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Abstract

Unravelling the pathophysiological mechanisms of skin disease relies on representative
skin models. However, current laboratory skin models have acknowledged limitations which
impede translation to the clinic. The need for a stratified 3D cellulasutture with control
over spatial organization to represent the complexities of human skin more realistically is
therefore highly desirable. 3D bio printing has recently generated physiologically relevant
human skin model¢Baltazar et al. 2020However, current bio printing technologiese
typically expensivedifficult to operate, and have low customisation ability, thus hindering
widespread accessibilityloannidis et al. 2020)Custombuilt, low-cost 3D bieprinting
platforms have been recently reported for the production of 3D cell culane tissuanodels
(Cubo et al2016a; Reid et al. 2016; Kahl et al. 2019; loannidis et al. 2R40)therefore
hypothesised that recreating the structure of human skin through developing eeffestive
flexible 3D bieprinting technology is feasibl@he aim of this study i®tdevelop a 3Ebio-
printed human skin model using a lesest flexible celprinting platform.

Preliminary 2D cell culture studies were conducted using an immortalized keratinocyte
cell line to establish the optimum culture conditions. Cells were maintaimedproliferative
or differentiated state by varying the calcium concentration to mimic the physiological
epidermal calcium gradier(Wilson et al. 2007; Bikle et al. 201R®)orphology and specific
biochemical markers ofifferentiation were studied in each condition. A bespoke LEGD
bio-printer, capable of encapsulating high cell densities and creating 2D and 3D arrangements
of cells, was built in parallel to the cell culture experiments.

Cells maintained in low calcium exhibited proliferative characteristics whereas cells in
higher concentrations of calcium were induced to become more differentiated, recapitulating
the effect of the calcium gradi¢mn the epidermis. The programmed custdmilt LEG@3D
bio-printer was optimized to generate higlesolution 2D and 3D complex patterns of -{od.

Using the custonbuilt 3D bieprinter, the cells were successfully encapsulated irrbaderial
droplets and printed. Microscopy images aactell viability assay indicated homogenous cell
dispersion and high cell viability (87.5%) within the-pimted material. Keratinocytes were
successfully 3D biprinted in an 18ayered squared lattice and imaged showihigh cell

viability. These initial results provide a platform for manufacture of single and mixed cell



culture populations with a defined 3D organization, akin to the human skin. The adaptability
and flexibility of the custonbuilt LEG® 3D bioprinter has the potential to enhance the
complexity of the skin tisgmodel Therefore, a first prototype of the LEGO® 3DBgbinting
platform has been developed demonstratiagrinting resolutionat the submillimeter scale,
providing a coseffective novel 3io-printing technology for the production of human skin

models.
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GENERAL INTRODUCTION

As of 2017 skin diseases were ranked as th® kkading cause ofion-fatal disease
burdenworldwide, contributing to 1.79% to the global burden of dise&&8D)Karimkhani
et al. 2017; Seth et al. 201 Hlowever, die to a relatively small burden of mortality, skin
diseases continue to receiveittle attention at the global scal@Hay et al. 2014 )Whilst some
skin diseases significantly reduce the quality of life for extended periods of time (e.g.
psychological morbidity due to disfigurement), other skin diseases, such as skin cancers, can
be lifethreatening(Hay et al. 2014; Karimkhani et al. 2017; Seth et al. 2@dgitionally,
chronic skin injuries with limitecegenerativecapacities can result in amputations and death.
Investigating the physiological pragses associated with skin disease, injury and regeneration
is key in identifying suitable therapeutic strategies that maggateLJ: G A Sy i & ThiRA & 0 A

relies heavily on the development and availability of relevant laboratory skin models.

The three dimensional (3D) spatial cytoarchitecture of tissmesivois crucial for
physiological cektell and celmicroenvirorment communication and function, anthé skin
IS no exception to this dogm&Vhilst 2D monolayer cell cultuteasprovided avaluable tool
for cell behavioural studies over the yeardydis alsgpaved the wayo createmore complex
3D reconstructed skin models. Thugsearchers have been developing 3D human skin
equivalentgHSEsing innovative method®r clinicalandreseach purposegor more than
three decadesd { dzZ3A KIF N} S | f ®@ ™ chdem thd ds@blishrdeatioh S i
keratinocyte culture in 2Dmore than 40 years agto the developmentof full-thickness
reconstructed skin model# vitro, HSE have made tremendous leaps in generating relevant
models that mimic then vivomicroanatomy and the lpysiologyof the skin Applications of
HSE includeskin replacements, grafts, pharmaceutichiomedicalstudies,and cosmetic
purposesd DdzA NI dzR S £ ®@ W n Muaditiondlly, thaté #Fea@wistudied | £ & |
focused ondevelopingdiseasedmodels sud as melanoma or psoriasig the aim to
investigate interactions between diseased and healthy d@&snetti et al. 202Q)Despite
these advances, recapitulating the complexity of the skin anatomy remains challenging and is

yet to be achieved.

Amongst the different methods for HSE developme3id, bieprinting has madehe
furthestadvances in generating physiologically andtamically relevant skin mode{¥an et
al. 2018) Nonetheless, the limited accessibility of commercially avasldhib-printers

2
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continues to hinder potential progress in biological resedf@kubo et al. 2019)n this study,
a versatileand bespoke3D biceprinting platform was builtcapable of producing a variety of
2D/3D structures with high spatial control. Thiasvachieved by building a levost LEGO®
xlylz programmable stage combined with-gunction microfluidic droplet dispensing device,
allowing for precise geometrical positioning wfble keratinocyteencapsulated alginate
droplets. TheLEG@3D bicprinter is also capable of printing complex midtyered tissue
like structures with distinct lays, potentially mimicking biological micro and

macrostructuref the skin.



GENERAL INTRODUCTION

1.1 The human skin

The skin is the largest organ thie humanbody accounting for 15% of the total body
mass in adultdt is organized into a complex and elaborate mladtiered structure consisting
predominantly oftwo layers :the epidermis and the dermis (McGrath and Uitto 2010;
Kolarsick et al. 2011Jigure 1.1)The skin also rests on a fatty layer called the hypodermis,
also known as the subcutaneous tissMarious otheappendagepresentin the skininclude
sweat glandshair folliclesblood vessels and nerveshe natural compartmentalization of
different cell types interacting with each other along with the presence of multiple accessory
appendages provide the skin witmany vital funtons involved in maintaining body
homeostasis Some of these functions inclu@eting as a protective barrier against external
assailantsand infections preventing excessive water losghermoregulaton, metabolic

functionsand immuneregulatory functiongBrohem et al. 2011; Kolarsick et al. 2011)

Sweat gland
pore

Hair shaft

Epidermis

P
Basement
. membrane
Dermis

) Sweat gland
duct
Subcutaneous Capill
layer apillary

Touch receptor

Figurel.1 3-Dimensional schematic representation of the skin
Taken from(MacNeil 2007)
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1.1.1 The epidermis

The outer most layer of the skin, the epidermis, is a stratikethtinizedsquamous
epithelium overlying the dermis. The epidermis is divided into four histologically distinct
layers: the baal cell layer ostratum basalg SB)which lies just above the dermis, stratum
spinosum(SS)stratum granulosungSG) and thestratum corneum(SC) (the outermost layer)
(Figure 12). The epidermis, composed largely of keratinocyte=ratin-producing cells), is
formed by cell proliferation within the basal layer which then undergo progressive
differentiation as they move upwards through trepidermisto the SCwhere they are
terminally differentiated and enucleated. The distinct trainional stages of differentiation
effect keratinocyte morphology resulting in several distinguishable layers of the epidermis
(McGrath and Uitto 2010; Kolarsick et al. 20I0he human skin epidermis can therefore be
considered as a twdayered structure of viable, nucleated keratinocytes underlying the-non
viable outermost layer, th&€CGcomposed of corneocytes. Cells within the epidermis are linked
intercellularly to adjacenand overlying cells to form a thred#imensional (3D) lattice of
tightly adhering cells. This relies on several types of membrane junctions including
hemidesmosomes, desmosomes, adherens junctions, gap junctadstight junctions
(Figure 1.2 & 1.3 AMcGrath and Uitto 2010; Simpson et al. 2Qpart fromkeratinocytes
the epidermis harbours several other cell populations, such as melanocytes which produce
melanin and have a role in ultraviolet protectign Y ISNKI yaQ OSffa ¢KAOK
immunological functions and the mechanoreceptor Merkel cellich are specialized in

sensory functiongFigure 1.2 (Kolarsick et al. 2011; Zhang and Michrahn 2012)

Although the structural organization of the epidermis provides the skin with stability
and a1 environmental barrier, its cellular components must remain highly dynamic to allow
constant tissue regeneration and renewdleratinocytestherefore undergo a continual
process of proliferation and differentiation derived from keratinocyte stesils present in
the basal layer. The differentiation process that occurs as the cells move feobatal layer
through theSS SGto the SCis known askeratinization a process in which cells accumulate
RAAGAY OO 1SNYXaOGAYy FAELFYSyYy(d LINEIGSAKoErsick tlali & S NX
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2011) Keratinocytesat different stages of differentiation express distinct keratins which

serve as markers of differentiatiofigure 13 A).

