adhesion, behaviour and,
subsequently, cell phenotype. For example, mechanical,”?*° topographical®>*? and chemical
modifications are among those properties that have been shown to play a key role in regulating cell
adhesion, motility, proliferation and differentiation.”?® In the case of mechanics, the impact of
substrate elasticity has been thoroughly investigated. A molecular clutch model has been widely used
to explain the effects of matrix stiffness.>1%3%2* This model proposes that the actin retrograde flow
exerts forces on integrins bound to the ECM, via adaptor proteins such as talin, resulting in their
unfolding and further recruitment of vinculin, among other effectors. This behaviour is modulated by
integrin binding strength, the density of ligands and the mechanics of the ECM. This results in the
remodelling of the actin network, that is sufficiently stable to resist myosin-based contractility, and in
the subsequent downstream signalling events, mediating further mechanosensing and
mechanotransduction.?*! In the case of softer substrates where integrin mobility is not restricted,
talin unfolding is not activated and downstream signalling ceased resulting in ECM detachment. Under

255 and

such model, cell displays distinct adhesion behaviour in response to different elasticity
subsequently leading to different differentiation lineages even in the absence of soluble induction

factors.”?>3 However, whether substrate bulk mechanics controls cell fate regulation was challenged

as the lack of cell response to PDMS with different stiffnesses was reported.** ECM molecule tethering
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was proposed as an explanation for such finding as a loosely bound ECM on stiffer substrates was
suggested to impair ECM mechanical feedback. Study of cell adhesion on substrates tethered with
adhesive ligands with different lengths also revealed that cell adhesion was restricted on stiff
substrate with RGD ligands linked by longer tethers, similarly to the lack of adhesion on soft
subtrates.*® Since most of the studies were conducted on elastic (solid or highly cross-linked hydrogel)
substrates, the impact of viscoelasticity was not clear. In light of the importance of ECM presenting
viscoelasticity in physical environments,®?*%>¢ further study and a deeper understanding of the
impact of viscoelasticity on cell adhesion is particularly important. Weak cross-linked hydrogel
systems were therefore used to address the role of viscoelasticity in cell behaviour. By adjusting the
initial combination of monomer acrylamide and cross-linker bis-acrylamide concentrations, Cameron
et al. prepared a range of polyacrylamide (PAM) gels with similar storage moduli but different loss
moduli and, hence, different creep characteristics.”*” They found that MSC motility, spreading area,
proliferation and differentiation were promoted on surfaces displaying higher viscosity. Such
difference was proposed to be the result of the reduction in contractile forces resulting from the
inherent energy dissipation in substrates displaying high creep. Similar findings were also reported by
Mooney’s group,®* as they used covalent and ionic cross-linking to regulate the elastic and viscoelastic
properties of alginate gels, whilst retaining the comparable elastic moduli (at least in part of the range
of frequency and strain probed). They observed enhanced U20S cell spreading and focal adhesion
formation on substrates displaying stress-relaxation. They also attributed this to the energy
dissipation of viscoelastic interfaces and the requirement of cells to generate greater work than on
purely elastic substrates of the same elastic modulus in order to spread. A later work reported by the
same group used alginate-polyethylene glycol coupling to prepare hydrogels with extended relaxation
time.>* MSC spreading and proliferation were suppressed on slow relaxing gels but enhanced on the
faster relaxing systems. In turn, adipogenesis and osteogenesis were also found to be promoted on
gels with faster relaxation. These cell behaviours on rapid relaxing hydrogels were explained by the

greater malleability of the hydrogels that enable substrate remodelling and ligand clustering by cells.
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In these studies, it was hypothesised that one effect of stress-relaxation was to mediate integrin
clustering and associated cell adhesion, via adaptor molecules involved in the clutch model.>*! This
was further confirmed by a mathematical model.*!>%%>* Developed from such hypothesis, Ze Gong and

258 addressed the importance of the stress relaxation time of the substrates. They proposed

colleagues
that the maximum cell spreading would be achieved on highly viscous and low rigidity substrates with
a relaxation time comparable to the life time of focal adhesions (10™ to 10° s) and clutch engagement

time (around 1 s), so that clutch mediated spreading at the high initial stiffness could be maintained

as actin retrograde flow was minimised via stress relaxation.

In light of the importance of ECM viscoelasticity, the culture of cells on liquid interface is particular
interesting as the fluid and reconfigurable properties of liquids provide a more adaptive system than
rigid substrates. Itis also surprising as fast and complete relaxation should prevent energy storage and
the activation of the molecular clutch. Keese and Giaever were the pioneers who reported the
proliferation of fibroblasts at the surface of fluorinated and silicone oils.?’?° Their work highlighted
the importance of surfactant molecules to enable cell expansion, without developing on the nature of
the structures assembled and the mechanisms enabling such cell proliferation, even with normal
adherent fibroblasts, although they noted a change in interfacial mechanics.!?® Such system was later
studied on other anchorage-dependent cell types in addition to fibroblasts, such as epithelial cells,*°
myoblast,®?*9 investigating their proliferation and differentiation on liquid substrates. Upon culture
on fluorinated oil-based liquids, the myogenic differentiation of myoblast was suppressed,®® and the

S260 while

osteogenesis, adipogenesis and chondrogenesis of MSCs were unchanged compared to TP
the neurogenesis was promoted,®? although these results could not be repeated (presumably due to
the lack of pro-surfactants in the work reported). These reports mainly focused on the chemistry of
different fluorinated oils while the analysis and characterisation of interfacial mechanics were missing
or insufficient. Previous works in our group studied the culture of HaCaT cells (I contributed to the

)*752 and keratinocytes® and MSCs (I

interfacial rheology characterisation of FBS at liquid interface
contributed to the MSCs culture)®® on pro-surfactant assisted protein nanosheets assembled at
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fluorinated oil interfaces. This work highlighted the importance of interfacial, rather than bulk,

mechanical properties in regulating cell adhesion and fate decision.
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Figure 3.1. Schematic lllustration of Cell Culture on Oil Interface. (A) Cell culture on flat Novec 7500
interface. (B) Cell culture on oil droplet pinned on glass slides.

This chapter aims at culturing MSCs on nanosheets assembled at oil interfaces and describing the
processes that regulated by the substrate mechanical properties. The interfacial mechanics of
nanosheets has been characterised by interfacial rheology, showing clear dependency on protein type,
pro-surfactant concentration and pH, as discussed in Chapter 2. The impact of these nanosheets on
cell adhesion and proliferation are examined in this chapter. MSCs were cultured at the interfaces
between the oil and the medium. Additionally, owing to the lighter mass density of non-fluorinated
oils such as PDMS, the oil was pinned on glass slides via hydrophobic treatment (Figure 3.1), to allow
simple imaging. Although previous reports from our group suggested successful culture of HaCaT cells
on serum adsorbed oil interfaces (I contributed to the interfacial rheology characterisation of FBS at
liquid interface),*””*? it was not the case for adherent stem cells such as primary keratinocytes and
MSCs, which typically required more adhesive environments. Hence, we hypothesise that poor
proliferation was the result of insufficient cell adhesion to the oil surface. ECM proteins such as FN
were therefore introduced in our system to promote cell adhesion. However, FN could not be
introduced directly as it did not stabilise on liquid-liquid interfaces sufficiently. To tackle this issue, a
PLL nanosheet was self-assembled at the interface in the presence of the pro-surfactant, allowing FN
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electrostatically binding to the interface. Cell adhesion was studied via immunostaining of actin and
FA markers such as vinculin, talin, paxillin and phosphotyrosine. MSCs were found to adhere on oil
interfaces at levels comparable to those observed for solid substrates and hydrogel culture systems.
We also demonstrated the expansion of cells on oil substrates, at similar rates to those observed on
TPS, though the potential toxicity and the fracture of the nanosheets were found to be issues impairing
the expansion of cells in some systems. Finally, based on the viscoelasticity of the nanosheets
assembled interface and the corresponding cell proliferation, a correlation between the stress
retention and the MSC proliferation was drawn, which we propose is an essential feature for the

design of liquid-liquid interfaces for cell culture.

3.2 Materials and Methods

3.2.1 Materials and Chemicals

MSC (human bone marrow derived), MSC growth medium, freezing medium Cryo-SFM and accutase
solution were purchased from PromoCell. PFBC, PBS, NaHCO;s pellet, NaOH pellet, PLL hydrobromide
(molecular weights: 1-5 kDa, 4-15 kDa, 15-30 kDa, 30-70 kDa, 70-150 kDa, 150-300 kDa and >300 kDa),
Lys (from chicken egg white), toluene (anhydrous, 99.8%), DMSO, TEA, trichloro (1H, 1H, 2H, 2H-
perfluorooctyl) silane, triethoxy(octyl) silane, SBC, HDC, BSA, GEL (from cold water fish skin), FN (from
human plasma), paraformaldehyde (PFA), Triton X-100, tetramethyl rhodamine isothiocyanate
phalloidin, 4,6-diamidino-2-phenylindole (Dapi), monoclonal anti-vinculin antibody from mouse,
monoclonal anti-talin antibody from mouse and anti-phosphotyrosine antibody were purchased from
Sigma-Aldrich. Live/Dead kit, VN were from Life Technologies. Fluorinated oil (Novec 7500) was from
ACOTA. FBS was from PAA. COL (rat tail, type 1) was from First Link (UK) Ltd. HA was provided by
GlaxoSmithKline. Cover glasses (25 x 60 mm) and pure ethanol were from VWR. PDMS (trimethylsiloxy
terminated, viscosity 10 cSt) was from ABCR. Mr. Frosty™ freezing container, Alexa Fluor 488 NHS

ester (succinimidyl ester), Alexa Fluor 488 goat anti-rabbit IgG (H+L) highly cross-adsorbed secondary
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antibody, Alexa Fluor 488 goat anti-mouse 1gG (H+L) highly cross-adsorbed secondary antibody,
Hoechst 33342 (1 mg/mL) were purchased from ThermoFisher Scientific. Monoclonal anti-paxillin
antibody from rabbit was from ABCAM. Sticky-slide 8 Well was from Thistle Scientific. Rapeseed oil

was from Sainsbury. Blandol® White Mineral Qil was purchased from Sonneborn.

3.2.2  MSCs Culture

MSCs were directly cultured in MSC growth medium on a T75 flask. The flask was placed in an
incubator with a humidified atmosphere (37 °C and 5% CO,). Growth medium was completely
replaced every two days. When a 70-80% confluence was reached, medium was aspirated and
cells were washed with PBS to remove serum and protein traces and cells were detached through
incubating 5 min with 4 mL accutase-solution at 37 °C. Cells were then transferred to a centrifuge tube
and centrifuged at 1,200 rpm for 5 min, the supernatant was aspirated and the cells were re-
suspended in 10 mL growth medium and counted using a haemocytometer. For proliferation
experiments, 5,000 cells were seeded per well, and half of the old medium was replaced by fresh
medium every two days. For cell passage, 300,000 cells were seeded in a T75 flask. Cells were disposed
after being passaged for more than six times. For cryopreservation, the harvested cells were re-
suspended in Cryo-SFM freezing medium at a density of 5,000 cells/mL. 1 mL of cell suspension was
transferred to each cryovial and stored in a Mr. Frosty™ freezing container. The container was kept at
-80 °C for 24 hours before transferring the vials a cell bank filled with liquid nitrogen. The same batch

of cells was not cryopreserved more than once.

3.2.3 Preparation of Fluorinated Qil-based Interfaces for Cell Culture

To generate flat interfaces, 24 well-plates were plasma oxidized via a plasma coater (Diener, 100%

intensity) for 10 minutes. A solution containing 500 pL pure ethanol pre-mixed with 10 uL TEA and 10
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pLtrichloro (1H, 1H, 2H, 2H-perfluorooctyl) silane was added into each well. The well-plates were then
sealed with parafilm and left overnight at room temperature. After 24 h, 500 uL of fluorinated oil
containing PFBC at the desired concentrations was pipetted into the treated well after being sterilised
twice with 70% ethanol and washed three times with DI water obtained from a Purelab® Chorus
system. 1 mL of pH 10.5 PBS was added dropwise on top of the oil in each well, 1 mL of 200 pg/mL PLL
(30-70 kDa unless otherwise specified) solution (in pH 10.5 PBS unless otherwise specified) was then
added to the wells, making the final PLL concentration at 100 pug/mL in each well. After an hour
incubation allowing the PLL nanosheet to form, the excess PLL solution was removed by diluting with
PBS (pH 7.4) six times. For Lys, the final concentration was 1 mg/mL in pH 10.5 PBS. To promote cell
adhesion, 1 mL of 20 ug/mL FN solution (in pH 7.4 PBS, making the final concentration 10 pg/mL) was
pipetted on top of the PLL film and left for another hour incubation. For VN, FN/BSA mixture or BSA,
the final concentrations were also at 10 pg/mL. The residual FN and other proteins were then washed
out by diluting with PBS (pH 7.4) four times, after another two more dilutions with MSC growth

medium, the interface was ready for cell culture.

In the case of the PLL-HA-COL nanosheet, 1 mL of 200 pug/mL HA solution (in pH 7.4 PBS, making 100
pug/mL the final concentration) was pipetted on top of the PLL film and left for another hour
incubation. The residual FN was then washed out by diluting with PBS (pH 7.4) six times before 1 mL
of 20 pg/mL COL solution (in pH 7.4 PBS, making the final concentration 10 ug/mL) was added. After
30 min incubation, the well was washed by diluting with PBS (pH 7.4) four times, after another two

more dilutions with MSC growth medium, the interface was ready for cell culture.

For fluorescence imaging of PLL, Alexa Fluor 488-conjugated PLL was used instead of normal PLL. The
conjugated PLL stock solution was prepared by dissolving PLL powder in 0.1M NaHCOs buffer and
reacting with Alexa Fluor 488 NHS ester (succinimidyl ester) dissolved in DMSO, as suggested by the

user manual. The conjugated PLL was mixed with normal PLL at 1:9 ratio and added into each well at
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a final concentration of 100 ug/mL. The incubation and washing process was the same as the one

described above.

3.2.4  Preparation of Non-fluorinated oil-based Interfaces for Cell Culture

Since the non-fluorianted oils used were lighter in mass density than the aqueous solution, the oils
were pinned at the surface of hydrophobic slides. The hydrophobic glass slides were plasma oxidized
for 10 minutes and placed into a staining jar filled with toluene containing 100 uL triethoxy(octyl)
silane and 100 pL TEA. After 24 hours incubation, the glass slides were washed with ethanol and air-
dried. The resulting hydrophobic glass slides were cut into 1 x 1 cm chips and placed into a 24-well
plate. After being sterilized with 70 % ethanol, the wells were washed with PBS and filled with 2 mL
pH 10.5 PBS. A 70 pL volume of non-fluorinated oil such as PDMS, mineral oil or rapeseed oil was pre-
mixed with the corresponding pro-surfactants (mixture of SBC and HDC at different ratio) at the
corresponding concentrations (100 ug/mL or 10 pug/mL) was added on the surface of the glass slides
to generate droplets. 1 mL of 200 pug/mL PLL solution (in pH 10.5 PBS) was pipetted into each well to
final concentration of 100 pug/mL, and incubated for 1 hour. The solution was then diluted with PBS
(pH 7.4) six times. For FN adsorption, 20 pL of FN solutions (1 mg/mL) was pipetted into each well
(after PLL coating), to make a final concentration of 10 pg/mL, and incubated for 1 h. The protein

solution was diluted with PBS (pH 7.4) four times and then with growth medium twice.

3.2.5 Immunostaining and Analysis

To obtain higher resolution images of cells growing on liquid-liquid interfaces, imaging was carried out

on droplets pinned on thin glass slides mounted at the bottom of a sticky-slide 8 well.

Thin fluorinated glass slides were plasma oxidized for 10 minutes and placed into a staining jar. 1 mL
toluene and 30 pL trichloro (1H, 1H, 2H, 2H-perfluorooctyl) silane were added in a glass vial. The
staining jar containing the glass slides and the glass vial with the silane solution were placed into a
desiccator under vacuum for 5 min and then left under a reducing atmosphere but sealed overnight.
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The fluorinated glass slides were washed with ethanol and dried in air before being mounted at the
bottom of a sticky-slide 8 well. After sterilisation with 70% ethanol, the wells were washed twice with
PBS and then filled with 300 uL pH 10.5 PBS. 10 uL droplets of fluorinated oil with pro-surfactant PFBC
at desired concentrations were deposited on top of the glass slide and formed a fluorinated oil droplet
spreading over the entire substrate. 200 uL of the desired PLL solution (in pH 10.5 PBS) was pipetted
into each well, making a final concentration of 100 ug/mL, and incubated for 1 hour. The PLL solution
was then diluted with PBS (pH 7.4) six times. For the coating of the following proteins (FN, VN, FN/BSA
mixture or BSA), 200 uL protein solution at the desired concentration was pipetted into each well, to
make a final concentration of 10 ug/mL, and incubated for 1 h. The protein solution was diluted with
PBS (pH 7.4) four times and then with growth medium twice. An amount of 3,000 cells was seeded on

each well.

For PDMS, the hydrophobic glass slide was prepared as described in 3.2.4 and then mounted to the
sticky-slide 8 well. The preparation of PDMS samples for immunostaining was the same as for the
preparation for the fluorinated oil sample except for the use of PDMS and hydrophobic pro-surfactants

(HDC and SDC).

Cells were cultured for either 24 or 48 hours before fixation. Each well was diluted with PBS six times
and the samples were fixed with 8% PFA for 10 minutes, then washed by diluting with PBS six times.
Samples were then permeabilized with 0.4% Triton X-100 for 5 min at room temperature. Followed
an hour blocking tetramethyl rhodamine isothiocyanate phalloidin (1:500, in blocking buffer). Samples
were subsequently incubated with the corresponding primary antibody (anti-vinculin, 1:200; anti-
talin, 1:200; or anti-paxillin, 1:250, in blocking buffer) for 1 hour at room temperature. The staining
solution was washed out by diluting with PBS six times. Samples were then incubated with the
corresponding Alexa Fluor 488-conjugated secondary antibody (1:500 in blocking buffer) and Dapi
(1:500) for 1 hour at room temperature. For anti-phosphotyrosine antibody staining, since it was

conjugated, it was directly stained at 1:500 dilution together with Dapi staining for an hour. The
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samples were finally washed by diluting six times with DI water. Confocal microscopy images were
acquired with a Zeiss Laser scanning confocal mycoscope (LSM710). To determine cell adhesion areas,
images were analyzed by thresholding and watershedding fluorescence images of the cytoskeleton (F-

actin staining) using Imagel. Cell-cluster areas were removed when analysing results.

3.2.6 Live/Dead, Hoechst Staining and Cell Counting

Cell proliferation and viability at the interfaces were assessed via Live/Dead and Hoechst staining, for
which, half of the medium was replaced with pre-warmed PBS containing 1 puL/mL calcein, 4 uL/mL
ethidium from Live/Dead kit and 2 puL/mL Hoechst. After 40 min incubation, the cells were imaged
using a Leica DMI4000B epifluorescence microscope. Cell counting was carried out by thresholding

and watershedding nuclear images via ImageJ.

3.2.7 Statistical Analysis
Statistical analysis was carried out using Origin 2019 through one-way ANOVA with Tukey test for
posthoc analysis. Statistical significance was indicated a follows: *, P < 0.05; **, P < 0.01; ***, P <

0.001; and n.s., non-significant.

3.3 Results and Discussions

3.3.1 MSCs Adhesion on Liquid Mediated by Protein Nanosheets

Although our previous works showed successful results for the growth of HaCaT cells on albumin-

4752 such interfaces were inadequate to support the adhesion of MSCs. We

assembled oil interfaces,
hypothesised that such poor adhesion was the result of the lack of adsorption of ECM protein to
albumin nanosheets, an important issue owing to the crucial role of ECM proteins in regulating cellular

behaviour.! Therefore, FN was used to coat the surface of PLL nanosheets to promote MSC adhesion.
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To investigate cell adhesion at oil interfaces, MSCs were seeded on PLL/FN functionalised oil interfaces
for 24 and 48 hours, enabling the assembly of FAs. In light of the impact of PFBC concentration on the
interfacial mechanics of PLL nanosheets mechanics as described in the Chapter 2, the effect of PFBC

concentrations on MSCs adhesion was studied by confocal microscopy. As shown in Figure 3.2, the
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Figure 3.2. Impact of PFBC concentrations on MSC spreading on PLL/FN functionalised Novec 7500
interfaces. (A) Confocal microscope images of MSCs cultured at the interfaces for 24 hours (top) and
48 hours (bottom), green, vinculin; red, actin. (B) Summarised spreading area on the corresponding
interfaces calculated from actin images. Error bars are s.e.m; n represents number of experiments,
n 2 3, more than 20 cells for each condition were measured in each experiment.

formation of FA was already observed at all interfaces in cells growing for 24 hours, and less diffuse
and more frequent FAs were seen after 48 hours of culture, indicating that the mechanics of the
PLL/FN nanosheets at the interfaces was sufficiently strong to sustain the formation of FA. We next
analysed the organisation of the actin cytoskeleton and observed actin cytoskeleton in all samples,
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but stress fibres were only found in cells spreading on stiffer interfaces (higher PFBC concentrations),
whereas on softer interfaces (lower PFBC concentrations), more actin-rich protrusions were observed.
This is in agreement with previous findings on hydrogels, where a higher stiffness often results in more
prominent and oriented stress fibres®® as it allows cells to better generate traction forces.?% Although
MSCs on softer interfaces seem to be less elongated than on the stiffer interfaces, no statistically
significant difference was found in their spreading area, similarly to the observations made by
Chaudhuri et al. for hydrogels displaying controlled viscoelasticity, compensating the effect of

decreased stiffness and enabling spreading associated with local substrate remodelling.>*
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Figure 3.3. Impact of PLL Mw on MSC spreading on PLL/FN functionalised Novec 7500 interfaces. (A)
Confocal microscope images of MSCs cultured at the interfaces for 24 hours, green, vinculin; red, actin.
(B) Summarised spreading area on the corresponding interfaces calculated from actin images. Error
bars are s.e.m; n represents number of experiments, n 2 3, more than 20 cells for each condition were
analysed in each experiment.

The impact of PLL molecular weight on cell behaviour was then studied with the PFBC concentration
fixed at 10 pg/mL. Again, 24 hours after cell seeding, focal adhesion and stress fibres were comparable
to PLL/FN functionalised glass and clearly seen at the corresponding oil interfaces (Figure 3.3A and

Figure 3.4). Although MSCs on nanosheets of higher molecular weight PLL (stiffer nanosheets) seem
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to spread more, no statistically significant difference was found (Figure 3.3B). As shown in Figure 3.4,
MSCs on all nanosheets, formed with PLL with different molecular weights, presented mature FAs and
stress fibres, implying success in building-up adhesion complexes and associated mechanosensing

processes.

Vinculin Actin

Vinculin Actin

30-70 kDa 1-5 kDa

>300 kDa

Figure 3.4. Confocal microscopy images of MSCs spreading (after 24 h) on PLL/FN functionalised
Novec 7500 interfaces. Zoom-ins correspond to the dotted boxes.

Our findings on keratinocytes growing on liquid-liquid interfaces suggested that cell adhesion to the
interface was largely promoted by the B1 integrin-FN interactions.® In the case of MSCs, cells were
cultured at the interface of PLL coated with different FN dilutions in BSA (100%, 50%, 20% and O,
dilutions from an initial concentration of 10 pg/mL). As shown in Figure 3.5, it was clear that MSC
adhesion decreased with FN concentration, as the spreading area was significantly lower in FN

concentration of 20% and 0. This highlighted the importance of FN density in regulating MSC spreading
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at oil interfaces. Interestingly, cells on oil seem to be less affected by such FN reduction than cells on

glass, which was in agreement with many other studies conducted on cell spreading on viscoelastic

surfaces,®* suggesting it would be easier for cells to remodel the matrix on more viscoelastic surfaces

while maintaining cell spreading. However, MSC spreading was unaffected when FN was completely

replaced by VN on the top of PLL nanosheets, since VN is an ECM protein that mainly binds to B3
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Figure 3.5. Impact of ECM adsorbed to PLL nanosheets on cell spreading (after 48 hours).
Confocal microscope images of MSCs on PLL/VN (left) and PLL/FN, PLL/FN-BSA (FN was diluted
by BSA to 50% and 20%) and PLL/BSA (right) functionalised Novec 7500 interfaces (1.25 pg/mL
PFBC). Green, vinculin, red; actin. The spreading area was quantified.

integrin, this finding indicates that B3 integrin may also promote MSCs adhesion on PLL nanosheets

assembled oil interfaces (as on solid substrates).

Apart from vinculin, the recruitment of other focal adhesion markers (namely, talin paxillin and

tyrosine phosphorylation) was also studied on PLL/FN functionalised oil (Figure 3.6). Tyrosine

phosphorylation is known as a major type of protein phosphorylation, commonly found in signalling
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process, especially in integrin-mediated cell adhesion. Indeed, tyrosine phosphorylation of focal
adhesion kinase (FAK), paxillin and p130cas has been widely linked to the regulation of both focal
adhesion assembly as well as the dynamics of the actin network.2>%2%27254 For example, increased
tyrosine phosphorylation in response to the stiffer substrates would typically lead to the formation of
mature and stable FAs.%*° The comparable levels of phosphotyrosine staining observed on cell growing
on oil and glass substrates suggest a similar signalling environment, further confirming that oil
interfaces display sufficiently strong mechanical properties to sustain the maturation of focal
complexes. Talin activates integrins in an inside-out manner and directly binds to integrins in a slip
bond, acting as a force-bearing protein. The unfolding of talin is a crucial process in focal adhesion

formation as talin contains cryptic binding sites for other focal adhesion proteins.** Upon the

Phosphotyrosine Talin Paxillin

Glass-PLL-FN

Novec 7500

Figure 3.6. Confocal microscope images of focal adhesion protein recruitment on PLL/FN
assembled Novec 7500 interfaces (1.25 pg/mL PFBC). Cultured for 48 hours, stained with
different focal adhesion markers (phosphotyrosine, talin and paxillin, green) and phalloidin
for actin, red.

application of mechanical forces via coupling to the actin retrograde flow, the cryptic binding sites of
talin are exposed, recruiting proteins promoting focal adhesion strengthening and cytoskeleton

reorganisation, such as vinculin and paxillin.**2% Paxillin works as a scaffold at the integrin signalling
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layer of focal adhesion, contributing to the recruitment of signalling proteins such as FAK and Src.266:2¢7

Its role in recruiting vinculin at adhesions has also been reported.?®* The successful recruitment of
these molecules in MSCs growing on the nanosheets, further confirmed the establishment of mature
focal adhesions by cells adhering to oil interfaces, indicating that even at the lowest PFBC
concentrations (1.25 pug/mL), the PLL nanosheets were sufficiently strong to sustain contractile forces

generated by cells.
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Figure 3.7. Impact of pro-surfactant combinations (0.1 mg/mL) on MSC spreading on PLL/FN
functionalised PDMS interfaces. (A) Confocal microscope images of MSCs cultured at the interfaces
for 24 hours (top) and 48 hours (bottom), green, vinculin; red, actin. (B) Summarised spreading area
on the corresponding interfaces calculated from actin images. Error bars are s.e.m,; n = 3, more than
20 cells for each condition were measured in each experiment.
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On PDMS-based systems, focal adhesions and stress fibres were abundantly found after 24 h
spreading (Figure 3.7A), consistent with the high interfacial storage moduli measured for these
interfaces (Table 1). Despite different pro-surfactant combinations, all the combinations had very
similar interfacial mechanical performance and their impacts on cell spreading were also very similar.
Although the spreading area of MSCs on oil containing SBC was slightly reduced after 48 hours

compared to 24 hours, no statistically significant difference was found.

3.3.2 MSCs Proliferation on Liquid Mediated by Protein Nanosheets

3.3.2.1  MSCs Proliferation on Fluorinated Oil
In the previous section, the establishment of cell adhesion to the PLL/FN nanosheet assembled oil
interfaces was confirmed. MSCs were then cultured on such interfaces for longer times to study cell

proliferation.

Since PFBC is an acyl chloride, its acidity leads to a decrease in the pH of the culture medium at high
concentrations, causing toxicity to cells. This effect was not observed at the concentrations used in
our system,>? but may have a moderate impact on cell expansion. A Live/Dead staining was performed
at early culture stages (days 1 and 3) to examine the cytotoxicity induced by the interfaces. Although
our previous findings showed the pH of the medium was unchanged in these conditions (at this
concentration of pro-surfactants) and HaCaT cells grew well in the presence of 10 pg/mL PFBC,>? MSCs
seemed more sensitive to the PFBC concentration at the interface. As shown in Figure 3.8A, an
increasing amount of cell death was observed on oils with increased PFBC concentrations. Cell viability
was significantly lower on interfaces in the presence of higher PFBC concentrations (10 and 5 ug/mL)
than on TPS (Figure 3.8B). Such high death rate could either be directly linked to the toxicity of high
PFBC amounts or unfavourable microenvironment, as we showed in Chapter 2 that PLL interfaces
displayed significantly less elastic behaviours at higher PFBC concentrations. However, the healthy

morphology observed for cells growing on interfaces with high PFBC concentrations (with mature FAs
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and stress fibres) may suggest little direct cytotoxicity under these conditions, and points towards a
role of the mechanical environment. However, the dead and unhealthy cells could have also been
removed or washed off during staining procedures which involved several extensive washing steps. In
such case, the PFBC cytotoxicity cannot be completely ruled out. A further cytotoxicity test, culturing
MSCs with PFBC, could be conducted to confirm the possible effects of PFBC. In any case, such
difference in viability severely affected MSC proliferation, as the cell densities on oil containing higher
PFBC concentrations (10, 5 and 2.5 pug/mL) were significantly lower than that of TPS after a culture of
7 days (Figure 3.8C). The number of cells on interfaces containing 10 pg/mL was almost unchanged,

indicating no proliferation on these interfaces over the period of 7 days.
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Figure 3.8. Impact of PFBC concentrations on MSC proliferation on PLL/FN functionalised Novec 7500.
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(A) Epifluorescence microscopy images of MSCs cultured on TPS and oil for 1, 3 and 7 days. Day 1 and
3 were stained with Live/Dead staining, green, live cells; red, dead cells; the corresponding viability
was summarised in (B), Day 7 was stained with Hoechst. (C) Summarised cell densities at different
culture times. Error bars are s.e.m,; n > 3.