Many other proteins are expressed &eratinocytesfurther differentiate, including
Involucrin Fllagrinandloricrin (Tobin 2006) The process of proliferation and differertian
is highly involved in skin homeostasis and is regulated bymiatic and prodifferentiation
factors including calcium (Ex(Hennings et al. 1980; Menon et al. 1985; Tobin 2006; Bikle
al. 2012; Elsholz et al. 2014)ormones, vitamins (e.g. vitamin D3) growth factors, and

cytokines(Tobin 2006; McGrath and Uitto 2010; Kolarsick et al. 2011)

Amongst different regulatory factors involved ipidermal stratification, Cd stands
out as one of the key factors involved in this procesgivo(Hennings et al. 1980; Menon et
al. 1985; Menon and Elias 1991; Tu and Bikle 2013; Elsholz et al. 2h&@4)pidermal Ca
gradient has been shown to form a steep gradient in the human and mskisefrom the
basal layer to the outer granular layer (or lower layer of 8@ (Fgure 13 A) (Menon et al.
1985; Menon and Elias 1991; Tobin 2008}hough early studies demonstrate a steeg'Ca
gradient with lowest levels in the basal layer, a more recent study conducted by Aet@elli
using fluorescencéifetime imaging microscopy, revealed a more tempered*@aadient in
the human epidermis, generating potentially novel hypotheses i-@pendant epidermal
regulation Figure 13 B) (Malmgyist et al. 1983; Menon and Elias 1991; Celli et al. 2010)
Although the factors involved in the formation and regulation of thé*@eadient remain
unidentified, it is widely accepted that this gradieplays a pivotal rolen epidermal
differentiation. The distinct organisation and presence of diverse cell types and regulatory
factors within each layer of the epidermis highlights a clear relationship between structure

and function.
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Figurel.2 Layers and components of the human epidermis.
(A) Histologic photomicrograph of the human epidermis and (B) a schematic represe
indicating the different layers and components. (Taken from Copyright © Ré@rson
Education, Inc., publishing as Benjamin Cummings)
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1.1.1.1 Stratum basalgviable epidermis)

The stratum basale $B, or basal layer, is a monolayer of columisaaped basal
keratinocytedying above the dermatpidermal junction, which is anchored to the basement
membrane via membrane junctions known as hemidesmosoffiggirel.2) (Menon 2002)
Keratinocytespresent in the basal layeare the only mitotically active cells within the
epidermis due to the presence of highly proliferative stem cells. To maintain a stable stem
cell population andensure constant epidermal renewal, half of the basal cells will remain
behind in continual mitosis whilst the other half will progress upwards to differentiate.
Proliferativekeratinocytesin the SBexpress the keratin filaments K5 and KI4bin 2006;
Moll et al. 2008. Differentiation initiates only when baskératinocytesare displaced from
their hemidesmosome link on the basement membrane, allowing migration into the
suprabasal layer§Tobin 2006) C&* plays a pivotal role in the initiation of epidermal
differentiation reflected by an prominent hetegeneity in the average calcium
concentrations in the basékratinocytes contrary to early studies showing lowestQavels
in the basal layefCelli et al. 2010)This heterogeneity may be key in maintaining the cells in
a proliferative state whilst allowing for initiation of differentiation and transition to 8@ It

takes approximately four weeks for the cell to reach the epidermal surface.

The basal layer harbours additional cell types that contribute to the epidermal function
including: melanin producing melanocytes, which contribute to skin pigmentation angens
protection against UV radiatigmnd MerketRanvier cells which participate in the regulation
of sensory receptiorfFigure 1.2 (Zhang and MichniaKohn 2012) Stem cells are not only

present in the basal layer of the epidermis, but also in hair follicles embedded in the dermis.

Melanocytes are found within the basal layer, with a 1:10 melanocyte to keratinocyte
ratio (Cichorek et al. 2013Melanocytes form a tight relationship witkeratinocytesknown
as the melanirepidermal unit, whereby one melanocyte transp®mnelanincontaining
melanosomes throughts extended dendrites to approximately 3¢ 40 neighbouring
keratinocytes(Figure 1.2 (Cichorek et al. 2013; Wang et al. 201glanin s transferred to
keratinocyteswhere its accumulation plays an important role in skin pigmentation and

protection against UV radiatio.he relationship between melanocytes akeratinocytess

9
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symbiotic, as studies have shown ttatratinocytesegulate nelanocyte phenotype, growth
kinetics, migration, adhesion and differentiation through the paracrine secretion of different
growth factors(Wang et al. 2016)n addition to paracrinerosstalk, both cell populations
communicate via celtell contact in the basal layeEarly findings demonstratedthat
undifferentiation basakeratinocytescontrol the growth of melanocyteand can prevent
transformationinto melanoma cellgValyiNagy et al. 19930verall, these results indicate a
tight reciprocal regulation of distinct cellular populations within the epiderroing to the

strategic location of melanocytes in relationttee surroundingkeratinocytes

1.1.1.2 Stratumspinosum (viable epidermis)

TheSSs a suprabasal layer overlying t88(Figure 1.2. The shape of thkeratinocytes
in this layer change from columnar to more flattened as thegrateupwards.keratinocytes
arising from the basal layer in th8Sstart to gradually exit the cell cycle. They start
synthesising stiffer bundles of keratin filaments, namely K1 and K10 during early stages of
maturation/differentiation (Tobin 2006; Moll et al. 2008) As the cells differentiate, the
keratins aggregate anfibrm desmosomes which tightly connect to the cell membranes of
adjacent keratinocytes C&* is again a key factor in the regulation of keratinocyte
differentiation as it regulates the expression of several intercellular connections including
desmosomal juations (Tobin 2006) Several other protaes are expressed ikeratinocytes
present in this layer, namelpvolucrinand thetransglutaminaseenzyme Lamellar granules

containing high amounts of lipids are present in the upper spinous (&marsick et al. 2011)

Langerhans cells dendritic cel] and macrophages, are presenttime epidermis and
dermis,but havea prominent presence in the spinous and basal laj¢he epidermis. These

play vital roles in both innate and adaptive immune responses of th€Ghkiyton et al. 2017)

1.1.1.3 Stratum granulosum (viable epidermis)

The most superficial layer of the viable epidermis is the granular lay&Gonamed
after the granules, that form in the cell&igure 1.2. Keratinocytesin this layer mature

further, accumulate more keratins and synthegisoteins and markers of late differentiation

10
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(e.g. profillagrin and loricrif (Tobin 2006) Progressive keratinocyte differentiation in this
layer is also accompanied by lipogenesis increase, resulting in the presence of lipid rich
lamellar granwds (Menon 2002) The lamellar granules reach their highédensity in the
upper granular layer, which then fuse with the cell membrane and eventually extrude the
lipid contents into the extracellular space of tB&(Menon 2002; Tobin 2006Yhis process
contributes to the formation of the lipid permeability barrier of the epidermis. Cell viability
begins to decrease when cells of the upper granular layer unddiggnlution of cellular
organelles, keratin filaments aggregation to form microfibrils, and cell membranes are
replaced by a cornified envelope; this leads to the irreversible process of cornification to form
terminally differentiated cells in th8hamed corneocytegMenon 2002; McGrath and Uitto
2010; Kolarsick et al. 2011¢&*accumulation in the intercellular space of the lower/mid
granular layer along with a cytosolic influx in the apical granular cells is believed to regulate
and prompt the differentiation of granulocytes to corneocytéblenon et al. 1985)
Furthermore, the extruded lamellar bodies also demonstrated high amounts?{Nanon

et al. 1985)