Interfacial shear rheology indicated that the pH had an important impact on PLL adsorption and
resulted in different interfacial mechanics. However, when MSCs were cultured on PLL/FN nanosheets
prepared at different pH, it was surprisingly found that MSCs did not show any statistically significant
difference in proliferation (Figure 3.9). In the presence of 10 ug/mL PFBC, MSC densities at the oil
interfaces at day 6 were sparse compared to those on TPS, in agreement with the results presented
above. In contrast, at 1.25 pg/mL PFBC, cells proliferated on all the interfaces regardless of the pH,

although on the softest interfaces MSCs seem to proliferate less, this result was not statistically

significant.
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Figure 3.9. Impact of pH on MSC proliferation on PLL/FN functionalised Novec 7500. Epifluorescence
microscopy images (left) of MSC nuclei on PLL adsorbed at pH 8.5, 9.5 and 10.5 on Novec 7500

-100 -



containing (A) 10 pg/mL and (B) 1.25 pg/mL. Cell density was quantified and summarised (right). Error
bars are s.e.m,; n > 3.

With PFBC concentration fixed at 1.25 pug/mL, the impact of different PLL Mws was then characterised
(Figure 3.10). Likewise, Live/Dead staining was performed first. Under such low PFBC concentrations,
all of the Mws analysed allowed a high cell viability, comparable to that on TPS (Figure 3.10B). Even
though no significant difference was found regarding cell viability, the proliferation was significantly
different, with cell proliferating significantly higher on TPS than on all of the PLL/FN functionalised oil
interfaces (Figure 3.10C). When being cultured on oils, there was a clear impact of the Mw of PLL on
proliferation, as MSC proliferation gradually increased with longer PLL molecules, with the exception
of PLL with a Mw > 300 kDa. Interfaces assembled with 150-300 kDa PLL had the highest proliferation
rate and MSCs proliferated significantly more on these interfaces than on interfaces generated with

1-5 kDa and 4-15 kDa PLL.
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Figure 3.10. Impact of PLL Mw on MSC proliferation on PLL/FN functionalised Novec 7500. (A)
Epifluorescence microscopy images of MSCs cultured on TPS and oil for 1, 3 and 6 days. Day 1 and 3
were stained with Live/Dead staining, green, live cells; red, dead cells; the corresponding viability was
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summarised in (B), Day 6 was stained with Hoechst. (C) Summarised cell densities at different culture
time. Error bars are s.e.m,; n > 3.

When culturing of MSCs on nanosheet assembled oil interfaces, some areas devoid of cells surrounded
by dense cell areas were systematically observed (Figure 3.11). In some cases, folded cell sheets were
also found nearby. We proposed that such cell-free areas were caused either by the detachment of
cell sheets with poor adhesion strength or the fracture of PLL nanosheets. To investigate this
phenomenon, PLL molecules were conjugated with fluorescent tags. After FN incubation, the
nanosheets displayed the formation of domains with increasing size as the higher PLL Mw increased,
similarly to the trend previously reported in Chapter 2. However, some fractures were already
observed at this stage especially at low PFBC concentration (1.25 pg/mL), suggesting weaker
nanosheets. Such fracture is proposed to be the result of the dissociation of PLL nanosheets, upon FN
binding and the associated forces exerted. Then, MSCs at a high density (200,000), similar to the
density of cells reached on later culture stage, were directly seeded onto the oil interfaces (Figure
3.12). After 24 hours incubation, extensive damage on the nanosheet could be observed on interfaces
generated with 1.25 pug/mL PFBC. Cells stayed only on the nanosheet, with folded cell sheets also
visible, confirming that the cell-devoid areas were a consequence of nanosheet fracture led by
contraction at high cell density and not by cell detachment due to low adhesion forces. With PFBC
concentration at 10 pug/mL, although fracture was also observed, it was not as pronounced. Higher
Mw also resulted in fewer fractured nanosheets. This could explain the relatively higher MSC
proliferation on high Mw PLL interfaces. However, even at the highest Mw, the nanosheets could not
fully sustain the cell contractions generated at high densities and nanosheet rupture could still be

observed.
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Figure 3.11. MSC devoid area on PLL/FN nanosheets. Representative images of MSC culture on
nanosheets for 6 days.
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Figure 3.12. Highly confluent MSC fractures PLL/FN nanosheets assembled at the surface of Novec
7500. Epifluorescence microscopy images of PLL nanosheets (top) and after FN adsorption (middle)
and 24 hours after seeding 200K cells (bottom), red, PLL; blue, nuclei. Both (A) 10 ug/mL and (B) 1.25
pug/mL PFBC were used for PLL adsorption.

-103 -



Apart from PLL/FN nanosheets, other combinations of proteins and PELs were also tested to sustain
MSC proliferation. HA and COL are common components of ECM and both contribute to the regulation
of cell phenotype and have been widely used for mimicking the cell microenvironment in vitro. Since
HA is negatively charged at neutral pH, whilst COL is positively charged (high isoelectric point), we

proposed to form LbL assemblies on top of positively charged PLL nanosheets, resulting in PLL-HA-COL
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Figure 3.13. MSC proliferated on other protein assembled Novec 7500 interfaces.
Epifluorescence microscopy images (left) of MSC nuclei on (A) PLL-HA-COL and (B) Lys-PLL
functionalised Novec 7500 interfaces (1.25 pg/mL). Cell density was quantified and summarised
(right). Error bars are s.e.m,; n > 3.

nanosheets, in the presence of 1.25 pg/mL PFBC. Some extent of proliferation was observed on such
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functionalised oil interfaces, but still significantly less than on TPS (Figure 3.13A). Since COL is a specific
ligand for B1 integrin heterodimers, it could be useful for the culture of other stem cells poorly
adhering to FN. As mentioned above, MSCs did not grow on albumin-coated interfaces, owing to the
poor cell adhesion to albumin. Another natural globular protein Lys, which was incorporated with FN
because of its positive charge at neutral pH, was also tested for MSC proliferation. As shown by
interfacial shear rheology, it forms soft and less elastic nanosheets (Table 1). Lys-FN nanosheets on oil
containing 1.25 pug/mL enabled MSC proliferation on day 3 as the density was similar to that on TPS
but did not proliferate further at later time points (Figure 3.13B). This may suggest that such Lys-FN

nanosheets degraded at later time points, although this process was not investigated.

3.3.2.2  MSCs Proliferation on Non-fluorinated Qil

Live/Dead assays were also carried out on PDMS-based systems to examine the likelihood of
cytotoxicity brought by pro-surfactants. No cytotoxicity was observed on both low (0.01 mg/mL) and
high (0.1 mg/mL) pro-surfactant concentrations for the different pro-surfactant combinations studied,
except for the 0.1 mg/mL SBC (Figure 3.14A), whose cell viability was significantly reduced at day 3.
As SBC contains two chloride groups that can react with PLL, it would possibly lead to higher acidity
and thus be more toxic than others pro-surfactant combinations at the same concentrations.
However, it is worth noting that even though the cell viability on PDMS containing 0.1 mg/mL SBC was
significantly reduced after 3 days, it still maintained at a high level (around 80%) and showed no
significant difference compared to TPS. Interestingly, MSC proliferated similarly in all of the conditions
tested, at levels comparable to those of TPS (Figure 3.14). This is consistent with the fact that all of
the pro-surfactant combinations presented displayed comparable interfacial mechanics, even for

different concentrations which only differ slightly in their interfacial storage moduli (Table 1).

Similar to Novec 7500 oil-based interfaces, nanosheet fracture was also observed at the surface of
PDMS. At day 5, the fracture was quite prominent already (Figure 3.15) with the oil containing SBC

alone displaying the most significant fractures. As indicated in the Figure 3.14B, MSC grew at PDMS-
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based interfaces containing 0.1 mg/mL pro-surfactant and reached high densities even on day 3.
However, their proliferation rate slowed down on day 5. Such slowing down could possibly be
attributed to such fractures. The nanosheet fracture was clearly a major issue affecting the ultimate
cell density at oil interface, a nanosheet toughening is therefore needed to prevent such surface
fracture.
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Figure 3.15. Impact of pro-surfactant on MSC proliferation on PLL/FN functionalised PDMS.
Epifluorescence microscopy images of MSCs cultured on TPS and oil for 1, 3 and 5 days (right). Day 1
and 3 were stained with Live/Dead staining, green, live cells; red, dead cells; day 5 was stained with

-106 -



Hoechst on nuclei. The corresponding viability and cell density were quantified and summarised (left).
Both low pro-surfactant concentration (0.01 mg/mL, A) and high pro-surfactant concentration (0.1
mg/mL, B) were studied. Error bars are s.e.m,; n > 3.

SBC sBC 1:1 HDC

—_—
500 um

Figure 3.16. MSC fractures PLL/FN nanosheets assembled at the surface of PDMS. Epifluorescence
microscopy images MSCs cultured on PLL/FN functionalised PDMS containing 0.1 mg/mL pro-
surfactant for 5 days. MSCs were stained with calcein, green, live cells.

In addition to PDMS, other non-fluorinated oil systems were also examined for the culture of MSCs.
Mineral oil is commonly used in a wide range of healthcare products and rapeseed oil is a common
cooking oil used in food industry, containing short peptides and other nutrients, in addition to lipids,
that may promote cell proliferation. Both of them are inexpensive and accessible, and would be
favoured for industrial applications. Upon the deposition of PLL/FN nanosheets, MSCs proliferated on
these oils at levels comparable to those of TPS (no statistically significant difference; Figure 3.16). This

highlighted the universality of such protein nanosheets assembled oil-based cell culture systems.

Since these non-fluorinated oils we have looked into were generally lighter than water, the culture of
cell was made on oil droplets that had been pinned on hydrophobic slides, which inevitably would
introduce curvature. As many reports have highlighted the importance of substrate curvature in
regulating cell behaviour,°*268269 the impact of curvature was difficult to be isolated or neglected in

our non-fluorinated oil-based systems. The existence of convex geometries, which was reported to
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induce more contractile actin cytoskeleton,'** could be another possible reason for early nanosheets
rupture on PDMS in addition to fast proliferation rates. However, owing to the hydrophobicity of the
underlying slides used and the small amount of oil pipetted, the convex structures introduced was
believed to be negligible,®® with the influence of substrate curvature typically requiring higher

curvature.

I Day 3
I Day 6
n.s
N 400 -
o
350 4
~ 3001
:
< 2504
2
2
5 2004
a}
—_— —
il © 150 4
o o
p—
< 100 4
)
= 50 -
. p—
= 0-
TPS Mineral Oil
B [ Day 3
[ Day 7
900 ~ n.s
800 4
&
700 4
=
°E 6004
E
25004
(7]
&
& 400+
[}
300 4
o p—
@) 200
)
O 100 4
Q
n
8_‘ Rapeseed Oil
&

Figure 3.17. MSC proliferated on other PLL/FN assembled interfaces. Epifluorescence microscopy
images (left) of MSC nuclei staining on (A) mineral oil interface and (B) rapeseed oil interface containing
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0.01 mg/mL HDC, functionalised with PLL/FN. Cell density was quantified and summarised (right).
Error bars are s.e.m,; n >3

3.3.3 Correlation of Interfacial Mechanics to MSC Proliferation

With all the conditions that had been studied for proliferation, a summary of MSC proliferation on the
nanosheets assembled relative to that observed on TPS was gathered in Table 1, in addition to key
mechanical properties of associated interfaces. When the relative proliferation was plotted against
the stress retention, a correlation suggested that MSCs tends to proliferate more on nanosheets that
have stress retention higher than 60% (Figure 3.17A). It was also suggested in Table 1 and Figure 3.17C
that the storage modulus does not seem to have a great impact on MSC proliferation as cells were

able to proliferate on nanosheets with moduli ranging from around 3.67 £ 1.4 mN/m (PLL nanosheet

formed at pH 8.5 on Novec 7500 with 1.25 pg/mL PFBC) to 2.30 = 0.61 N/m (PLL nanosheet formed
at pH 10.5 on PDMS containing 0.1 mg/mL HDC). Similarly to the impact of hydrogel viscoelasticity on
fibroblast spreading,?” cell culture at liquid-liquid interfaces seems to be more sensitive to viscoelastic
properties, rather than simply shear moduli of the corresponding materials. To avoid a possible
misleading result stemming from the potential toxicity of PFBC, the PFBC concentrations (10 and 5
pug/mL) that have impaired cell viability characterised by Live/Dead staining were labelled as high
concentrations and marked differently in the plot. This correlation was not unexpected, as many
literatures had reported the influence of viscoelasticity on cell proliferation.”?**%7 Generally, higher
stress relaxation results in higher proliferation and it was proposed that the local remodelling of the
matrix generated by cells and the force dissipation resulting from substrate creep might be the reason
behind this behaviour, though the exact mechanism remains unclear. However, in our findings, the
trend was exactly the opposite of what was reported, as we found that interfaces with more stress
retention (reduced stress relaxation) promoted the proliferation of MSCs. Although in this study MSC
proliferation seems to be insensitive to the interfacial storage modulus, the stiffness was not

controlled in this experiment as was possible in hydrogels reported in the literature.?’° Thus, the
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impact of the stiffness cannot be completely ruled out. The differences observed could also be

attributed to the synergistic influence of both the stress retention and the interfacial moduli. More

detailed studies are needed to confirm the exact mechanism via which cells sense interfacial

mechanics. However, our studies indicate that interfaces displaying high stress retention and able to

store energy upon cell-mediated contractility promote cell proliferation. This may be related to the

better long range mechanical stability of corresponding interfaces and the stabilisation of cell

adhesions, although mature FAs were also observed on stiff yet fast relaxing interfaces.

Table 1. List of Oil Systems Cultured with MSC

oil Protein H Pro- Concentration Stress Storage modulus Relaxation time Relative
P surfactant (ng/mL) retention (%) (N/m) (s) proliferation
30-70 kDa
. B 10**
Novec 7500 bLL 8 PFBC 0 49.02 0.03019 60.66 0.02974
30-70 kDa
Novec 7500 9.5 PFBC 10%* 47.95 0.2062 57.68 0.02022
PLL
30-70 kDa
Novec 7500 10.5 PFBC 10%* 59.37 1.522 78.32 0.04401
PLL
30-70 kDa
Novec 7500 8.5 PFBC 1.25 N.A* 0.003667 N.A* 0.1819
PLL
30-70 kDa
Novec 7500 9.5 PFBC 1.25 64.09 0.004336 61.15 0.3017
PLL
30-70 kDa
Novec 7500 10.5 PFBC 1.25 87.12 0.04945 78.31 0.7763
PLL
30-70 kDa
Novec 7500 10.5 PFBC 2.5 82.58 0.04812 73.33 0.5019
PLL
30-70 kDa
Novec 7500 10.5 PFBC Sx* 35.02 0.7043 63.40 0.1365
PLL
Novec 7500 1-5 kDa PLL 10.5 PFBC 1.25 48.45 0.8191 48.45 0.1646
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>300 kDa
Novec 7500 10.5 PFBC 1.25 51.20 1.505 56.17 0.3776
PLL
Novec 7500 lysozyme 10.5 PFBC 1.25 42.88 0.09160 60.36 0.1852
30-70 kDa
PDMS 10.5 SBC 100 78.18 2.138 81.54 0.8646
PLL
30-70 kDa
PDMS 10.5 SBC1:1 HDC 100 79.85 1.993 73.20 0.7785
PLL
30-70 kDa
PDMS 10.5 SBC 1:3 HDC 100 78.62 1914 75.71 0.9283
PLL
30-70 kDa
PDMS 10.5 HDC 100 72.52 2.297 88.66 0.4292
PLL
30-70 kDa
PDMS 10.5 SBC 10 79.43 1.411 70.97 1.256
PLL
30-70 kDa
PDMS 10.5 SBC 1:3 HDC 10 77.39 1.120 69.80 1.332
PLL
30-70 kDa
PDMS 10.5 HDC 10 76.97 0.7951 97.20 1.151
PLL
30-70 kDa
PDMS 10.5 SBC 1:1 HDC 10 77.23 1.993 72.05 1.702
PLL

*The nanosheets formed at pH 8.5 was too fragile to performed stress relaxation, thus the result was not available.