1.1.14 Stratum corneum fon-viable epidermis)

The final product of the differentiation process is a neable cornified layer made of
corneocytespr terminally differentiatedkeratinocytes and secreted contents of the lamellar
bodies, known as th&C(Figure 1.2 (Menon 2002) The corneocytes are flat, keratiiled
cells which have logheir nuclei and are embedded in a continuous extracellular lipid matrix
(Tobin 2006; Kolarsick et al. 201This layeprovides a physical barrieiue to a hard protein
envelope, tight cell packing via dessobmes and a surrounding lipid matrix. Eventually the
desmosomes undergo degradation and the corneocytes shed, or desquamate, which is also
constantly balanced by the continual cell growth and renewal by the viable epiderriss Ca
believed to play a potal role in the process of keratinocyte differentiation having significant
amounts in the upper granular layer and lower corneum layer, but has very low to no

presence in the uppebQMenon et al. 1985; Tu et al. 2008; Celli efall10)

Keratinocytes from the different epidermal layers have shown to express different

calciumsensing receptor¢CaSRand nonselective calcium ion channelgroviding various

11
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strategies and entry points of &€anto the cells.Studies have shown that detection of high
Ca&* levels evokes thectivation ofthe Phosphoinositide &inase (PI3K) pathway which
empties the intracellular Castores, and activating €aentry through the ion channels
(Elsholz et al. 2014This in turn allows Cato mediate the differentiation of keratinocytes
through various strategies. Indeed, calcimediated keratinocyte differentiation is a
multifactorial mechaism that involves both genomic and ngenomic pathway$Elsholz et

al. 2014) The mobilisation of intracellular €zhas previously been reported to increase
formation of desmosomes which may in turn provide signalling events for keratinocyte
differentiation (Niessen 2007)Additionally, this mobilisation has also been reported to be
involved in the activation of calciunesponsive promoters, upegulating genes involved in
differentiation whilst downrregulation proliferative genelSeo et al. 2005; Elsholz et al. 2014)
The physiological balance of the epidermat*@eadient and type of Céareceptors and ions
found on keratinocytes from the different epidermal layers plays an essential role in

maintaining a healthy epidermis and cornified protective layer.
1.1.2 The dermalepidermal junction

The interface between the dermis and epidermis is formea bpncellular cutaneous
basement membrane known as the dernegdidermal junction(DEJ) TheDEJXseparates the
two distinct compartments of the skin. It also provides epiderdwimal adherence through
junctional protein complexes found in the basal cekmbranes of the epidermis called
hemidesmosomes. Besides structural properties, the dempadermal junction functions as
a porous sempermeable barrier allowing exchange of cells, fluids and bioactive molecules

across the junctioriBurgeson and Christiano 1997; Kolarsick et al. 2011)

TheDE.JDlays several important roles in skin homeostasis. It regulatesiigeation of
soluble factorsand invading cells between the dermis and epidermis under normal and
pathological conditions(Burgeson and Christiano 1997; Breitkreutz et al. 201B)is
composed of a network of interconnecting proteins which confer this zone with important
roles in morphogenesis, wound healing and skin remode{iBuggeson and Christiano 1997;

Breitkreutz et al. 2013)Furthermore, it helps to regulate growth, adhesion, and movement

12
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of keratinocytesand fibroblads, by allowing the paracrine communication of both cell

populations, as explained in the following secti@dtion 1.1.3.

1.1.3 The dermis

The deeper layer of the skin, the dermis, is the major component of the skid an®
thick. It is an integrated syste of fibrous connective tissue and several cell populations,
including fibroblasts mast cells, macrophages and dendritic céKslarsick etal. 2011,
Haniffa et al. 2015) The dermal layer provides the skin with most of its structural support, its
strength and flexibility owing to the presence of a network of collagen and elastin fibrils.
Although predominantly composed of connective tissthefibroblasts which constitute the
major cell type of the dermis, play an important role in constantly secreting and maintaining
connective fibres to form a supporting extracellular matrix (ECM). Collagen is the major
connective tissue component dfi¢ dermis providing stresgsistant properties to the skin,
whereas elastin plays a role in maintaining elasti@iglarsick et al. 2011Pther structures
embedled in the dermis include blood vessels, nerves, sweat glands and hair foHiglese(
1.1).

The human dermis is divided into two distinct layers: a thin superficial papillary layer
lying immediately beneath the epidermis, and a thick deeper retigelgion Figure 14). The
papillary dermis consists of loosely arranged fine collagenous and elastic fibres, that extend
toward the epidermis forming the papillaEifure 14). The reticular region, which is attached
to the hypodermis, is more acellular Wwita denser connective tissue meshwork than the
papillary layerScatteredfibroblastsand various other cells such as macrophages are present
in both regions of the dermis. The rich dermal vasculature is provided by a deep plexus lying
at the dermathypodeamal junction and a superficial papillary plexus beneath the epidermis.
This supplies the skin with nutrients and oxygen via blood vessels and capillaries extending

from the plexuses into the epidermal ridges

The role of dermdlibroblastsis not confired to ECM secretion and structural support,
but also plays a pivotal role in skin homeostasigteisive studies have shown that a

physiological intercommunication between the dermdibroblasts and epidermal

13
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keratinocytess a keyfactorin wound healingand maintaining skin homeostagBBoehnke et

al. 2007; Werner et al. 2007; Kolarsick et al. 20Mgre specifically,fibroblasts and
keratinocytescommunicate through the synthesis and release of soluble factors, such as
growth factors and cytokinegjcluding keratinocyte growth factor (KGF) or interleui(il-

6), influencing their growth kinetics and activifyVerner et al. 2007)The ceculturing of
dermalfibroblastsandkeratinocytesn 2D monolayers and 3D organotypic skin cell cultures,
demonstrated that efficient keratinocyte proliferation and differentiation highly depends on
paracrine crosstalk betwedvoth cell populationgParenteau et al. 1992; Schoop et al. 1999;
Boehnke et al. 2007; Werner et al. 2007; Wang et al. 2012; Schumacher et al. 2014; Wojtowicz
et al. 2014; Berning et al. 2015; Sriram et al. 20IBgse results emphasise the importance

of dimensionality, structural and microanatomical proximitpetween two distinct cell
populations from different layers of the same tissue. This concept is further stressed by
studies showing that papillargnd reticular dermalfibroblasts differ in morphdogy and
function, contributing differently to the ECM composition and organisation between the two
dermal compartmentgSriram et al. 2015)For examplethe work of Sorrell, Baber, and
Caplan showed that papillary dermalfibroblasts secreted higher levels of KGF and
granulocytemacrophage colony stimulating factor (GBBF), than reticulafibroblasts
(Sorrell et al. 2004)his would suggest théthe naturalproximity of the papillary layer to the
epidermisis essentialfor growth factor production and release, to ensure physiological
keratinocyte growthkinetics. Furthermore,epidermal tissue function has been previously

shown to be dependent on the microenvironment composit{@oehnke et al. 2007)

Whilst the dermis is commonly known as a structural compartment of the skin, wound
healing studies have revealed a far more diverse and complex\\dener et al. 2007)In
fact, dermalfibroblastsand ECM play pivotal roles in maintaining healthy skin physiology and
promating cutaneous wound healingwing to the tissuespecific architectureThe specific
dimensionality and cellular arrangemeritaind in tissuesre critical fomormalhomeostasis

(Knight and Przybeki 2015; Ryan et al. 2016; Marcom 2Q017)
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Figurel.4 Histologic photomicrograph of the human dermis.
The dermis consists of the papillary layer and reticular I&yaaptedfrom (MacNeil 2007and
(OpenStax, Anatomy and Physiology, Layers of the Skin).

1.1.4 The lypodermis

The hypodermis, or the subcutaneous tissueg fatty layer underlying the skin which
binds it to the bones and muscleshe hypodermis consists primarily of adipose tissue and
bloodvessels embeddedhia loose connective tissue comprisedcoflagenousibres (Figure
1.1). Although not strictly part of the skin, this laylenctionsas a storehouse of energy and

fat, and provides insulation and cushioning of the b@Kplarsick et al. 2011)
1.2 Laboratory skin models

Cell and issue culture models are paramount research $oah investigating
mechanisms underlying tissue and organ physiolgggthophysiolog, drug response,
improving precision in drug discovery, and the development of tissue engine€rFiay
(Vertrees et al. 2009)'raditionallycellculture modelgsolateand grow cells on a flat surface,

outside a living organisni) an effort torecapture biological processes that ocaaivivoin
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order to investigae skin biology angathophysiolog. It is undeniable that traditional 2D
monolayer cell culture systems contributed to countless breakthroughs in fundamental
biology and biomedical research over the ye&lgnsen and Teng 2020pespite this,
scientists have acknowledged the limitations of growing cells in an oversimplified 2D physical

and chemical environmer({Baker and Chen 2012; Jensen and Teng 2020)

Cells grown in a 2D environment do not accurately recapture the complar 8o
architecture and possible ceikll and cetmicroenvironment interplay. The lack of &CM
3D celicell contact, 3D cellular morphology, cellular polarity, appropriatjpntty between
heterogenous cell populations, and vasculature, has generated scepticism around
interpretable physiological responses observed in 2D cell cu{ugal et al. 2017; Langhans
2018) Indeed, an extensive body of studies has demonstrated drawbacks and unreliability of
2Dculture models regarding several vital characteristics, including drug efficacy prediction or
drug sensitivity, gene and protein expression, response to stimuli, cell differentiation,
morphology,and growth kinetics(Duval et al. 2017; Arezou Teimouri et al. 2018; Hoarau
Véchot et al. 2018; Jensen and Teng 20R@rognising the limitations of a 2D environment,
has stimulated a range @D cell culture methodgFigure 1.5\Baker and Chen 2012; Anton
SG Ft® wampT YIFLIOOT&zall SG Ff&® eng®RO ! NBI
Mapanao and Voliani 2020 tablecomparhg 2D and 3D cell culture methods is shown in

Table 1.1.
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Figurel.5 Number of publications on 3D cell cultures from 1968020.
Taken from(Jensen and Teng 2020)
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Type of culture 2D 3D
Time of culture formation Within minutes to 24 hours Fromafew days to several
weeks
Culture quality High reproducibility, longerm Lower reproducibility, difficult
culture, simplicity in culture, to interpret
accessible interpretation.
In vivorelevance Lacks the natural structure of Closely replicates the 3D
tissue in 3D anatomy and micreanatomy
Cells interaction Deprived of ceitell and cell Improved interactions of cell
ECM interactions, nm vivelike | cell and celECM environment,
microenvironment and no possibility to produce
Gy AOKSa¢ SYGANRYYSyil
Cell characteristics Loss of natural cellular Relatively wetpreserved
morphology /polarity and cell | morphology/polarity and way of
division; divergence from division; relatively well
natural phenotype conserved phenotype
Access to nutrition and Unlimited access to oxygen, Variable access to oxygen,
compounds nutrients, metabolites and nutrients, metabolites and
signalling molecules signalling mtecules (depending
on size)
Molecular mechanisms Changes in gene expression, Expression of genes, splicing
MRNA splicingppology,and topology and biochemistry of
biochemistry of cells cells similar tan vivo
Cost of maintaining culture | Low-cost, widdy accessibleand | More demanding in materials,
commercially available more expensive, time
consuming.

Tablel.1 Comparison of 2D and 3D cell culture
Adaptedfromé Y I LI 0OT eéza1l SdG It ® wun

adzOK 2F GKS 1y2¢ft SR3 SbioldgualINBctny Rathgganesis K S & |
mechanismsand microanatomy, stemmed from the continual development of 2D and 3D
skin cell culture methods, and 3LEin vitro skin models over the past 4 decad@sunieras
et al. 1976; Bell et al. 1981; Arezou Teimouri et al. 20T8¢ gradual improvement of
laboratory skin celtulture models over the years has allowed expansion of not only the
understandingof fundamental biological processes, but also to generate laboratory grown
skin substitutes for skin defect replacements and wound hedl@aulomb and Dubertret
20020 LYRSSRZ | 1S@& FIFIOG2N) GKIG KI& RNARGSY &
cultivationin vitrowas the need for epidermal transplantation for skin defects, recognised by
Billingham and Reynolds in 19%Billingham and Reynolds 1953)wenty years later,
Rheinwald and Green significantly improved keratinocyte culture methods, allowing for serial
cultivation, resulting in the first stratified émnies of humarkeratinocytes2 NJ & S LJA RS NJY |-
& K S §Rhairdvald and Green 1975; Rheinwald and Green 197®ps not bng after, that
the first cultured epidermal sheet autograft, combined with a dermal allograft, were
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fabricatedin vitroand successfully grafted onto a burn vic{i@uono et al. 1986)This was a
pivotal time for skin biology as these preliminary studies paved the way for imprdvestif

cell culture techniques and demonstrated the potential of BBskin development. Early
studies showed that whilst 2D monolayer skin cell culture development was initially aimed
for nonclinical use, it rapidly developed intolinical practical apgtations for tissue
substitution (Green et al. 1979)Complete reconstruction of the skin vitro by culturing
keratinocytes fibroblasts and preadipocytesnto a collagenmatrix, was reported in 1991,
demonstrating micreanatomically relevant full thickness skin tissue model, i.e., consisting of
an epiderms, dermis, and hypodermigSugihara et al. 1991Yhis provided a promising
platform for both clinical pactice and model system to study skin diseas®se year later,
Parenteau et al. demonstrated that TE skin models camailsoc severain vivophysiological
processeslike establishing a functional barridyrther evidencing itgpotential forin vitro
non-clinical researci{Parenteau et al. 1992)n the following yearsthe incorporation of
different cell types and appendages, such as Ldrages cells, melanocytes, melanoma cells,
endothelial cells, and pilosebaceous unitsgsulted in increasingly relevantealthy and
diseased model§Archambault et al. 1995; Régnier et al. 1997; Michel et al. 1999; Meier et
al. 2000) In the past few years, skin TE has become more standardised due to technical
advances in scaffoldased systems and 3D culture strategies, as evidenced from high
numbers of commercially availabld skin system@hang and MichniaKohn 2012; Randall

et al. 2018; Roger et al. 201Finally, he advent of 3Dbio-printing in the 2% century is
currently setting anew standard for the generatioof increasingly relevargkin tissue models

(Baltazar et al. 2020)

Despite notable efforts,skin models that faithfully recapture the phkiological
complexity and architectureof the human skinare still lacking This is crucial forthe
development okin replacementgjrug testing, disease modelling, and circumventing animal
testing and modelgMacNeil 2007) Limiting factorsin current established modelare
generally associated to the difficulty in incorporationantillaryappendagesimmune cells,
functional vasculature, and pigmentatiq€hau et al. 2013; Groeber et al. 2016; Min et al.
2017; Boyce and Lalley 2018urthermorethe absence of standardised methodologan
lead toincreasel inter-laboratory variability and decreadeeproducibility in skin structure

recapitulation (Roger et al. 2019)Current skin models are therefore considered
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oversimplified and can result in functionally aberramtvitro tissuemodels. Therefore, itsi
important tomaintain efforts todevelop models that closely resemble the skin microanatomy
and subsequently physiological functions. However, this relies on the abititpwo skin cells

in 3D biomimetic environments anarecisely position cells areltracellular matrix ECM in
defined locations, akin to the native tissue structuhedeed, it is widely acknowledged that
physiological functions of tissues and organs heavily rely on their natisarchitecture
and cellular localisatignsuch as the stratified and layered epiderrtlise et al. 2009)ete
ridge topographyat the dermalepidermal junctionKumamoto et al. 201&)r hepatic lobules

found in liver(Ma et al. 2016)

Establied laboratory skin models vitroare broadly categorised into 2D and 3D skin
cell culture modelgArezou Teimouri et al.(A8) While 2D monolayer cell culture models
involve growing skin cell@nostly keratinocytesor fibroblastg in a flat environment, 3D
models consist of culturing skin cells in a 3D environment, which are currently categarised
spheroidbased models, human skin equivalents, or orgara-chip models(Klicks et al.
2017)

1.2.1 2D monolayer cell culture models

2D cell cultures involve growing cells in a #imensional flat environmentas
monolayers. Cellgrown in 2D monolayers will typically adhere to the plasticdlatace and
contact neighbouring cells solely at their peripheFg. ensure high cell viability and division
outside an organism cells require a strictly controlled environmeint vitro. Ths typically
includes a celspecific culture medium containing essential amino acids, vitamins, buffering
systems, growth factors etc., incubations at’ @7with a C@level at 5%, and sterileulture

hoods.