** PFBC concentrations at 10 and 5 pg/mL were defined as high concentrations, as they were showing significantly impaired viability in

Live/Dead staining in Figure 3.8.
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Figure 3.18. MSC proliferation on protein nanosheets assembled oil interface was mediated by the
stress retention. MSC were cultured at different protein functionalised oil interface for a given time,
MSC density on oil was relative to that on TPS. (A) Stress retention; (B) relaxation time and (C)
interfacial storage modulus were obtained from the interfacial rheology measurements and
individually plotted against relative MSC density. High concentration pro-surfactants were PFBC at 10
or 5 ug/mL (those had significantly lower cell viability in Live/Dead test) and low concentrations were
the rest (those did not significantly affect cell viability in Live/Dead test). Error bars are s.e.m,; n >3

3.4 Conclusions

In this chapter, MSC adhesion and proliferation on PLL/FN nanosheets assembled at oil interfaces were
studied. The successful establishment of FAs was observed after 24 h of culture on corresponding oil
interfaces, though more evident stress fibre assembly was only found on more rigid interfaces, similar
to observations reported for solid substrates and hydrogels. Such difference did not have a significant
impact on MSC spreading, which could be associated to the viscoelasticity of corresponding interfaces.
We identify that the adsorption of ECM proteins such as FN and VN would be sufficient to promote
MSC adhesion, a process mediated by integrin adhesion to which both Bl and B3 integrins can
contribute. In MSC proliferation experiments, we demonstrated that the possible toxicity of the pro-
surfactants and nanosheet fracture caused by high cell density were the major hurdles to cell
proliferation. Although our nanosheets may be able to counterbalance the forces exerted by cells at
early stages of the formation of FAs, they might not be able to sustain the contractile forces generated
at high cell densities, leading to nanosheet rupture and disruption of cell sheets. Interfacial toughening
is therefore required. However, since lowering pro-surfactant concentration would normally weaken
the nanosheets, as we found by interfacial rheology, the gain in elasticity is counter-balanced by a loss
in modulus, and the toughness of the corresponding interfaces may not increase significantly. The
concept of culturing cells on a wider range of nanosheets and on oils was also explored. We broadened
it to other ECM protein combinations, such as HA/COL pair and other oils such as inexpensive mineral
oil and rapeseed oil. These observations imply the universality of the system developed and
demonstrate the potential of these platforms for industrial applications (e.g. for the scale up of cell
culture in 3D bioreactors). Finally, we reported a correlation between stress retention of nanosheets
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and MSC proliferation, suggesting the importance of viscoelasticity of the nanosheets to support the
growth of MISCs. Although the exact mechanism via which cells sense such properties remains unclear,
this correlation provides a key insight for the design of protein nanosheets assembled at oil interfaces
for cell expansion. Moreover, as many have described the damage resulting from harsh enzymatic
digestion during cell harvesting,?’* 2”3 these oil-based culture systems provide alternative methods for
cell recovery, such as direct pipetting,*?>*®° Langmuir-Blodgett transfer® or emulsion disruption (e.g.
via filtration or centrifugation)® to help retaining cell phenotype over long term expansion. This aspect

will be the focus of the following chapter.
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Chapter 4

Culture of Mesenchymal Stem Cells on
Nanosheets Assembled Emulsions
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4.1 Introduction

Since the discovery of MSCs in bone marrow in the late 1960s,'74#?’* MSCs have been isolated from
almost every tissue in the human body.?”>%’® MSCs were defined by the International Society for
Cellular Therapy (ISCT) as a plastic-adherent cell that maintain self-renewal properties and
differentiating potential towards adipogenic, osteogenic and chondrogenic lineages. MSCs should also
express CD73, CD90 and CD105 while be negative for CD45, CD34, CD14 or CD11b, CD79a or CD19 and
HLA-DR.?”” Because of its self-renewal ability and multi-potency, it is one of the favourite cell type for
clinical applications such as cell therapy and tissue engineering.'8>20%277.278 Any increase in the number

174,276 since the first clinical trial

of clinical trials registered using MSCs has developed in recent years
with MSCs in 1995.2”° On-going clinical applications of MSCs include treatment for acute graft-versus-
host disease (GVHD), bone and cartilage disease, as well as cardiovascular repair strategies.*’* More
recent studies also revealed the potential of using MSC to treat Covid-19 induced pneumonia.?80281
However, in the case of the Covid-19 treatment, a dose of one million clinical grade MSCs per kilogram
body weight was used for intravenous infusion,?° while for GVHD, doses ranged from 0.23 to 9 million
cells per kilogram body weight were used per infusion for the treatment.'’>76 Since MSCs are sparse
and rather difficult to be isolated in a large amount, scaled-up in vitro expansion is required. However,
like most of other somatic cells, MSCs progressively lose their ability to replicate and differentiate
after a certain amount of divisions as a result of differentiation and senescence, which leads to
increased heterogeneity of the cell population and uncertainty of treatment outcomes. This
constitutes a major hurdle that restricts the clinical application of MSCs.282728% Cell senescence is a
complicated process resulting from several factors including oxidative stress, DNA damage and
telomere shortening.??284 Genetic engineering has allowed to induce the ectopic expression of
telomerase thus preventing in vitro senescence?®>%% but was inadvisable concerning its effects on cell
differentiation.”®® Other methods developed to tackle senescence include incubating MSCs with

hydrogen gas?®’ or isothiocyanate®® to reduce oxidative stress and hence extend MSCs lifespan.

Considering the huge impact of cell senescence on MSC proliferation and differentiation, it is
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important to monitor and control the entire culture process to enable the homogeneity of MSCs. A
cost-effective way for in vitro scale-up to meet such demands would be culturing MSCs on solid
microcarriers which offer large surface areas in bioreactors, allowing excellent control of culture

parameters as well as high cell output.?89-2%1

Microcarriers are small beads with diameters generally ranging from 100 to 300 um fabricated from
various materials such as dextran, cellulose, polystyrene and polyvinyl acetate.'®%83187 Qwing to the
large surface-to-volume ratio, microcarriers can provide significantly larger surface area than
traditional 2D culture plates. This is particularly suitable for the culture of anchorage-dependent cells
like MSCs which require a large surface area to support their expansion. Apart from higher outputs,
microcarrier cultures are also advantageous in allowing cell passaging via bead-to-bead transfer
without enzymatic treatment.'®%8 This not only saves intensive labour required for cell passage but
also minimises the risk of contamination. The selection of the adequate microcarriers is key to the
success of cell culture as it can impact the growth kinetics and phenotype of expanded cells.?®? As
mentioned in Chapter 1, suitable microcarriers should provide sufficient anchorage for cell growth,
allow the expanded cells to be easily and efficiently harvested, and should also display adequate
physical mechanical properties to be applied into dynamic systems. In addition, microcarriers should
not be too expensive as the cost-effectiveness is a key concern for industrial applications.'’9 Many
studies have been conducted on currently commercially available microcarriers to select the optimum
one for MSC culture 80183187,197.293 Although the results cannot be directly compared to determine
which one is the best for MSC culture owing to the variation of culture conditions and batch-to-batch
differences of cells and their sources, it is unanimously highlighted the importance of the surface
coating of microcarriers to promote cell adhesion and proliferation and even differentiation potential.
Common ECM protein-coated microcarriers used for MSC culture include cross-linked dextran-based
and denatured COL-coated microporous Cytodex 3 and a cross-linked GEL-based macroporous
CultiSpher-5.177,180.197,200.205291,294 Njgre recently, the adhesion peptide grafted synthetic polymer-
coated polystyrene Synthemax Il microcarriers have become the most frequently used microcarrier
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for MSC culture.183187.200 on Synthemax Il microcarriers, a continuous culture of MSCs for more than
50 days was achieved and the MSCs were found retained their phenotypic marker expression (CD73
and CD105) and trilineage differentiating potential (adipogenesis, osteogenesis and chondrogenesis)
at passage 9.20%2% Degpite of all the above mentioned advantages, a clear drawback of such solid bead-
based culture system is that enzymatic digestion is still needed for cell detachment, which might be
invasive and affect cell phenotype, resulting in potential damage to cell membrane receptors and
other cell membrane proteins.’”® Moreover, enzymatic digestion might not be practical on large scale
production as the concentration of enzyme and the incubation times are difficult to control, which
would severely impair cell viability and recovery efficiency.”® Alternative methods avoiding cell-
damaging enzymatic treatments include culturing cells on microcarriers coated with
thermoresponsive polymers such as PNIPAAm on which cell sheets can spontaneously detach from
the substrate by simply decreasing the temperature below the switching temperature (LCST,
representing a transition from hydrophobic coating to hydrophilic cell repellent coating). The problem
of this method is that complete detachment has not been achieved yet and the initial cell adhesion is
often relatively poor.?> Other approaches include the culture of cells on dissolvable microcarriers
which can be easily removed by non-invasive treatments such as pectinase digestion.'’® Previous work
in the Gautrot’s lab proposed another potential alternative. It was demonstrated that human primary
keratinocytes and MSCs can be cultured at the surface of liquids,***®° while the culture of
fibroblast, 27129 myoblast®>%>° on similar systems have also been reported by others. Based on such

| 126,127,129

liquid-liquid cell culture platforms, Keese et a proposed that using proteins as stabilisers,

emulsion of fluorocarbons can be generated in an aqueous phase for cell culture.

Emulsions are mixtures of two immiscible liquids with one of them dispersed in the other. Emulsions
are classified into either O/W or O/W emulsions depending on which liquid is the continuous phase.
To form emulsions, agitations are commonly applied to bring shear energy into the system, breaking
the thermodynamic stable state and forming droplets. During this process, droplets initially formed
are constantly moving, colliding or even coalescing, forming droplets of different sizes determined by
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the flow regime,'* disruptive forces, interfacial tensions and the presence of emulsifier.®? Emulsifiers
are used to avoid droplet coalescence by forming a layer at the droplet surface inducing either
electrostatic or steric repulsion between droplets.’3>1391% |n such cases, the concentration of the
emulsifier is of great importance. It must be sufficiently high to cover the droplet surfaces, otherwise
coalescence would occur between adjacent droplets.®® Moreover, the adsorption speed of
emulsifiers is also important. Faster adsorption leads to reduced coalescence as it modifies the
interface before disruption can occur. Because of their greater biocompatibility, proteins are one of
preferred emulsifiers, providing long-term stability against coalescence. Depending on the protein
surface coverage, the layer thickness, surface potential, pH and the ionic strength of the aqueous
solution; proteins act differently when adsorbing at the surface of droplets, resulting in emulsions of
different stability.'*”'% By bringing the pH away or close to the isoelectric point of the proteins
adsorbed, the emulsions can be either neutral or charged, blocking or providing electrostatic binding
sites for further modification of the surfaces. Since most emulsifiers are also amphiphilic, they also

work as a surface active agent (surfactant), as reported in many studies,%12%

promoting
interactivity between two liquids hence reducing interfacial tensions. In the generation of emulsions,
interfacial tension needs to be overtaken by the disruptive forces generated by agitation to break up
initially formed large droplets into smaller droplets. The introduction of surfactant facilitates such
process. The size of emulsions can be estimated by the Laplace equation (Equation 2), which indicates
that higher concentrations of surfactant result in reduced interfacial tension and consequently smaller
droplets. Theoretically, an emulsion is typically a thermodynamically unstable state (especially in the
absence of surfactants) owing to the increased interfacial area. Thus, morphology changes would
sooner or later occur.’® Common instability of emulsions include phase separation, flocculation and
coalescence.'®?972% Among these, creaming and sedimentation are led by the density difference

between two liquids under the influence of gravity?*’

and can be avoided by adding weighting agents
in the lighter phase to minimise the density difference between two liquids. Common strategies

include using emulsifiers of different densities to vary the density of droplets, reducing the droplet
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1

sizes by introducing more vigorous agitation or more concentrated emulsifiers!®! or increasing

viscosity of the continuous phase by gelling. Flocculation is a type of aggregation in which droplets

299 159,298,299

stick to each other,””” resulting from low interaction energy barriers between two particles.
Similar to flocculation, coalescence is another type of droplet aggregation occurring on emulsions,
however, unlike flocculation, droplets retain their structure and integrity.?® During coalescence,
droplets merge together forming larger droplets and ultimately lead to the separation of two
immiscible liquid layers.”®” In order to prevent flocculation and coalescence, droplet contact and
interfacial membrane rupture need to be minimised or avoided,*®® the introduction of emulsifiers or
stabilisers which can adsorb to the surface of droplets forming a mechanically strong layer as well as

providing steric or electrostatic hindrance is a possible way to address the issue, maintaining long-

term stability.

In this chapter, we focus on the development of nanosheet assembled emulsion systems for the
culture of MSCs. In the previous two chapters, we have demonstrated that the pro-surfactant assisted
protein absorption at the liquid-liquid interface would generate a mechanically strong nanosheet that
can sustain the forces exerted by cells, allowing cell adhesion and proliferation. The protein
nanosheets absorbed at the oil-water interfaces can also function as stabilisers providing steric and
electrostatic repulsion to prevent oil in water droplets from coalescence, thus allowing the formation
of stable O/W emulsions. Such emulsions provide high surface-to-area ratio, hence posing a potential
platform for high-throughput in vitro cell expansion. We investigated the stability and characterised
the structure of such emulsions, highlighting the importance of protein selection and the role of pro-
surfactants. We also provide a proof-of-concept for culturing MSCs on emulsions and demonstrate
the feasibility of simple cell passaging and harvesting methods on such platforms. Solid microcarrier-
based cell culture systems have long been used for in vitro cell expansion because of their high yields
and ease of handling, as mentioned above. Our emulsions not only present properties that resemble
those of microcarriers, but also offer advantages over them by providing an alternative less-invasive
cell harvesting method, which we proposed may help cells to preserve their phenotype. Oils are also
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significantly cheaper (>50 fold). On that account, a long-term culture study and associated
characterisation of MSC phenotype, including proliferation, adhesion, stemness retention and multi-

potency was conducted on emulsions in comparison to 2D TPS and commercialised solid microcarriers.