Optimisation of keratinocyte isolation, expansion and culture conditions was reported
nearly50years agqRheinwald and Green 1975; Prunieras et al. 1976)viding a robust 2D
in vitrokeratinocyte model was a prequirement in expanding knowledge on skin physiology
and pathophysiologyTo this day, 2D cell culture of healthy and malignant skin cells is the

most widely used method to model skin biology and pathogenesis mechanisms in
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laboratories. Typical 2D skin cell cuétarinvolves growingnd maintainingeratinocytesor
fibroblasts the major cell populationdound in the epidermis and dermis, respectively.
However, many studies have also reported the cell culture of other cell types found in the
skin, such as melano®g and melanoma celf¥alyiNagy et al. 1993; Golan et al. 2015; Kodet
et al. 2015) 2D skin cell cultures have provided researchers with esxterknowledge of gene
expression patterns and molecular mechanisms involved in skin function and pathologies over
the years(Golan et al. 2015; Wang et al. 2016; Colombo et al. 204@)olayer cell cultures
provide a simpleflexible, and costeffective model to monitor cell responses to various
mediators, inducing factors, or treatments. Furthermatt@s is facilitated by théexibility in
altering the culture medium composition. For example, much of the understanding
surrounding the role of Cain epidermal differentiation was achieved through growing
keratinocytesin culture medium with varying €aconcentrations(Hennings et al. 1980;
Lemaitre et al. 2004; Wilson et al. 2007; Micallef et al. 2088)ce, CH is routinely used as

a prodifferentiating factor to maintain keratinocytes in proliferative basalike or
differentiated phenotypes, mimickinghe different levels of differentiation found in the
epidermis (Wilson et al. 2007; Colombo et al. 201%) addition to these studies, 2D
monolayer cultures have also contributed to the understanding ofamdlicrosstalk in both
healthy and diseased modelsindeed studies have shown that melanocyte division,
proliferation, growth, migration, and differentiation are tightly regulated by keratinoeyte
melanocyte crosstalk, through 2D -calture models(Wang et al. 2016)n a diseased co
culture model, melanoma cells have been shown to influence the differentiation pattern of
keratinocytes(Kodet et al. 2015)n 1975, Rheinwald et al. showed a significant increase in
keratinocyte proliferation when coultured in presence of 3T3 mouse embrydiiticoblasts
(Rheinwald and Green 1975This was later confirmed in 2012 bByang et al.,who
demonstrated enhanced wound healing when both cell types wereuttured (Wang et al.
2012)

2D skin monolayer cell culture provides several advantages, inglusimple culturing
methods, rapid monitoring, inexpensiveness, and extensive knowledge serving as
comparative analysifHowever,2D skin cell culture does not recapitulate the complexity of
the 3D skin tissue architecture and lacks presence of othés, &fuctures, and extracellular

milieu, all which are vital for representative culture conditigksight and Przyborski 2015)
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Under such simplified conditions, cekll and celECM communication, biochemical and
mechanial signalling, and spatiarganization are los{Gibot et al. 2013)This in turn can
significantly influence the physiological responses and sensitivity to drug and dermato
cytotoxic testing. Indeed, a study demonstrated tlkaratinocytesculturedin 3D showed a
decrease of 50% in cell loss compared tccRBures when exposed to cytotoxic ager(Sun

et al. 2006)

1.2.2 Excisedx vivoskin models

Excisechuman skirmodels are obtainetby removal of a specific tissue fromsabject
following a surgical procedure, such as mastectobomgast reduction, or abdominoplastiig
et al. 2009; Ranamukhaarachchi et al. 201BXcised human skin modelprovide a
representative 3D model of the skin which closely refléetgivoresponses, and can also be
cultured in laboratoriegYang et al. 2015; Abd et al. 2018his model has been previously
used to investigate drug delivery systems, fungal infections, and testing of topical products
for bioequivalence assessmg@oulman et al. 2009; Franz et al. 2009; Abd et al. 2016; Corzo
Ledn et al. 2019)However, galuation of skin permeation for targetetlansdermal drug
delivery or dermaoxicological assessmengse the most commpo experiments conducted
on excised human skin models, due to their resemblancehtsr in vivo counterparts
(Coulman et al. 2009; Franz et al. 2009; Yang et al. 2015; Abd et al. RBiG)gh excised
human skinmaintains its 3D structural integrity, this model has some key limitations.
Generallyavailability ohealthyexcisechuman skin sampldas lowand diseased skin biopsies
even less readily availablabd et al. 2016)inter-subject variability, due to different ages and
pigmentation, is another drawback which may contribute to inconsistent re¢bfanz et al.
2009; Abd et al. 2016urthermoreexcised tissue is known to have a limited viable lifetime
which restricts extended studie$he removal of the tissue from a vascularised and innerved
in vivo environment can also contribute to a loss of essential functidfisally, he
infrastructure equipment, andproceduresrequired tocomply with the human tissue act and
ensure sfe and ethicalseof human tissues associated witlpractical restrictionghat also

hinderthe use of excised human tissuesome laboratories
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A lack of readily avaible excised human skin biopsies has driven researchers to rely on
animal ex vivo for experimentation. The most common animal skin models used as
alternatives include pigodent, and snakeskind Y SNR& Y2 € f dz | ySRdies h&e | 1
shown that pig skin architecture, thickness, Haiticle density, and permeability are similar
to human skin(Abd et al. 2016)Rodents provide a more readily and cheaper alternative to
pig skin modelsAmongst rodents, rat skin showed the best resemblance to human skin
architecture(Abd et al. 2016)However, permeation studies revealed high pegaility of rat

skin compared to human skin.

Access tpand availability ofliseased human biopsies is significatdlyer than healthy
samples. Therefore, ex vivo animal models for skin disd@ses been widely developed to
study prevalent skin diseas such as melanoma, psoriasis, atopic dermastjsamous cell
carcinomaSC(; and basal cell carcinonfBCCJElias et al2008; Singh et al. 2015; Filocamo
et al. 2016; Rossbach et al. 2016; SchrOder et al. 2Bkf)se is the most common model
used to study common skin cancerdhe key advantage is the capacity to genetically
manipulate one or several genes of interestdiimulate tumorigenesis in the skin, whilst
maintaining a physiological lymph system and peripheral circulati©onditional and
inducible transgenic mouse models allow fine controlled gene expression or-kobck
specific tissues. Transgenic animaldals have been specifically developed against BCC, SCC
and melanomgKhavar006; Avci et al. 2013)\Iternatively, regenerated transgenic human
skin for specific cancer drivers can also be grafted in imntgfeient mice and monitored
for cancerlike structure developmentKhavari 2006; Avci et al. 2013jowever, several
limitations ofmouse model®f skin disease exid¥louseskin is inherentlyifferent from the
human skin in terms of architecture, biochemical signalling, biomechanics, cell profile, cellular
spatial organization, immunology and genet{Esgure 16) (Khavari 2006; Avci et al. 2013)

For example, whilst the human epidermis is comprised af B layers with a >100 um
thickness, mouse epidermis contains only 3 layers at <25 um thickkbasari 2006)The
process of cancer development between mice and humans differ inraleways: whereas
most human skin tumours arise in the epithelia, most murine tumours occur in the form of

non-epithelial cancergKhavari 2006)it is alsomore desirable to find alteratives to animal
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models to study disease progression in the scientific reseastlescribed bthe National

Centre for the Replaceamt Refinement and Reduction of Animals in Research (NC3Rs)

Human skin Mouseskin
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Figurel.6 Architectural comparison of human and mouse skin
Taken from(Wagner et al. 2010)

1.2.3 3Dskin models

3D skin modelling involves the culture of skin cells in systems that mimin theo3D
environment, which aims to achieve one or more of the following: (1) produce and retain
microarchitectural similarities to thén vivo skin, (2) recapitulate importanphysiological
mechanisms and respond physiologically to various stimuli and the surrounding environment,
and (3) represent a diseased model, when necessary. Subsequently, the produced models can

be evaluated for their relevance by direct comparison te thstablished knowledge
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surrounding the native skin function and architecture. Strategies to develop 3D skin cell
cultures depend heavily on the study ailicks et al. 2017Pngoing development of3D

skin cell cultures, like other tissues, stem from the extensive literature recognising a lack of
architectural and physiological recapitulatiam 2D monolayer cultures and animal ex vivo
models(Klicks et al. 2017Currently establisheth vitro 3D skin cell culture models include,
spheroids, skiron-a-chip, reconstructed human skin equivalents (HSE) or organotypic
cultures, and3D bio-printed modelgKlicks et al. 20173heroids and HSE will lskescribed

in more detail in the next sectiorend 3D bio-printed skinmodels will be explored iBection

1.32.