4.2 Materials and Methods

4.2.1 Materials and Chemicals

MSCs, MSC growth medium, osteogenic differentiation medium, adipogenic differentiation medium,
chondrogenic differentiation medium, freezing medium, Cryo-SFM and accutase solution were
purchased from PromoCell. PFBC, PBS, NaHCOs; pellet, NaOH pellet, PLL hydrobromide (mol wt 15-30
kDa, 30-70 kDa, 70-150 kDa and >300 kDa), DMSO, TEA, trichloro (1H, 1H, 2H, 2H-perfluorooctyl)

silane, triethoxy(octyl) silane, SBC, HDC, isopropanol (99%), BSA, FN from human plasma, Dulbecco’s

Modified Eagle’s Medium (DMEM, low glucose), L-glutamine, PFA, Triton X-100, tetramethyl
rhodamine isothiocyanate phalloidin, Dapi, monoclonal anti-vinculin antibody from mouse,
microcarriers (low concentration Synthemax 1), Mowiol, BCIP/NBT tablet (SigmaFast™ BCIP-NBT),
Alizarin Red S powder, Oil Red O powder, Alcian Blue powder (8GX) and acetic acid (glacial 299.7%)
were purchased from Sigma-Aldrich. FBS was from PAA. Live/Dead kit was from Life Technologies.
Fluorinated oil (Novec 7500) was from ACOTA. HA was provided by GlaxoSmithKline. Poly(l-lysine)-
graft-polyethylene glycol (PLL-g-PEG) was from SuSoS AG. Cell Counting Kits-8 (CCK-8) was purchased
from Dojindo. Cover glasses (25 x 60 mm) and pure et, cell strainer (70 um), CyQUANT® Cell
Proliferation Assay Kit, Tagman® Gene Expression Assay and TagMan™ Fast Advanced Master Mix
were purchased from Thermo Fisher Scientific. Blandol® White Mineral Oil was purchased from
Sonneborn. QuantiTect®Reverse Transcription Kit and RNeasy® Plus Mini Kit were from Qiagen. 8 Well
p-Slide was from Ibid. Mouse anti-human monoclonal antibodies of CD105-FITC, CD105-RPE, CD90-

APC, CD73-RPE, CD73-FITC, CD34-FITC, CD45-RPE, CD19-Pacific Blue were purchased from Bio-Rad.
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4.2.2 Generation of Emulsions

For fluorinated oil emulsion, Novec 7500 containing PFBC at final concentration of 0.01 mg/mL and
PLL solution (200 pg/mL in pH 10.5 PBS) were added into a 50 mL centrifuge tube at the ratio of 1:2.
The tube was vigorously shaken via a vortex for the generation of emulsions, then left to incubate at
room temperature for 1 hour. The top liquid phase which above the emulsion level was aspirated and
replaced with normal PBS for washing for four times. Such washing step was repeated four times to
ensure that excess PLL was removed and PBS pH was neutralised. For non-fluorinated oil-based
emulsion, the oil was pre-mixed with 0.1 mg/mL of the corresponding surfactants (HDC or HDC and
SBC mixture) and added into a glass vial that had been plasma oxidized for 10 minutes. PLL solution
(200 pg/mL in pH 10.5 PBS) of the volume doubled to the oil was then pipetted into the vial before
the vial was vigorously shaken by vortexing. After an hour incubation, the bottom phase below the
emulsion level was gently aspirated by a springe with needle, normal PBS was slowly and gently
pipetted to the vial, such washing step was repeated four times to ensure that excessive PLL was

removed and PBS pH was neutralised.

For cell culture experiment, FN (20 pug/mL) or HA (200 pg/mL) solution of the same volume as the
above mentioned PLL solution was added into the PLL-coated emulsion. After an hour incubation, the

emulsion was washed with PBS three times as described above and washed with medium once.

To image emulsion droplets in bright field microscope, emulsion was gently pipetted into a well of a
24-well plate with a certain amount of PBS (500 uL for Novec 7500-based emulsion or 200 uL for non-
fluorinated oil-based). To characterise emulsion surface area, the visible emulsions were all outlined
by imagel via a Trainable Weka Segmentation plugin and had the corresponding area calculated. The
total cell culture area provided by emulsions in the field was calculated by quadrupling the sum of the
emulsion surface area in the field calculated as mentioned above. For fluorescence imaging,
conjugated PLL was used instead of normal PLL. The conjugated PLL stock solution was prepared by

dissolving PLL powder in 0.1M NaHCO; buffer and reacting with Alexa Fluor 488 NHS ester
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(succinimidyl ester) dissolved in DMSO, as suggested by the user’s manual. The conjugated PLL was
mixed with normal PLL at 1:9 ratio and added into each well to a 100 pug/mL final concentration. The
incubation and washing process was the same as the one described above. For polarised optical
microscopy, droplets were then transferred to a glass coverslip placed on a polarized optical

microscope (Olympus BX51) and photographed between crossed polarisers.

4.2.3 MSC Culture, Passaging and Harvesting

To avoid cell adhesion on TPS and therefore maximise the amount of cell adhesion on emulsion or
solid microcarriers, 300 pL of 25 pug/mL PLL-g-PEG coating of the well was used as cell repellent. After
an hour incubation, PLL-g-PEG solution was aspirated and the well was washed with PBS twice before
a certain amount of growth medium (500 pL for Novec 7500-based emulsion and microcarriers or 200
uL for non-fluorianted oil-based) was added into each well, around 100 uL of emulsion or 20 mg of
microcarriers pre-incubated with 500 uL MSC growth medium was then transferred to the well to fully

cover of the whole surface. MSC was then gently seeded in each well at a density of 20,000 cells/well.

When 70-80% cell confluence was reached, cell passage on emulsions and mirocarriers was carried
out via a drop-to-drop (bead-to-bead) transfer method without trypsin usage. In such case, around
1/3 of the emulsion/microcarriers cultured with confluent cells were transferred to a new well
containing fresh emulsion/microcarriers with medium. The well-plate was placed on an orbital shaker
(VWR) at a speed of 40 rpm located in an incubator (37 °C and 5% CO), after 24 hours, the speed was
increased to 70 rpm. To perform live imaging of cells migrate from emulsion, emulsion with confluent
cell on was transferred to a new well without PLL-g-PEG coating but containing growth medium. A

Lumascope 720 microscope was used to image the well every 15 min over a period of 24 hours.

To harvest cells on emulsions, the emulsion was transferred by pipetting to a centrifuge tube, the
residual excess medium was removed before the emulsion was washed with PBS three times. The

tube was then centrifuged for 5 min at a speed of 1,500 rpm to break the emulsion. The cell pellets
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were collected at the interface between the PBS and the oil after centrifugation. For microcarriers,
the microcarriers were collected in a centrifuge tube by pipetting as well. When the microcarriers
were settled at the bottom of the tube, the medium was removed before the PBS was added into the
tube to wash off excess medium, the microcarriers were then incubated with accutase solution for 5
minutes in the incubator for cell detachment. The solution was transferred to another centrifuge tube
capped with a cell strainer to separate detached cells from the microcarriers. The flow through was

saved and the cell pellet was collected after 5 minutes centrifugation at a speed of 1,200 rpm.

4.2.4 Cell Counting Assay
Since the curvature of the emulsion and microcarriers, cell density cannot be directly measured by
Imagel via nuclei staining, thus indirect measurements including metabolic activity via Cell Counting

Kit-8 (CCK-8) and DNA measurements via Cyquant Kit were conducted.

4.2.4.1 Metabolic Assay

CCK-8 contains a water-soluble tetrazolium salt (WST-8 [2-(2-methoxy-4-nitrophenyl)-3-(4-
nitrophenyl)-5-(2,4-disulfophenyl)-2H-tetrazolium, monosodium salt]), which would be reduced by
electron mediators producing a water-soluble formazan dye. Samples at desired time points were
incubated in medium containing 10% CCK-8 for four hours. After which, an amount of 100 puL medium
was transferred to a 96-well plate and placed in a plate reader to measure the absorbance at 450 nm

wavelength. The absorbance can roughly reflect the number of cells alive.

4.2.4.2 Cyguant Assay

For DNA measurement via Cyquant, emulsion/microcarriers cultured with cells were collected at
desired time points, transferred into a 2 mL microcentrifuge tube and washed with PBS three times
before being stored at -70 °C for cell lysis. The cells were thawed at room temperature and reacted
with Cyquant Kit by following the user manual. The reacted solution was then transferred into a 96-
well plate and measured with a fluorescence microplate reader set up with excitation at 480 nm and
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emission at 520 nm. To convert absorbance into cell density, standard curves of cells on TPS and
emulsion/microcarriers were prepared by plotting absorbance against cell numbers, which were

determined by haemocytometer counting, and the relations were linearly fitted by Excel.

4.2.5 Staining and Imaging

Cell viability were assessed via Live/Dead and Hoechst staining, for which, half of the medium was
replaced by pre-warmed PBS containing 2 puL Hoechst and 1 pL/mL calcein, 4 uL/mL ethidium from
Live/Dead kit. After 40 min incubation, the cells were imaged via a Leica DMI4000B epifluorescence

microscope.

Cell adhesion was studied via immunostaining of vinculin and phalloidin. To stain cells on emulsion,
the emulsion was transferred into a well of a u-Slide 8 Well containing 300 pL PBS. The sample was
then fixed with 300 uL 8% PFA for 10 minutes and diluted with PBS six times before being
permeabilized with 300 pL 0.4% Triton X-100 for 5 min at room temperature. Followed by an hour
blocking and actin staining in blocking buffer (PBS containing 3 wt% BSA) combining with tetramethyl
rhodamine isothiocyanate phalloidin (1:500). Samples were subsequently incubated with the
corresponding primary antibody (anti-vinculin, 1:200 in blocking buffer) for 1 hour at room
temperature, diluted with PBS for six time then incubated with Alexa Fluor 488-conjugated secondary
antibody (1:500 in blocking buffer) and Dapi (1:500 in blocking buffer) for 1 hour at room temperature.
The sample was imaged after another six times dilution with DI water. Confocal microscopy images

were acquired with a Zeiss LSM710 Confocal.

To study cell adhesion from long-term culture, cells were harvested from different substrates as
described in 4.2.3 and reseeded on glass slides pre-coated with FN. After 24 hours, the samples were
stained as described above but with halved reagent concentrations. The stained samples were
mounted by Mowiol on a coverslip and imaged by a Leica DMI4000B epifluorescence microscope. To
determine cell spreading and adhesion areas and cell morphologies, images were analysed by
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thresholding and watershedding fluorescence images of the cytoskeleton (phalloidin stained) via
Imagel. The area of cell clusters was removed when analysing the results. Focal adhesions were
analysed by ImageJ via a previously reported widely adopted method,*® only focal adhesion sized

between 0.5 and 10 um? were considered for the analysis.

4.2.6 MSC Differentiation Characterisation

MSCs were cultured at a density of 50,000 cells per well in 48-well plates. After 24 to 72 hours
incubation when 100% confluency was reached, the differentiations were induced by replacing the
growth medium with either osteogenic differentiation medium for osteogenesis or adipogenic
differentiation medium for adipogenesis, while control group was continuously cultured with the
growth medium. The media were replaced every three-day over a period of two weeks. For
chondrogenesis, cell were seeded in U-bottom 96-well plates (Greiner Bio-One) for 72 hours to allow
the formation of spheroids. The chondrogenesis was induced by culturing with chondrogenic
differentiation medium while the undifferentiated control group was cultured with DMEM with 2 mM

L-glutamine and 10% FBS. The media were replaced three times a week for a period of three weeks.

4.2.6.1 Oil Red Staining

Oil Red solution reacts with lipid droplets produced during adipogenesis and marks them in a red-
orange colour. Oil Red staining stock solution was prepared by dissolving 150 mg of Qil Red O powder
with 50 mL of 99% isopropanol. The solution was filtered and stored in dark after the powder was fully
dissolved. The working solution was prepared by mixing the Oil Red stock solution with DI water at 3:2
ratio for 10 minutes, the mixture was then filtered via a 0.2 mm 0.2 um filter. Samples were washed
twice with PBS before being fixed with 4% PFA for 10 minutes. After which the samples were washed
three times with PBS to remove excess PFA and then stained with Oil Red working solution. After an

hour incubation, samples were washed six times with PBS and imaged by microscope.
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4.2.6.2 Alkaline Phosphatase (ALP) Staining

ALP activity has been found peaked at early stage of osteogenesis,®®%! therefore is used as an indicator
of MSC commitment to osteogenic lineage. Substrate solution was prepared by dissolving one
BCIP/NBT tablet in 10 mL DI water. The sample was washed with 0.1M PBS for three times and then
fixed by 90% ice cold ethanol for 4 minutes. After being washed three times with DI water, the
substrate solution was added to each sample and incubated for 1 hour at room temperature. After

incubation, samples were washed three times with DI water and imaged by microscope.

4.2.6.3 Alizarin Red Staining

Alizarin Red is an anthraquinone derivative that can react with calcium to form a bright red complex,
thus was used to identify the calcium deposition or the mineralisation of osteogenesis. Alizarin Red
solution was prepared by dissolving 1 g Alizarin Red S powder in 50 mL DI water, once the pH of the
solution was adjusted below 4.2 by hydrochloric acid, the solution was filtered via a 0.2 um filter and
stored in the dark. Samples were washed twice with PBS before being fixed with 4% PFA for 10
minutes. Before being stained with Alizarin Red solution, the samples were washed three times with
DI water. After an hour incubation, samples were washed six times with DI water and imaged by

microscope.

4.2.6.4  Alcian Blue Staining
Typical cartilage matrix such as aggrecan, which can react with copper-containing dye become dark
blue, is produced during chondrogenesis, thus Alcian Blue was selected as an indicative staining for

chondrogenesis.

Alcian Blue staining solution was prepared by dissolving 10 mg Alcian Blue 8 GX in solution prepared
by 6 mL ethanol and 4 mL acetic acid. A destaining solution for washing was prepared by mixing 12 mL
ethanol with 8 mL acetic acid. After washing twice with PBS to remove excess medium, the spheroid
was fixed with 4% PFA for 45 minutes at room temperature. After rinsing with PBS three times, the

sample was left with the Alcian Blue staining solution overnight. The staining solution was carefully
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removed and the spheroid was washed three times with the destaining solution for 10 minutes, the

sample was then ready for photograph.

4.2.7 Flow Cytometry

The antibody panels were designed as as CD105-FITC, CD73-RPE and CD-90 or CD105-RPE, CD73-FITC
and CD90-APC for positive panel, CD34-FITC, CD45-RPE and CD19-Pacific Blue for negative panel.
Unstained control, single colour controls and fluorescence minus one controls (FMO, samples are
stained for all the flurochromes in the panel, except for the one that is being measured) were also
performed respectively for voltage adjustment, compensation and positive gating. All the antibodies
were prepared in PBS containing 1% BSA at dilutions suggested by the user’s manual. After cultured
from passage 3 cells on TPS, emulsion and microcarriers at passage 4, 6, 8 and 10, MSCs were
harvested by accutase-solution as single cells from the corresponding substrates and transferred to 2
mL microcentrifuge tubes at a density of 1 x 10° cells/tube. Cells from each substrate were individually
stained with one of the panels at a volume of 100 puL for 30 min on ice. After washing with 1.5 mL PBS,
each microcentrifuge tube was filled with 300 pL ice cold PBS. Flow cytometry was performed on a
FACS Canto Il instrument (BD Biosciences), excited by 405 Coherent VioFlame, 488 Coherent Sapphire

and 635 JDS Uniphase HeNe lasers. The results were analysed by Flowjo.

4.2.8 Real-Time Polymerase Chain Reaction (RT-PCR)

After being cultured for the desired time points, the RNA of MSCs was extracted via a Qiagen RNeasy
Kit by following the user’s manual. The concentration of extracted RNA was measured by a Nanodrop
(Thermo Fisher) and the RNA was then reverse-transcribed by using QuantiTect® Reverse
Transcription Kit by following the user manual. The cDNA obtained was preserved at -20 °C. The RT-
PCR experiments were set up and performed by following the Tagman® Gene Expression Assay
protocol using the kit in a QuantStudio™ Real-Time PCR System (Applied Biosystems™), Beta-2-
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microglobulin (B2M, Hs00187842_m1) was chosen as the housekeeping gene, and the results were
shown as the relative value obtained when comparing all the samples to newly thawed P3 cells
control. Since some of the differentiation markers did not express under growth medium condition,
the P4 cell cultured on TPS in differentiation medium was used as the control for differentiation.
Analysis of the results was performed according to 2°2*t method. The rest of the target genes are

presented in the Table 2.

Table 2. List of Primers for PCR

Gene Name

Assay ID

Beta-2-microglobulin (B2M)

Hs00187842_m1

Nestin

Hs04187831 gl

Thy-1 cell surface antigen (THY)

Hs00174816_m1

Vascular cell adhesion molecule 1 (VCAM1)

Hs01003372_m1

Fatty acid binding protein 4 (FABP4)

Hs01086177_m1

Lipoprotein lipase (LPL)

Hs00173425_m1

Runt related transcription factor 2 (RUNX2)

Hs01047973_m1

Collagen type | alpha 1 (COL1A1)

Hs00164004_m1

Bone morphogenetic protein 2 (BMP2)

Hs00154192_m1

Osteocalcin (OCN)

Hs01587814 gl

SRY-box 9 (SOX9)

Hs00165814_m1

Collagen type Il alpha 1 chain (COL2A1)

Hs00264051_m1

Collagen type X alpha 1 chain (COL10A1)

Hs00166657_m1

-129-




4.2.9 Statistical Analysis
Statistical analysis was carried out using Origin 2019 through one-way ANOVA with Tukey test for
posthoc analysis. Significance was determined by * P < 0.05, ** P < 0.01, *** P < 0.001 and n.s., non-

significant.

4.3 Results and Discussions

4.3.1 Characterisation of Emulsion Stability and Nanosheet Structure

In Chapter 2, where the impact of Mw on PLL assembly was studied, XPS characterisation showed that
all PLLs were able to form stable emulsions with the assistance of 10 pg/mL PFBC except for the lowest
Mw (1-5 kDa), which was believed to be unable to provide sufficient steric repulsion for emulsion
stabilisation. However, it was also found that for molecular weights above 30 kDa, emulsion droplets
were found to be significantly smaller, were flowing less freely and were more likely to stick to the
wall of glass vials (Figure 4.1). Bright field microscopy images of emulsions transferred to well-plates
(Figure 4.1) showed that droplets were generally smaller at higher Mw, and tended to gel. This may
be explained by the steric hindrance associated with longer chains, favouring lower radii of curvature,
and suggested that long chains may bridge across two droplets resulting in their gelation. Some
literature suggested that cells are sensitive to the size of beads on which they are cultured, as smaller
sizes and higher curvatures were found to impact cell adhesion and proliferation.}’®1% Moreover, in
microcarrier-based culture systems, the carriers are expected to be flowable and to allow sufficient
bead-to-bead transfer for cell passaging. Obviously, for cell culture applications, emulsions generated
at high Mw may not be optimal and our choice was limited to 4-15 kDa and 15-30 kDa PLL. In Chapter
3, we studied the impact of PLL Mw on MSC adhesion and proliferation at PLL/FN nanosheet

assembled oil interfaces and found that higher Mws PLL nanosheets may be better to sustain the
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fracture resulting from cell contractility at high cell density and therefore afforded higher cell yields.

In conclusion, 15-30 kDa PLL was selected to prepare emulsions for the following MSC culture.

4-15 kDa 15-30 kDa 30-70 kDa 70-150 kDa
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Figure 4.1. PFBC assisted PLL assembly stabilising Novec 7500 emulsion. Photos of Novec 7500
emulsion formed and stabilised by different Mw PLLs (top) and the corresponding bright field
microscope images (middle) and histogramme of the emulsion size distribution (bottom, numbers are
the corresponding average radius + s.e.m).

The long-term stability of emulsions was further studied and the impact of cell proliferation on
emulsion stability was investigated. As shown in Figure 4.2A, over a period of a week of culture,
emulsions maintained a spherical shape without any significant distortion. Although at later time
points MSCs were bridging across droplets, no significant droplet merging was observed during the
first week. The corresponding histograms show no obvious size distribution shift, further confirming
the stability of emulsions (Figure 4.2B). However, it is noticeable that the size of emulsion with cells

are generally larger than without, which maybe resulted by cell bridging between droplets.
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Considering that the average radius of emulsions without cells was around 123 + 3 um, a monolayer
of droplets expanded the culture area of a well to roughly 2.5-fold. Further increase can be achieved

by introducing more emulsion in each well.
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Figure 4.2. PLL/FN assembled emulsion maintains stability in the presence of cells over a period of
7 days. (A) Bright field microscope images of emulsion with and without cells cultured for week and
(B) the corresponding histogramme of the emulsion size distribution and average radius * s.e.m.

The structure of nanosheets at the interface of emulsions was studies via a polarised optical
microscopy, which illuminates samples with a polarised light to reveal existing birefringent structures.
As a globular protein, BSA can quickly adsorb to the surface of oils, providing sufficient steric repulsion

to stabilise emulsions. However, as shown in Figure 4.3, the birefringent structure was not clearly seen
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under cross-polarised illumination, in the absence of pro-surfactant. With the assistance of PFBC (for
Novec 7500) or HDC (for hexadecane), clear birefringence was observed at the periphery of droplets,
indicating the role that the pro-surfactants play in helping BSA form a more ordered structure at the
interface. A similar ordered structure was also found on PLL formed emulsion, though it was less clear
than the BSA one formed under the same condition. This makes sense as PLL is more flexible than BSA,
thus it would be harder for PLL to form an ordered structure like BSA does. It was also found that a
higher PFBC concentration (10 pug/mL) brought clearer birefringence than the lower concentration

(1.25 pg/mL), highlighting the importance of pro-surfactants.

Novec 7500 Hexadecane

10 pg/mL PFBC 100 pg/mL HDC

BSA

I 100 pg/mL HDC

PLL

Figure 4.3. Protein formed a birefringent structure on the surface of the emulsion. Polarised optical
microscope images of emulsion formed by Novec 7500 (left) or hexadecane (right) with BSA (top) or
PLL (bottom) with or without the corresponding pro-surfactants.

In Chapter 3, we also showed the successful culture of MSCs on LbL assembled PLL-HA-COL
nanosheets. However, in the case of emulsions, the addition of HA disrupted the PLL stabilised
emulsions. As shown in the Figure 4.4, upon the injection of HA, the droplets in the previously stable
emulsion gradually coalesced in just 30 min. After 24 hours, the formation of irregular clump was
maintained, which was a sign of partial coalescence.?®® HA is known for its large chain persistence
301 In

length (> 10 nm) and strong hydrophilicity, therefore may be poorly diffusing upon adsorption.

the study of PLL/HA nanosheets layer-by-layer assembly on solid substrates, it was found that PLL/HA
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islets were formed first upon the deposition of HA and subsequently coalesced and restructured into
homogeneous islands.'® This mechanism could be used to explain the instability of PLL/HA assembled
emulsion. Owing to the high viscosity and limited diffusion of HA, it slowly adsorbed to the surface of
PLL-coated emulsions and destabilised PLL nanosheets by electrostatic interactions. This led to the
coalescence of adjacent droplets before complete coverage of the droplet surface with HA to provide
electrostatic repulsion. The elasticity of PLL nanosheets initially resisted such merging process, but
once the Laplace pressure was equilibrated, it could not prevent coalescence.3% Since both PLL and
HA are classified as weak polyelectrolytes which are partially charged only, the assembly of which

h,>® we have been working on adjusting ionic

would be largely affected by pH and ionic strengt
strength to compensate such interactions, and some progress has been made, but the following MSC

culture on emulsion would remain focused on the PLL-FN nanosheet system only.

Before HA 30 min after HA 24 hour after HA

Figure 4.4. The addition of HA destabilises PLL assembled emulsion. Epifluorescence microscopy
images of PLL assembled emulsion prior to the addition of HA (left), 30 min (left) and 24 hours (right)
after the addition of HA. Red, PLL.
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4.3.2  MSCs Culture on Emulsions

Results from section 4.3.1. suggested that our PLL/FN assembled Novec 7500-based emulsions were
able to maintain its stability for at least a week. MSCs were cultured on these emulsions (Figure 4.5).
The metabolic activity of MSCs on emulsions was at the same level as on TPS on day 6, which can be
roughly interpreted as an indication that MSCs proliferated similarly on emulsions and on TPS at this
time point. It was also noticeable that the metabolic activity of cells on TPS on day 3 showed little
difference compared to that of day 6 whereas the metabolic activity of cells on emulsions was much
lower on day 3 than on day 6. MSCs on TPS already reached a high level of confluency on day 3 as
evidenced by the Live/Dead and Hoechst staining (Figure 4.5C). The limited culture area provided by
the well-plate was the major hurdle preventing MSCs from proliferating further, the images also
showed little difference in cell density on TPS between different time points. In the case of emulsions,
a much larger surface area was available which could extend the lag phase of MSC proliferation, thus
the initial proliferation was delayed resulting in lower activity on day 3. However, we also found that
the metabolic activity measurements were insensitive to higher cell densities and the values were
likely to underestimate the actual MSC density on emulsions when we prepared the standard curve
to convert metabolic activity into cell numbers (Appendix Figure 2). In any case, the metabolic assay
suggests that MSC proliferation on emulsions is at least comparable to that on TPS. MSC adhesion to
the surface of emulsions was also studied by immunostaining for vinculin and actin after culturing
for 6 days. MSCs clearly spread on emulsions adopting an elongated shape. Stress fibres and FAs
were also clearly visible (Figure 4.5D), confirming that the PLL/FN nanosheets on curved emulsions
were mechanically strong enough to sustain forces exerted by MSCs for the formation of FAs and
assembly of a contractile cytoskeleton favouring the establishment mechanotransduction at the

oil interface.
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Figure 4.5. MSCs adhere and proliferate on PLL/FN assembled emulsion. (A) Schematic illustration
of MSCs proliferate on emulsions. (B) Metabolic activity of MSCs cultured on emulsion compare
to that of TPS on day 3 and on day 6. n represents number of experiments, n = 3. (C) Epifluorescence
microscopy images (Live/Dead and Hoechst stainings) of MSCs cultured on emulsion and TPS for
3 days and 6 days. Green, live cells, red, dead cells; blue, nuclei. (D) Confocal microscopy images
of MSCs spread on the surface of emulsion. Green, vinculin; red, actin; blue, nuclei.

One of the advantages of culturing cells on microcarrier-based systems is that cells can be easily
passaged via bead-to-bead transfer or bead-to-TPS transfer by simply adding fresh emulsions (Figure
4.6A) or transferring emulsions to a new well. As shown in Figure 4.6B, MSCs had been cultured on
emulsion for 7 days and reached a very high confluency. After addition of red-labelled fresh emulsions,
cells were found bridging the gap between old and new emulsions and transferring to these last ones.
Cells were already growing on new droplets 3 days after the addition of fresh emulsions. Moreover,
emulsions can also allow cell transfer to solid substrates as shown in Figure 4.6C and was also
confirmed by live imaging over a period of 5 hours (Figure 4.6D), during which cells bridged the gap

between droplets and gradually moved from droplets to new droplets and to TPS.
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Figure 4.6. MSCs on emulsion migrate from emulsion to other substrates. (A) Schematic illustration
of passaging cells via emulsion-to-emulsion transfer or emulsion-to-TPS transfer. (B) An
epifluorescence microscopy image of MSCs cultured on an old emulsion for 7 days migrating to a fresh
emulsion, day 3. Blue, nuclei; Red, fresh emulsion made from fluorophore-tagged PLL. (C) A bright field
image of MSCs transferring from emulsions to TPS, day 2. (D) Lumascope images of MSCs transferred
from emulsion to emulsion and TPS over a period of 5 hours.

Another advantage of our emulsion-based system in addition to other commercial solid
microcarriers is that cells on emulsion could be harvested by centrifugation without the need of
trypsin or other enzymatic treatments (Figure 4.7A). When a high cell density was reached on
emulsions, nanosheet fracture is likely to occur as described in Chapter 3. Those defects on the
surface provide weak points where coalescence could be induced as droplets collide. The broken
emulsions merged into an oil phase that settle down at the bottom of the tube after the
centrifugation, whilst cells accumulate at the interface between the oil phase and the aqueous
phase (Figure 4.7B). Since no enzymatic digestion was used, cells maintained the organisation as

a cell sheet with intact cell-cell junctions (Figure 4.7C). Such harvested cell sheets can quickly
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adhere to TPS and mostly maintained in a complete cell sheet form (Figure 4.7D), displaying a high

level of viability (Figure 4.7E).

A

Centrifugation

Q000 —>
G000

Figure 4.7. MSCs cultured on emulsions is non-invasively harvested via centrifugation. (A) Schematic
illustration of harvesting cells from emulsion via centrifugation. (B) A photo of broken emulsion after
centrifugation, cells were collected at the interface between the aqueous solution and the oil. (C) A
bright field image of MSCs re-suspended immediately after centrifugation. (D) Bright field images of
harvested MSCs re-seeded on TPS for 24 hours. (D) Epifluorescence microscopy images (live/dead and
nuclear stainings) of MSCs harvested via centrifugation and re-seeded on TPS for 24 hours. Green, live
cells, red, dead cells; blue, nuclei.
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Apart from fluorinated oils, non-fluorinated oils such as PDMS and mineral oils were also used to
generate emulsions for cell culture purposes. In Chapter 3, MSC culture was achieved on these non-
fluorinated oil pinned droplets, showing the generality of such nanosheets assembled at liquid
interfaces for MSC culture. Such generality also applies to emulsions as shown in Figure 4.8, where
high cell density was observed on both mineral oil and PDMS emulsions on day 7. However, a few
challenges remained concerning the use of non-fluorinated oil systems. Due to the viscosity of these
non-fluorinated oils, the emulsions formed were very likely to stick together. The hydrophobicity and
density of the oils also drove the emulsion to the wall of the well plate and the stability of the non-
fluorinated oil emulsion was poorer than that of the fluorinated oil emulsions. Unlike fluorinated oils,
whose density is higher than water hence stays at the bottom, the non-fluorinated oils are lighter and

tend to float, which causes difficulties for cell inoculation and medium changing.

Mineral Oil

PDMS

Figure 4.8. MSC cultured on non-fluorinated oil-based emulsion. Bright field microscope images (left)
of mineral oil emulsion (top) and PDMS emulsion (bottom) left for 3 days. Epifluorescence
microscopy images (right) of MSC (green, calcein staining) cultured on the corresponding oil emulsions
for 7 days. Emulsion was prepared by 0.1 mg/mL 1:1 ratio mixture of SBC and HDC, functionalised with
PLL/FN nanosheets.
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4.3.3 Long-term Retention of MSC Phenotypes on Nanosheet-Stabilised Emulsions

As previous works have pointed out, the enzymatic digestion used for cell harvesting breaks cell-cell
junctions and cell-ECM adhesion can severely modify cell phenotype in long-term cultures. Our
emulsion-based culture system allows harvesting cells via centrifugation. Due to the disadvantages of
non-fluorinated oil in emulsion stability and cell inoculation, the fluorinated oil emulsion is therefore

more controllable over non-fluorinated oil and was used to perform long-term cultures.
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Figure 4.9. MSC proliferation on TPS, emulsion and microcarriers. (A) Epifluorescence microscopy
images of Hoechst stained MSCs cultured on TPS, emulsion and microcarriers on day 1 and day 5. The

corresponding MSC densities were quantified by (B) Cyquant and (C) CCK-8. Error bars are s.e.m; n
represents number of experiments, n 2 3.