1.2.3.1 Spheroidbased models

Spheroids arespherical3D cellular aggregate®rmed from one or multiple cultures
(mono- or multicellular spheroids, respectivelyfPampaloni et al. 2007; Chatzinikolaidou
2016) Spheroidscan beformed by usingdifferent techniques, includinghe hanging drop
technique ultra-low-attachment surface methods magnetic leviation, microfluidics,
scaffoldbased methodsor bio-printing (Chatzinikolaidou 2016; Hoaratechot et al. 2018)

A main attraction of using spheroigsthat scaffolds are not needed, and cells aggregate on
their own, whichmore closely resembles thim vivostate. Spheroids havéeen established

as areliable, accessible, and cestfective 3D culture modelspecificallyin the study of
tumour biologyand anticancer drug screeninMapanao and Voliani 2020Multicellular
spheroids allow the establishment and study of -celll and celECM interactions. Indeed,
the heterogenous cell population within a single culture model has shown significant
differences in growth kinetics, dguresistance, and motility when compared to 2D monolayer

culture (Imamura et al. 2015)

Despite not being a popular method fskin 3D cell culture, a few studies have exhibited
promising results by using spherdidsed modelgKlicks et al. 2017For example, Klicks et
al. generated HaCaT spheroids using the-adherent methodKlicks et al. 2017 he inner
layer showed positive staining fieratin 14, a marker found predominantly in the basal layer,
whereas the outer layer showegkratin 10 expression, showing a more differentiated layer.

Therefore, this spheroid model exhibited typical epidermal differentiation pattémnatro.
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This demonsates the ability ofkeratinocytesto rearrange in a physiological pattern when
cultured as spheroids. Upon-oulturingkeratinocytesand melanoma cells as spheroids, each
cell population formed separate spheroid units which remained attached, as opgdosed
mixing when cultured in a chip systefKlicks et al. 2017)n 2016, InSphero 3D Insight
reported a spheroid skin model exhibitingter epidermal stratified layer&ith the innercore
composed of fibroblast and fibroblagerived ECM, akito the dermal layer(Strobel etal.
2016) Generatingumour modelsby caculturingkeratinocytesor fibroblastswith melanoma
cells using spheroids have also been report@darrero et al. 2009; Okochi et al. 2013;

Vorsmann et al. 2013; Muller and Kulms 2018)

Spheroid production for 3D skin cell culture provide a potentially attractive model
owing to its &cessibility, simplicitygosteffectivenessand high reproducibility In addition
to evaluating individual spheroids, studies have also combined them to other bioengineering
strategies. For example,6x6mann et al. developed a melanoma model by incorfinca
melanoma spheroids into reconstructed human skin equivalents, impravingtro drug
screeningand mimicking pathophysiological functions and structpYérsmann et al. 2013)
3D bio-printing of endothelialand stem cellspheroids has previously been reported
(FaulknerJones et al. 2013; Benning et al. 2018; Sasmal et al. .284Bgroids can also be
embedded in hydrogel scaffolds to better mimic the tumauicroenvironment(Hoarau
Véchot et al. 2018Dropletbased microfluidics has also demonstrated a strong potential in
generating hydrogel encapsulated cell populations tailored to form spheroids in culture

(Huang et al. 2017)

1.2.3.2 Humanskin equivalens (HSE)

Over the past two decades high demand irthe development ofin vitro tissue
engineeredskin substitutedor either grafts in wound healing am vitromodels for research
known as reconstructed human skin equivalents (HSE) or organotypic cultures, have driven a
host of innovationgSchoop et al. 1999; Carlson et al. 2008; Brohem et al. 2011; Berning et al.
2015) To this day, HI&the most widespread and commadachnique to generate relevant
3Dhuman skin models vitro. HSE consist mainly of primary or immortali&edatinocyes

cultured on a dermal substituterhich is submerged in culture medium for 1 or 2 days, then
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lifted to the air-liquid interface for approximately two tiour weeks, allowing for epidermal
differentiation and stratificationSchoop et al. 1999; Ghalbzouri et al. 2008; Berning et al.
2015) The dermal substitutes can be generated from acellular biocompatibleral
polymers(collagen, alginatechitosanfibrin, or elastin), synthetic polymersde-epidermized

dermis (DED), fibroblastermal equivalents or fibroblagiopulated collagen matrices

(Ghalbzouri et al. 2008; Xie et al. 2010; Berning et al. 2015; Kober et al. 2015; Nicholas et al.

2016) Epidermal equivalents can be generated by cultgrikeratinocyteson a acellular
dermis or a plastic hanging ins€Niehues et al. 2018A figure recapitulating the different
approaches togenerating HSE models is demonstratedFigure 1.7. Additionally, ful
thickness skin models have been reported by incorporating adipocytes to recapitulate the
hypodermis(Sugihara et al. 1991; Huber et al. 209 constituted mman fullthicknessand
epidermalskinequivalentsprovide a3Darchitecture whictrecapitulates soméiochemical
structural, and functionalaspects of thehuman skinin viva Organotypic models of skin
disease in the past two decadkavefocussedon melanoma, SCC, and psorigMeier et al.
2000; Smalley et al. 2006; Brohem et al. 2011; Bernind.045; Niehues and van den
Bogaard 2018; Donetti et al. 2020)

One of the earliest 3D skin cell culture methods was developed by Leighton, through
culturing tissues explants onto a sponge matrix support, allowing for culture media nutrient

and oxygen diffusion(Leighton 1951; Leighton et al. 1967Jhis model was termed

GKAAG20dzZ GdzNBé¢ | yR O2 dzf Rncér ssugsSvithSandhitéctBrel arfi N2 Y Y

phenotypical resemblance toin vivo tissue (Hoffman 2010p { 22y  lviigikinNE |

equivalent was produced by seedinkeratinocyteson top of fibroblastseeded collagen
substrate, reported by Bell et gBell et al. 1979; Bell et al. 198 From then, a standardised
method was implemented for HSE generation that allovither development of relevant
healthy modelg§Sugihara et al. 1991; Parenteau et al. 1992; Black et al. 1998; Lee et al. 2000)

Advances in scaffolding systems over the years has led to implementing different
polymers, other than collagesuchas fibrin or the development of electrospinning for the
use of the synthetic poly(DJactide-co-glycolide) (PLGALI et al. 2002; Kober et al. 2015)
Mieremet et al. developed a human skin modet barrierrelated studies by modulating

collagen matrix with chitosaMieremet et al. 2017)Such advances in methodologies with

26

é



GENERAL INTRODUCTION

an improved uderstanding of skin physiology have led to a significant increase in

commercialised skin mode{€arson et al. 2008; Randall et al. 2018)