A commercially available microcarrier (Synthemax Il) recommended for MSC culture was also included
in the long-term study to compare with TPS control and our emulsion system. Emulsions and

microcarriers were transferred to 24-well plates, increasing the surface area roughly 2.53- and 3.79-
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fold respectively, with total culture areas to 4.8 and 7.2 cm?, respectively. To avoid any potential
differentiation induced by over-confluent cells, 6-well plates, which provide surface area of 9.6 cm?
per well, were used for cell culture on TPS. A Cyquant assay was used to quantify the DNA amount
which was subsequently converted into the density of cells on different substrates via a standard curve
(Appendix Figure 1), reflecting that MSC density on emulsions after a 5-day culture was significantly
lower than that of TPS and microcarriers (Figure 4.9B). Apparently, the surface area was lower for
emulsions than for the other culture substrates, what could lead to a lower cell output. However, in
terms of unit area output, the cell densities were similar on emulsion and microcarriers. Both were
significantly higher than that of TPS on day 5 (Figure 4.10). In the metabolic activity measurement, it
was observed that MSCs on emulsion proliferated significantly more than on TPS and microcarriers on
day 5 (Figure 4.9C), exactly the opposite to what the Cyquant assay suggested, although the metabolic

assay is not very sensitive at higher cell densities as we mentioned above.

The primary human bone marrow derived MSCs were received, expanded and further cryopreserved
at passage 2. After further expansion on tissue culture flask, some of the MSCs harvested were used
to perform flow cytometry immuno-phenotyping and RT-PCR experiments to determine their
phenotype at an early passage. The rest of the MSCs were cultured on the corresponding substrates
for long-term study from passage 3 onwards. Culturing MSCs for 5 days allows cells to be sufficiently
confluent (70-80 coverage) on the substrates. The majority of the cells were harvested for flow
cytometry, RT-PCR, adhesion or differentiation studies whereas the rest of them were passaged via
enzymatic digestion (TPS) or carrier-to-carrier transfer (emulsions and microcarriers) to fresh
substrates for continuous culture. Such process was repeated (Passage 6 and 8 proliferation results
shown in Appendix Figure 3) until cell proliferation rates were significantly reduced (at passage 10
where no significant proliferation was observed between day 1 and day 7, Figure 4.10). All the
characterisation of cell behaviour and phenotypes were carried out every two passages (at Passage 4,

6, 8, 10).
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Figure 4.10. MSC proliferation on TPS, emulsion and microcarries is reduced at later passage. MSC
densities were measured via cyquant assay and converted into number of cells per mm? at passage 4
(left) and 10 (right). Error bars are s.e.m; n represents number of experiments, n > 3.

4.3.3.1 Long-term Adhesion Behaviour

To examine cell morphology and spreading, we examined important markers associated with changes
in cell phenotype. MSCs were harvested from different substrates and re-seeded on FN-coated glass
slides for 24 hours before characterisation by immunostaining. Cell spreading gradually increased
during the long-term culture and was significantly higher at later passages (in particular passage 10),
presumably as a result of cell senescence.?®2?8 At passage 10, cell spreading areas were almost twice
the size of that of cells at passage 3 on all substrates (Figure 4.11B). No significant difference was
found between different substrates throughout the culture period when comparing them at one
specific time point since MSCs morphologies were very similar regardless of the culture substrate
selected. At passage 10, folds in the actin structure indicative of membrane ruffles**#3% were found
at the cell periphery on TPS and microcarrier-cultured cells. Actin stress fibers were also poorly
organised (Figure 4.11A). Since membrane ruffling was believed to be an indicator of inefficient
lamellipodia adhesion and enhanced motility,3%43% these findings could suggest poor cell adhesion
and poor cytoskeleton assembly, which are also regarded as characteristics of senescent cells.?®? In

the case of cell circularity, no dramatic changes were observed and MSCs on all substrates at all the

time points maintained an elongated shape with circularity around 0.23 (Figure 4.11C).
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Figure 4.11. MSC spread similarly on TPS, emulsion and microcarriers over a long-term culture. (A)
Confocal microscope images of MSCs harvested and transferred to FN-coated glass slides for 24 hours,
green, vinculin; red, actin. Summarised spreading area (B) and circ (C) of the corresponding cells
calculated from actin images. Error bars are s.e.m; n represents number of experiments, n > 3, more
than 40 cells for each condition were measured in each experiment.
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MSC adhesion on these substrates was also showing a similar trend during the long-term culture. FAs
of MSCs cultured on different substrates did not show any difference in terms of area, circularity and
aspect ratio during the whole period of the long-term culture. However, the amount of FA per cell was
found significantly increased on TPS and emulsion at passage 10 relative to that of P3 (Figure 4.12A).
This increased FA density at later passage was possibly in response to or resulting in the increased
spreading area. The histogram of FA size distribution (Figure 4.12E) revealed that the majority of FAs
were smaller than 2 um?and there was an increased percentage of FAs below 1 um?from P4 (around
33%) to P10 (more than 35%). Adhesion areas below 1 um? are identified as focal complexes instead
of FAs, which serve as precursors of FAs.>3*! The increased amount of focal complexes suggested the

increased mobility of P10 MSCs.

A x B E . 0
300 I 5
[ s 2 N
I s ié E
Fe
250 Lo
o S E
3 s S = &
& 200 I ? =~ 2 . Sw
k- H
% = & En
T g : ‘ I 1l
£ <
3 < HH e, H\ (e
E 1004 S 2 i H [} H H
< Focal Adhasion Area ium?) Focal Adhesion Area (ym?)
50
E
=
o = z
Lo |
£
C 2L gw
= | H
0 =] 218 = £
= 3
28 — [SAR Eu H
a7 ’ . ‘7
m A =
28 - H i H H B H 3 2
H Focal Arthesion rea ) Focal Adhesion Area ™)
o 05 1
= T “
(D g sl 7
< ) = -
23 5 Za
D S
02 E g
21 8 g=
00 =} e
= ]
P Ps Ps P10 &} 2 ‘
> ‘ Hﬂﬂ*r.—‘ —h e
H H H H i B

2 5 H s 5
Focal Arhasion Area fun?] Focal Athesion Area (prm)

Figure 4.12. MSC adhere similarly on TPS, emulsion and microcarriers over a long-term culture.
Summarised (A) amount of focal adhesion per cell, (B) focal adhesion area, (C) circ of focal adhesion
and (D) aspect ratio of focal adhesion. Error bars are s.e.m; n represents number of experiments, n 2
3, more than 40 cells for each condition were measured in each experiment. (E) Histogramme of focal
adhesion area distributions.
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4.3.3.2 Long-term Phenotypic Characterisation

According to the ISCT, MSCs must express CD105, CD90 and CD73, at the same time, lack the
expression of CD45, CD34, CD14 or CD11b, CD79a or CD19 and HLA-DR.?”” Hence immuno-
phenotyping flow cytometry was conducted to monitor MSC expression of these surface molecules.
Flow cytometry was performed as described in 4.2 Materials and Methods. For data analysis, gating
was performed to discard dead cells, debris and cell doublets before CD73 positive cells were selected
on histograms first (CD73 is highly expressed thus can be easily discriminated from negative signals in
histograms) based on the FMO control. Cells co-expressing CD105 and CD90 were then sub-gated from
the dot plot as shown in Figure 4.13B, based on the corresponding FMO control. As shown in Figure
4.13A, MSCs gradually lost their co-expression of these three markers over time, the expression was
significantly reduced in P10 cells on TPS and emulsion compared to P4 but no difference was found
between different substrates throughout the passages. Figure 4.14A showed the trend of each
individual marker, CD73 was maintained at a very high expression level on all the substrates
throughout the culture, whereas the expressions of both CD90 and CD105 was reduced at later
passages. CD90, also known as Thy-1, is a small glycoprotein present at the surface of cells, attached

307308 and functioning as a signalling modulator in

through a glycosylphosphatidylinositol anchor,
regulating cell proliferation, adhesion and migration.3°® More recent studies suggested that CD90 may
also be involved in MSC differentiation, as reviewed by Anja Saalbach and UIf Anderegg,*®” indicating
that CD90 may play an important role in balancing the osteogeneic and adipogenic differentiation of
MSCs. CD105, also known as endoglin, is a cell membrane glycoprotein receptor for the transforming
growth factor B (TGF-B) superfamily, and has been widely recognised for its role in angiogenesis.3%
Studies on MSCs also addressed its role in osteogenesis and adipogenesis,®1%3!! but other studies
suggest its role in chondrogenesis, although this remains unclear.3'33 The downregulation of these
surface markers is not unexpected, as it indicates the change of MSC phenotypes during long-term

culture. It is also worth noting that MSCs are notoriously autofluorescent,® larger cell sizes at later

passage would increase the autofluorescence signal, which could mask the signal of weakly expressed
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surface markers. Autofluorescence, generally arising from endogenous fluorophores such as
nicotinamide adenine dinucleotide (NADH), flavin adenine dinucleotide (FAD) or structural proteins
including COL and elastin.?®* MSCs passaged on emulsions and microcarriers via bead-to-bead transfer
may prove to be more difficult to characterise by flow cytometry due to this autofluorescence, as the
enzymatic digestion was only conducted prior to the measurements while the lack of enzymatic
digestion during passages could leave cells with more residual ECM proteins when performing the
experiment that further enhance the autofluorescence, resulting in higher threshold for positive
populations. As shown in Figure 4.13B, the gating for MSCs that co-expressed CD90 and CD105 on
emulsion and microcarriers were generally higher than that of TPS. However, in the histogram of each
individual marker is showing that the intensity was mostly the same (Figure 4.14B), MSCs on TPS even
showed slightly lower expression of CD90 and CD105 at passage 10. Some evidences also suggests

that the autofluorescence is an indicator of MSC proliferation®'® and senescence.?®*

A B TPS Emulsion Microcarriers
o) 5ot az 5@ @
W {os iy * Jos 86
—E A
KEE *% KR
100 4 Brs
n_ 1 | = P
* = P10 E .
2”1 = 3 F
9 Cme | T e
< RS Foa 't of w' w o Wt
» [ Ermuision Coo o
T 604 Il vicrocarriers
0
o a
2 w2, i wa
7] .
g 40 .
g «
o £
A B
201 B
) LR |
o @ o M o
s By :
e ; b . e !
1e [} ' ot w® o e w0* ' ' s L} " w '
TPS Emulsion Microcarriers cnen D9 [elp 0]

—=—TPS
1 00 - —s— Emulsion
~—a— Microcarriers

P8
CDI0S

80

754

10 ) w’ w * o ' 1t
oo €t Covo
60

Paositive Cells (%)

404

P10

204

' w*
CDo0

P4 P& P8 P10

Figure 4.13. MSCs retain surface markers similarly on TPS, emulsion and microcarriers over a long-
term culture. (A) Bar chart of percentage of MSCs co-expressing CD73, CD90 and CD105, and (B) the
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corresponding line chart showing the trend. Error bars are s.e.m; n represents number of experiments,
n = 3. (C) Examples of the dot plots of CD105 against CD90 in CD73 positive gating.
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Figure 4.14. MSCs retain each individual surface marker differently over a long-term culture. (A) Line
chart of the percentage of MSCs positive individually to CD73 (top), CD90 (middle) and CD105 (bottom).
Error bars are s.e.m; n represents number of experiments, n 2 3. (B) Examples of the fluorescence
intensity histogramme of each individual surface markers. Red, TPS; blue, emulsion; light brown,
microcarriers.

The expression of stemness markers namely THY, NES and VCAM-1 were also monitored at gene level
and no significant difference was found (Figure 4.15). THY is also known as CD90, the expression of
which was downregulated at later passage in flow cytometry measurements, as mentioned above. In
contrast, its gene expression was found upregulated, which suggests that the high expression of THY
does not necessary translate into surface marker presentation. Nestin is normally considered as a
neural marker, but its role in cell-cell junction and signalling in the niche, especially its role in
hematopoietic stem cell (HSC) homing is of particular interest in mimicking the microenvironment of

bone marrow.3'%37 |t is also believed that nestin is upregulated upon culture on soft substrates.’
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However, this is not the case on the nanosheets assembled emulsions where nestin expression
remained low throughout the culture. This suggests that either the curvature of emulsions altered
such process or culture on emulsions allowed to retain MSC stemness and prevented differentiation
towards neural lineages. VCAM-1, also known as CD106, is an adhesion molecule that has been
reported to mediate homing, migration and adhesion of MSCs.?*®3%° The unchanged gene expression
level is in agreement with the adhesion study. Some studies also suggested that VCAM-1 may be
indicative of adipogenic and osteogenic potential of MSCs3!° as VCAM-1 positive MSCs were found to

be less osteogenic but more adipogenic than VCAM-1 negative MSCs’.3%°
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Figure 4.15. MSCs retain stemness similarly on TPS, emulsion and microcarriers over a long-term
culture. RNA was directly extracted from MSC cultured on TPS, emulsion and microcarriers for the
given times and reverse transcribed into cDNA for PCR experiments. Results were shown as relative
fold change of gene expressed by MSCs on different substrates relative to that of newly thawed MSC
on TPS. Error bars are s.e.m; n represents number of experiments, n = 3.

The multi-potency of MSCs was studied by inducing MSCs differentiation towards three lineages
(adipogenic, osteogenic and chondrogenic) in their corresponding differentiation media after
transferring to TPS (as the ECM biochemistry and mechanics is also able to regulate differentiation).
Adipogenesis was studied by Oil Red staining of lipid droplets (Figure 4.16B) showing very clear
adipogenesis in differentiation medium compared to the control group cultured in growth medium.
The Oil Red staining also suggested that MSCs from different substrates differentiated similarly, which

was confirmed by RT-PCR with two commonly used adipogenesis marker genes (FABP4 and LPL). No
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statistically significant difference was found between expression of these genes in cells cultured on
the different substrates studied at the same passage (Figure 4.16A). However, it was clear that MSCs
gradually lost their adipogenesis potential on prolonged culture. Since MSCs do not express
differentiation markers when culture in growth medium, the relative fold change of gene expression
was normalised to P3 MSCs on TPS in differentiation medium. Although it is unfair to perform
statistical analysis between the gene expression of MSCs on TPS at P3 and that of later passages (as
the expression of P3 is normalised to 1), the expression of both genes on TPS was clearly
downregulated at later passage. The expression of FABP4 on MSCs growing on microcarriers were
significantly downregulated at P6 compared to P3. Although FABP4 is an early indicator of
adipogenesis, it does not necessary suggest the adipogenesis was halted as the later marker LPL at the
same passage remained expressed at a comparable level, which is in consistent with the staining.
MSCs cultured on emulsions retained the expression of both genes to some level, perhaps reflecting
the role of substrate stiffness in priming for differentiation, as it is widely accepted that softer

substrates would better support differentiation towards adipogenic lineages.’
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Figure 4.16. MSCs retain adipogenic differentiation potential over a long-term culture on TPS,
emulsion and microcarriers. (A) Relative fold change of gene expressed by MSCs harvested from
different substrates cultured on TPS in adipogenic differentiation medium for 14 days relative to
that of P4 MSC on TPS in differentiation medium. Error bars are s.e.m; n represents number of
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experiments, n > 3. (B) Bright field images of Oil Red staining of the corresponding samples, controls
were MSCs of the same passage harvested from TPS cultured in growth medium.

MSC osteogenesis has been identified as a multi-step process, as it starts with a proliferation stage to
reach a high cell confluence, followed by a matrix maturation step, at which point the expression of
ALP and RUNX2 becomes detectable. The expression of RUNX2 indicates MSC commitment towards
osteogenic lineage, activating the expression of type | COL and triggering matrix mineralisation,
involving OCN and osteopontin deposition, as well as calcium deposition.3?1322 Early osteogenesis was
characterised by ALP staining. As shown in Figure 4.17B, similar ALP activity can be observed for cells
cultured on all three substrates, even at late passages, confirming their ability to differentiate into
osteoblasts. Interestingly, ALP activity was also observed in the control group at passage 8 in growth
medium, which is consistent with previous findings’ showing that prolonged culture of MSCs on rigid
substrates (TPS) induces osteogenic differentiation. Calcium deposition was visualised by Alizarin Red
staining, characterising the mineralisation of the matrix by MSCs (Figure 4.17C). Although calcium
deposition was observed on all substrates, there is a clear decrease after long-term culture. However,
trends in gene expression were less clear (Figure 4.17A) and the interpretation of the results is rather
challenging. BMP-2 has been widely studied and recognised as an important factor stimulating RUNX2

322323 \which subsequently activates COL1A1. Therefore, the up-regulation of BMP2

expression,
expression and down-regulation of RUNX2 and COL1A1 expression at later passages may suggest that
the osteogenesis process was slowing down at passage 8. However, the role of BMP-2 for matrix
mineralisation has also been widely demonstrated.?> COL1A1, ALP and RUNX2 expression was
reported to decline upon initiation of matrix mineralisation.3?* Thus the RT-PCR results can also imply
that the osteogenesis was favoured at later passages, a conclusion that conflicts with the functional
assays quantifying ALP activity and mineralisation via Alizarin Red staining. Similar conflicting trends
have also been reported in the literature, some suggesting that cell senescence may promote the

osteogenic differentiation, whereas other suggested the promotion of adipogenic commitment.282:283

In other reports, senescence impaired differentiation towards all lineages.?* In our study, ALP activity
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at P8 was similar to P4 whereas the calcium deposition was reduced, since ALP activity would also
decline at mineralisation step, it was more likely that osteogenesis was slowed down at P8. However,

overall the osteogenic potential of MSCs cultured on the three substrates studied was comparable.
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Figure 4.17. MSCs retain osteogenic differentiation potential over a long-term culture on TPS,
emulsion and microcarriers. (A) Relative fold change of gene expressed by MSCs harvested from
different substrates cultured on TPS in osteogenic differentiation medium for 14 days relative to that
of P4 MSC on TPS in differentiation medium. Error bars are s.e.m; n represents number of experiments,
n 2 3. Bright field images of (B) ALP staining and (C) Alizarin Red staining of the corresponding samples,
controls were MSCs of the same passage harvested from TPS cultured in growth medium.

Chondrogenesis was induced on spheroid cultures, and Alcian Blue staining was performed to

characterise the secretion of the cartilage matrix protein aggrecan. During the process of
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chondrogenic differentiation, MSCs aggregate and condensate into pre-cartilaginous nodules and
secret cartilage specific ECM matrix (such as aggrecan, decorin, biglycan, fibromodulin and type Il COL)
filling gaps between cells as they differentiate into chondrocytes.3?>32¢ As shown in Figure 4.18B, the
formation of spheroids was observed in all conditions, although cells cultured in basal DMEM
displayed lighter staining, whilst cells cultured in differentiation medium showed a dark blue colour,
confirming the upregulation of the secretion of aggrecan. It is also noticeable that the colour was
lighter at later passages, indicating again a reduction of the chondrogenesis potential. Although no
statistically significant differences were found between P4 and P8 MSCs in the expression of
chondrogenesis-related genes (SOX9, COL2A1 and COL10A1), there was a trend of gradual reduction
in the expression of these genes at later passages. COL2A1, in particular, which is an important gene
for the formation of articular cartilage.?*” SOX9 is expressed by proliferative chondrocytes in growth
cartilage,®*® and is reported to induce the secretion of the major cartilage matrix components, type ||
and type X COL by activating the expression of COL2A1 and COL10A1 genes.?*13%6327 However, despite
its role in promoting mineralisation of cartilage, COL10A1 is also associated with hypertrophic
cartilage, which is undesirable for chondrogenesis at late point.327328 Since SOX9 is hardly expressed
by hypertrophic chondrocyte,3?¢ the similar expression profile of SOX9 and COL10A1 in our experiment
suggests that chondrocytes remained in growth stage over the whole period of the experiment. Thus,
the downregulation of COL10A1 in this case was an indication of loss of chondrogenic potential rather

than chondrocyte hypertrophy.
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Figure 4.18. MSCs retain chondrogenic differentiation potential over a long-term culture on TPS,
emulsion and microcarriers. (A) Relative fold change of genes expressed by MSCs harvested from
different substrates cultured on TPS in spheroids in chondrogenic differentiation medium for 21 days
relative to that of P4 MSC on TPS in differentiation medium. Error bars are s.e.m; n represents number
of experiments, n > 3. (B) Bright images of Alcian Blue staining of MSCs from the corresponding
samples, controls were MSCs of the same passage harvested from TPS cultured in DMEM for 21 days.

4.3.4 Conclusions

In this chapter, based on the previous studies on nanosheet assembly at liquid interfaces, we
developed a nanosheet assembled oil-based emulsion for the culture of MSCs. The protein nanosheets
functioned as an emulsifier, providing steric and electrostatic repulsion, preventing emulsions from
coalescence. Nanosheets assembled at the interface and displayed birefringent structures with the
assistance of pro-surfactants, which leads to improved strength to support cell adhesion and
proliferation. The culture of MSCs was found to be supported by fluorinated oil-based emulsions as
well as non-fluorinated oil-based systems. We demonstrated the proof-of-concept of MSC expansion
on emulsions and the simple transfer and harvest of cells from corresponding emulsions. Such

emulsion systems provide higher surface-to-volume ratio than conventional 2D plastic culture plates
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and allow simple transfer for passaging, instead of labour intensive digestion and re-seeding process.
Therefore, we find that emulsions offer advantages in terms of processability and cost-effectiveness
for industrial scale-up of cell expansion. Since emulsions are based on liquid substrates, they offer the
advantage of by-passing enzymatic digestion for cell harvesting over solid microcarriers. Emulsion
systems could be a potential replacement for currently applied solid microcarrier-based culture
systems and for fabricating cell sheets.?” Given that enzymatic digestion was widely considered as

harmful and a potential modifying agent of cell phenotypes,?’%273:329

we compared the impact of
prolonged culture on MSC phenotype to investigate the retention of cell phenotype upon culture on
different substrates. Although MSC adhesion, proliferation and the expression of surface markers
declined at passage 10, no major significant differences were found between TPS, emulsions and
microcarriers. Since the accutase-solution we used for digestion is a less invasive enzyme compared
to trypsin, the results may suggest that senescence dominate MSC phenotype at late passages,
independent of enzymatic treatment. In the case of MSC multi-potency, MSCs retained its potential
of differentiating towards three lineages (osteogenic, adipogenic and chondrogenic) at relatively late
passage (passage 8). Despite the fact that the staining studies (Oil Red, Alizarin Red and Alcian Blue
stainings) suggested osteogenic, adipogenic and chondrogenic potentials, these potentials decrease
over time in culture. RT-PCR studies of differentiation markers showed small differences in gene
expression among the three culture methods. Although long-term culture experiments suggests that
no significant phenotype retention by reducing or avoiding the use of enzymatic digestion, the similar
phenotype (especially for osteogenic and chondrogenic differentiation) confirmed that MSC
phenotypes were not affected by prolonged culture on a relatively soft substrate (emulsion). This is

showing that emulsions can be used as an alternative to solid microcarrier-based systems for long-

term MSC expansion.
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Appendix Figure 1. Calibration curve for cell counting via a Cyquant assay. Standard curve and the
corresponding fitting of cyquant assay measurements on MSCs cultured on TPS (blue), emulsion
(orange) and microcarriers (grey). Error bars are s.e.m; n represents number of experiments, n = 3.

-155-



35

3 y = 5E-05x + 0.1867
R?=0.9966
® Emulsion
25 ® TPS and Microcarriers
------ Linear (Emulsion)

~~~~~~~~~ Linear (TPS and Microcarriers)

Absorbance
~N

y = 2E-05x - 0.1123

R? = 0.9881
15

05 *

0 20000 40000 60000 80000 100000 120000 140000 160000 180000
Number of Cells

Appendix Figure 2. Calibration curve for cell counting via a metabolic assay. Standard curve and the
corresponding fitting of metabolic assay (CCK-8) measurements on MSCs cultured on TPS and
microcarriers (blue), emulsion (red). MSCs on emulsion were used a separate fitting as the emulsion
stays at the well bottom, could shield some metabolic products of the cells from reacting with the kit.
Error bars are s.e.m; n represents number of experiments, n = 3.
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Appendix Figure 3. MSC proliferation on TPS, emulsion and microcarries at passage 6 and passage 8.
MSC densities were measured via cyquant assay and converted into number of cells per mm? at
passage 6 (left) and 8 (right). Error bars are s.e.m; n represents number of experiments, n > 3.
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Chapter 5

Conclusions and Future Directions
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5.1 Conclusions

In this project, we focused on the design of protein nanosheets assembled at liquid interfaces for the
culture of MSCs. This work was inspired by the pioneering works of Keese and Giaever who had
reported the culture of fibroblast at the surface of fluorinated oils. Their study highlighted the
importance of surfactant molecules in cell expansion, but without identifying molecular mechanisms
enabling cell adhesion and proliferation. The reconfigurable and dynamic properties of protein
nanosheets assembled at liquid-liquid interfaces make these an adaptive system that is particularly
interesting for the regulation of stem cell fate. Our works adapted such system for the culture of MSCs,

for applications in tissue engineering and regenerative medicine.

We contribute to the existing knowledge of the field by highlighting the importance of the interfacial
mechanical properties modulated by these nanosheets. These properties, including interfacial moduli
and viscoelasticity, depend on the assembly of protein nanosheets at corresponding interfaces. By
characterising the interface with interfacial rheology, magnetic tweezer, XPS, ellipsometry and
polarised optical microscopy, we explored the impact of the oil, protein, pH and pro-surfactant on the
assembly of these nanosheets. Upon the adjustment of these factors, the inter- and intra-molecular
interactions regulating such nanosheet assembly could vary significantly, resulting in interfaces with

interfacial storage moduli ranging from 3.67 £ 1.4 mN/m (PLL nanosheet formed at pH 8.5 on Novec

7500 with 1.25 pg/mL PFBC) to 2.30 = 0.61 N/m (PLL nanosheet formed at pH 10.5 on PDMS
containing 0.1 mg/mL HDC). Specifically, we highlighted the role that the pro-surfactant plays in
assisting the adsorption of PLL at the interface. We propose that the assembly of PLL is mediated by
reaction with the acyl chloride pro-surfactants, forming corresponding amides that pin PLL molecules

at the liquid interface.

The designed PLL-based nanosheets have been successfully applied for the culture of MSCs after
further coating with cell adhesive components (FN, VN and COL), presenting sufficient cell adhesion

and proliferation. This suggests that the mechanical properties conferred by the nanosheets are

-158 -



sufficient to counterbalance the shear forces exerted by cells. MSCs on oil surfaces with stiffer PLL
nanosheets established more structured actin cytoskeleton than those on the surface with softer
nanosheets. MSC adhesion at liquid-liquid interfaces is regulated by the interfacial mechanics,
similarly to the regulation of cell adhesion by the bulk mechanics of solid substrates and hydrogels,
mediated by classical integrin adhesion and acto-myosin contractility. However, the fracture of
nanosheets constitutes a major hurdle affecting cell yield at liquid interfaces. Most interestingly, we
highlight a clear correlation between the elasticity (and lack of fracture) of the nanosheets and MSC
proliferation. Therefore, nanosheet viscoelasticity appears to play an essential role in regulating MSC
proliferation at liquid interfaces. This correlation could provide a helpful guideline for the design of
protein nanosheets at oil interfaces, for cell expansion in bioreactors. This system could also be a
useful platform for the investigation of cell behaviour on substrates displaying defined viscoelastic
properties. Most importantly, by broadening such protein nanosheet-assembled liquid interface
system to other oil and pro-surfactant combinations, we demonstrated the universality of this system

and its broad applicability for adherent cell expansion.

Furthermore, inspired by the application of solid microcarriers for in vitro cell expansion, we have
generated stable O/W emulsions by using the designed protein nanosheets as emulsifiers and have
also demonstrated the proof-of-concept of MSC expansion on emulsions. Similar to the microcarriers,
the emulsion system also has large surface-to-volume ratio, providing sufficiently large surface areas
than conventional planar culture platform. However, unlike the microcarriers, cells on the emulsion
can be harvested via centrifugation thus avoids the harsh enzymatic treatment required for cell
harvesting for solid substrates. We conducted a side-by-side comparison of the emulsions, the
microcarriers and TPS over the performance for a prolong MSC culture. As a result, no statistically
significant difference was found in terms of cell adhesion, expression of surface markers, proliferation
and differentiation between three substrates. We concluded that cell senescence, at higher passage
numbers, had a far stronger impact on MSC phenotype than the culture on the different systems
tested. Enzymatic digestion, when using gentle enzymatic treatment (e.g. accutase) was therefore
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fond to have a moderate impact on cell phenotype. Although results did not suggest that emulsions
are not superior to microcarriers in retaining MSC phenotypes upon long-term culture, it is worth
noting that MSC on the emulsion showed comparable osteogenesis and chondrogenesis levels to that
of cells culture on microcarriers, which was unexpected on such soft substrates. Overall, our results
indicate that emulsions could be a promising alternative to microcarriers at least for MSC expansion.
We also note that emulsions are considerably less expensive to produce than solid microcarriers and
could more conveniently recycled to avoid plastic microparticulate waste (and potentially bypass their

phasing out from products used in healthcare).

5.2 Future Directions

In this thesis, we have developed protein nanosheets that are sufficiently strong to support the
adhesion and proliferation of MSCs; the emulsions developed from such nanosheets also showed
potential as a replacement of microcarriers for the large scale expansion of MSCs. However, there

remain few challenges that need to be tackled for further improvement and wider applications.

As we mentioned before, nanosheets are strong enough to support cell adhesion initially but they
might not be able to sustain contractile forces exerted by cells when a high cell confluency is reached.
Nanosheet fracture remains a concern for MSC proliferation on such systems. A nanosheet toughening
is therefore required. Our preliminary results on PLL/HA/COL nanosheets also suggested that HA/COL
pairs are more sustainable to the contraction of MSC, probably due to the fibrillogenesis of COL.
However, toughened nanosheets may make emulsions become too stable to be disrupted by
centrifugation for cell harvesting. Therefore, these aspects should be taken into consideration for cell

manufacturing scale-up.

In the long-term culture of MSCs on emulsions, MSCs tend to aggregate into clusters after several
passages. Such aggregation was also found on microcarriers, which may be the result of insufficient
agitation and beads-to-beads collision that ultimately leads to inhomogeneous beads-to-beads cell
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transfer and cell adhesion to multiple carriers (potentially involving matrix deposition bridging
microcarriers). Stronger agitation in a spinner flask should reduce such issue but its impact on the
stability of emulsion and MSC phenotypes (higher agitation speed could induce MSC osteogenesis and
it may also affect cell viability) also need to be systematically investigated. Moreover, a narrower size
distribution of emulsions might also help as different droplets could have similar cell confluency at the
same time. Our groups are currently working on generating more homogeneous emulsion via

microfluidic systems.

Although we have showed successful culture of MSCs on non-fluorinated oil-based emulsions,
protocols for more controllable generation of these emulsions need to be developed as non-
fluorinated oils are generally cheaper and more accessible than fluorinated oil. Meanwhile, the
nanosheets we focused on were PLL/FN assembled, they performed well in stabilising the emulsion
as well as supporting the culture of MSC, but they could be further improved from an industrial

perspective, as the cost of PLL and FN is relatively high. Other cheaper options need to be explored.
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