Despite major advances in HSE development, these models are still considered
oversimplified Current approaches tiSEarely incorporate more thakeratinocytes cancer
cells andibroblasts despite the complegellular composition of the skin. The reconstructed
skin model therefore losesritical celicell interactions and signalling events which are vital
for cell differentiation and growthi-urthermore, the absence of functioning vasculature and
theimmune sytem may significantly impact physiological responsestro. However, recent
studies have demonstrated immurmmpetent models and vascularized systems that
promise to overcome such limitatior{&ibot et al. 2013; Groeber et al. 2016; Pupovac et al.
2018) A considerable amount of work has resulted in widesdreaodels developed in
different labs andhese modelsise different cell lines, scaffolds, and methodologies. Hais
led to labto-lab variabilities and the absence of standardised meth@isger et al. 2019)
For example, barrierelated studies have demonstrated that HaCaT cells do not allow for SC
development in HSE models, whilst N/TEKBRtinocytesdo (Schoop et al. 1999; Smisal.
2017) Hence, cell line choices depending on the study aims can Highi.Jr OG G KS & d
reliability. In skin disease modeiscorporating skin cancer cells in a 3D scaffold can only ever
mimic cancer and not the disease procesgais hinderingnvestigationof the pathological
mechanisns involved in the transitiorfrom healthy to diseased cellgzinally, amajor
limitation of available HSE methods is tlessof control in precise spatial positioning and
arrangement of the cells and biomateriavhich 3Dbio-printing promises to overcom@.ee
et al. 2014)Lee et al. associated the challenge of incorporating immune cells in HSE to the
difficulty in maintaining them in their naive state. This is most likely due to a lack oélspati
control and the ability to precisely place a specific cell population within a specific skin layer.
Organotypic 3D skin models clearly present several advantages over other models as they are
highly reproducible, readily accessible and mimic thevivo skin structure faithfully.
However, @veloping a representative skin model which allows Higloughput studies,
higher accuracy, increased adaptability and which faithfully mimicenthevostructures and

disease processes is therefdrghly desirable
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Figurel.7 Approaches to generate reconstructed human skin equivalents (HSE).
Keratinocytes are grown on a dermal substrate for a few days in submerged cell culture con
Keratinocytes are thelifted to the airliquid-interface (ALI) where they are allowed to differentic

and stratify into a multlayered epithelium for 2 to 4 weeks. Takamd adaptedrom (Niehues et al
2018)
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1.3 3D bicprinting

1.3.1 Overview

In the last decade, additive manufacture, more commonly referred to as 3D printing,
has made significant technical advances, e.g. improved printing resolution and higher
geometric accuracy both at the macroscale and micros(@dars et al. 2016 his has been
accompanied by significant reductions in the cost of goods, making it an affordable
accessible technology that has been adopted and adapted by a diverse range of industries for
a range of innovative applicatior{®organ et al. 2016; Graham et al. 2017; Aljohani et al.
2018) This has undoubtedly paved the path for the development of 3Epbiding, which
faciltates the layetby-layer positioning of biocompatible material and living cells in a 3D
structure akin to a functional living tissiiBilliet et al. 2014; Lee et al. 2014; England et al.
2017) 3D bieprinting platforms, therefore, have potential to establish tissue models that
more closely mimichte humanin vivomicroanatomy, offering improved alternatives to 2D
monolayered cell culturegnimal modelsand manually engineered tissue mod&&urphy
and Atala 2014; Sears et al. 2016; Pedde et al. 2017; Zhang et al. 2017; Xia et al. 2018)

Several commonly used bprinting techniques are currently available which are
classifiedn three broad categories : micixtrusion, lase@assistedLAB) and dropletbased
bio-printing (Figure 18) (Gudapati et al. 2016; Ng et al. 2016; Sears et al. 2016; Pedde et al.
2017; Xia et al. 2018)ach technique adapts to cell printing using different materials and
deposition methods, but more importantly, all methods aim recreate tissue structure and
function with minimal impacbn cell viability and function. It is widely recognized that each
bio-printer presents several drawbacks. Such drawbacks include complnkipoeparation
procedures, limited structural or mechanical fanted integrity, restricted selection of

appropriate bieinks due to different viscosities, or printing sped€dgohani et al. 2018)

3D bio-printing can be described as the precise deposition of cells and/or biomaterials
in a layerby-layer orpatterned fashion to generate 3D tisslike structures. 3io-printing

aims to replicate the tissue architecture through direct biomimicry or-astembly.
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Biomimicry is described as the dirdéxb-printing of identically recapitulated tissues, inclugin

all cellular and extracellular components, whilst ssed6embly relies on thieio-printed cells

to selforganise and seffearrange into a functional tissuan vitro. A 3D bio-printer is
comprised of four major compartments: a cartesian robot (also knag/the programmable
x-y-z stage), a recipienttypically aPetri dish holder), nozzle or syringe, and a computer
(Pereira et al. 2018BDbio-printed process can be divided into three essential steps: (1) pre
processing, (2) processing, and (3) posicessindgFigure 19). Preprocessing is the first step

in preparation for 3Dbio-printing, which involves designing a 3D model using computer
softwareand selecting the appropriate cell populations/biomaterials to produceltioank.
Tissue models are commonly designed through compatged design and computerided
manufacturing (CAIZAM) tools as blueprint models and saved as digital #ksrnatively,
other software that dictate stage and/or nozzle coordinates, such as visual programming
language (VPL) can be usdthese files are subsequently processed byllweprinter and
dictate printing paths of the nozzle or printing stage for laggdayer and patterned
movements and deposition. The processing step is the atiogbrinting of the biaink in
defined patterns which ideally provides optimal parameters for high cell viability, structural
integrity, and higkresolution patterning. These pargeters includebio-ink viscosity, printing
temperature, extrusion speed, and crelgsking properties. Pogprocessing provides the
optimal culture conditions to ensure tissue maturation, which requires regular culture
supplementation and, in some cases;afold degradation. The matured tissue can
subsequently be evaluated for microarchitectural and functional similarities to native tissues,

informing on the relevance of thigio-printed tissue model.
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A. Inkjet printing C. Microvalve-based droplet ejection
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Figurel.8 Schematic representations of commonly used 3D-pitnter platforms for tissuebio-
printing.
(A) Inkjetbio-printing (dropletbasedbio-printing): Bieinks arebio-printed in forms of droplets
through thermal or piezoelectric printing heads. (B) Extrubasedbio-printing: Bicinks are
extruded in a continuous form through pneumatic or mechanical printing heads. (Cyvslioeo
basedbio-printing (dropletbasedbio-printing) (D) LAB: Bimk droplets are expulsed onto a
receiving substrate using a laster pulse without the use of a n@aiten fromd 2 U 2 R BN
and del Campo 2017)
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Biomaterials Cells Modelling

CAD-CAM based software
VPL-based software

Bio-ink

Pre-processing

Processing

Postprocessing

Tissue maturation in vitro

Figurel.9 3D bioprinting steps
(1) Preprocessing, (2) processing, and (3) gusicessing.
The example of a 3D bjwinted ear is shown in this figure. Taken and adapted fiiéyte et al.
2017; Sigaux et al. 2019)
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1.3.1.1 Advantages of 3D bigrinting

The advantages of 3D bprinting stem from its automated approach offering high
throughput and adaptability, which overcome limitations of conventional tissogineered
models. The capacity to precisely dispemaultiple cell types, extracellular matrix (ECM)
components, soluble factors and hydrogels at precise locations, while preserving high cell
viability has greapotential in fabricating representative 3D tissue modmtsl organgLee et
al. 2014; Cubo et al. 2016b; Ng et al. 2016; Zhang et al. 2017; Agarwal et al. 9263l
laboratories have achieved the brinting of tissues which closely mimic the structural and
biological properties of theiin vivocounterparts.For example, Baltazat al. 3D bio-printed
a multrlayered vascularized human skin model containikeyatinocytes fibroblasts
pericytes, and endothelial celldemonstrating a relatively successfetreation of the native
skin tissue structuré¢Figue 1.10) (Baltazar et al. 2020)¥anget al. were capable of 3Dio-
printing cartilage tissue with relevant mechanical properties using a mixture of alginate and
collagen(Yang et al. 2018)Cell-containing hydrogels to construct humscale tissues
interspersedwith an architecture of microchannels that facilitate local perfusion of nutrients
and oxygen within the printed tissugve also been reporte(Kolesky et al. 2016; Kim et al.
2018) The development of different 3D biarinting technologies rad strategies has allowed
the construction of several anatomically representative tissard organsincluding skin,
cartilage, cardiac tissue, and borfAgarwal et al. 2020)This makes 3D biprinting a
productive option for the creation of tissue constructs suitable for therapeutic studies
regenerative medicineand can potentially be used a¢atforms for disease research and
subsequent translation to the clin{Gao & al. 2015; Min et al. 2017)Although still in its
infancy, 3D bigorinting promises to bridge the gap between 2D/Bvitromodels and then

vivonative tissue.
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Native Human Skin 3D Bieprinted human
skin model

h".(""i‘ A ey _‘-".:":_...ﬁ.,); =

Human foreskin
Vascularized
bioprinted skin graft
with ECs and PCs

Figurel.10 A histological comparison of H&E stained native skin with a 3D-mimted human
skin model
The 3D bigorinted human constructs included vascularisation, endothelial cells (EC:
pericytes (PCs). Scale b&0 um. Taken fron{Baltazar et al. 2020)

1.3.1.2 Limitations of 3D bieprinting

3D bio-printing is emerging as a transformative technology in both academic and

industrial R&D, mirrored by an increased demand and availability of commercialiseid-3D
printers in the past few year@Pereira et al. 2018)The development of 3io-printing
technology holds significant potential in biomedical research and regeneratedicine,
making it crucial to increase its accessibility for scientific communities anda&doal
purposes. Despite this, 3Dbio-printing is still a relatively novel concept with limited
accessibility and acknowledged challenges. A major limiting factor ishitte cost of
conventionaland secondgeneration commercial 3bio-printers, currently ranging between
~£2500 to ~£150 000, hindering accessibility, especially forresource establishments
(Davide Sher, 201%he Top 1Bio-printers,Accessed on the 08/06/202(Pereira et al. 2018;
Okubo et al. 2019)Multi-material printingand nozzle clogging due to highio-material
viscositiesare alsdimiting factoisin 3D bieprinting (Richard et al. 2020Qlthough there is
some success in generating anatomicaiglevant structures current 3D bieprinting
technologies fail to achieve narszale bieprinting resolutions and high uniformity
arrangements, such as the native thin and highigtered corneal collagen fibrils-30 nm)
found in the corneal stromg@Ng et al. 2019Fabricating complex artteterogenous 3D tissue

like structures with high accuracy requires specialised hardware and software expertise and
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ax

maintenance. Generally, commercial 3D-hitNA Y 0 SNEQ KIF NRg | NB | yR
sourceor propriety-owned, restricting customisation, m@ment flexibility and modifications

to generate more complex useefined movements and structure@Kahl et al. 2019;
Pakhomova et al. 2020)Additionally,conventional, andcommercially available 3D bio
printers can often be sizdd and cumbersome, hindering movement into a sterile
environment.Theincreasng number and diversitypf commerciallyavailable 3D bigorinters

and tissuespecific bieinks employed by different laboratories renders standardisation more
difficult (Miri et al. 2019)Such limitations have drives number ofresearch groups to self
engineer bieprintersor modify existing 3D printer® cut costs andjainmore flexibility and
accesdility (Reid et al. 2016; Roehm and Madihally 2018; Schmieden et al. 2018; Bessler et
al. 2019; Idaszek et al. 2019; Kahl et al. 2019; Okubo et al. 2019; Reid et al. 2019; loannidis et
al. 2020; SangGarcia et al. 2020)However, a 3Dbio-printer that is intuitive to build
(hardware) and programmable (software), coseffective, capable of mulimaterial bio
printing, globally accessibléor parts and can serve as both educational and scientific

research tool is scarce.
1.3.2 Strategies for3D bicprinting skin

The naturally stratified and layered architecture of the skin makes #xaellenttarget for

3D bio-printing technology. Furthermore,improved understanding2 ¥ 0KS alAy
morphological, biochemical, and physiologicedgertiesin vivoover the yearshas allowed

the developmentan array of representative 3Bio-printed skin equivalentéYan et al. 2018)
Since 2009, skibio-printing has considerably developed and demonstrated its superiority to
traditional TE methods (Lee et al. 2009)The lack of precise positioning @klls and
appendages in traditional HSE and spheroid methods will undoubtedly result in the absence
of crucial cekcell and celECM interactionsThe growing body of work involving 3D skio-
printing presents a tremendous potential in modelliaghan&d skin tissue for the study of

skin biology disease developmeiiespitethese advances, 3Bkinbio-printing is currently
encountering two major hurdles: (1) a general lack of accessibility ofbidtprinter
technologies due to high cost and high technical expertise requiredacR)of standardised
methodologies and culture conditions, an(B) slow progress inrecapitulating the

microarchitectural complexityof the skin(Velasco et al. 2018; Sa@Garcia et al. 2020)
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Nonethelessjn vitro 3D skinbio-printing has been attempted using all thrdso-printing
technologiesThe general prinple of eachbio-printing technology will be briefly explained
in the next section, with their advantages and limitations. Furthermore, the different

approaches foBD bio-printing skinwill be discussed.

1.3.2.1 Droplet-based bieprinting

Dropletbasedbio-printing is classified into three technologies: Inkjet, acoustic, and
micro-valve bio-printing (Gudapati et al. 2016)in inkjet bio-printing, a volume of cell
hydrogel solution is precisely jetted, in droplet forms, using thermal, piezoelectric, or
electrostatic actuatorgFigure 18 A & Q (Gudapati et al. 2016Micro-valve bio-printing
dispenses droplets through an electromechanical valve, using madieddis, whilst acoustic
bio-printing uses acoustic waves to expel dropl€éGudapati et al. 2016)The main
advantages of inkjebio-printing include fast printing speed (1 ¢ 10K droplets/s) high
resolutiono » H//<1 M ¥ >300 pl dropleds affordable, and efficient micropatterning
(Gudapati et al. 2016; Sears et al. 2016; Pedde et al. 20l5cdeet al. 2018; Miri et al. 2019)
Furthermore, this method has successfully achieved the printing of soft and hard constructs
including cartilage, bone, skin and nervous tiseedde et al. 2017Yhe main limitations of
the Inkjet are:limited bio-ink selection die to a narrow range of hydrogel viscosity¢(30
mPa.s), low cell densitgpzzle clogging recurrendew throughput ratesheat or mechanical
stressinduced by thalifferent actuatorswhich adversely affect cell viabiljignd crosdinking
difficulties (Pedde et al. 2017; Velasco et al. 2018; Ng et al. 28®pugh micrevalvebio-
printy 3 Kl a 2SN NBaz2fdziAazy (GKIFIy Ayl12Sid o6x wmp7s
it can accommodate a wider rangelib-inks (1¢ 70 mPa.s) and is easier to operate and load

bio-inks(Gudapati et al. 203; Ng et al. 2019)

Notable efforts in droplebased bigprinting have been reported by the group of Bayley
et al., using piezo electric droplet ejection for higisolution patterned of synthetic tissues
and cellular constructgGabriel Villar, Alexander D. Graham 2013; Graham et al. 2017;
Alcinesio et al. 2020)This approach involves producing ligioated aqueous celaden
droplets bieprinted in oil with controlledstage movements for precise spatial control.

Droplets can subsequently adhere to one another at their interfaces to form a stable network
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of bilayers, resulting in an adhesive structure, much like a tissue construct. Despite not having
printed skinmodelg® SG = . I & f S@& h&isedla tosediectivishate§y taNdgokint
kidney cells with high viability and proliferati¢g@raham et al. 2017)

Dropletbasedbio-printing, using the micrevalve technologywas the first platform
used tobio-print human skin, led by the work of Lee et al. in 2@QD8e et al. 2009)They
demonstrated the potential obio-printing through precise deposition &kratinocytesand
fibroblasts in collagerhydrogels in an alternatinglayerby-layerfashion.ln 2014,Lee et al.
extended this methodology by further optimising cell seeding density and viability to generate
skin models consisting of a dermis and epiderfhise et al. 2014However, this resulted in
morphologically and biochemically incompleteodels that did not replicate the ordered
stratification and terminal differentiation of the native skin, as recognised by the authees
et al. 2014)Technical modifications of the sarb@-printing technologywvith design strategy
optimisation and replacement of HaCaT cells with primagrmal human epidermal
keratinocytes(NHEK)n the following yearsresulted inskin models with improved terminal
differentiation as evidenced by the formation of a @@n et al. 2017)Indeed,immuno-
histological examination revealed distinct epidermal differentiatimmarkers and patterns
that bare similarities to the native human skiMin et al. 2017) The flexibility in spatial
resolution and control of cell numbeds the 3Dbio-printer is further exemplified in the work
of Min et al. by producingisibly pigmented fulithickness skin modelhrough the precise

incorporation of melanocytes within thigio-printed skinconstructs(Min et al. 2017)

Despite demonstrating its feasibility in 3io-printing skin modelsit was speculated
that achieving more complex models would require higher resolution patterning, which
micro-valve technology lacki the hope to increase structural complexitybad-printed skin
models some studiesrecently resorted to combining twobio-printer technologies to
overcome these limitations. For example, Byoung Soo Kim et al.aubgbridbio-printing
technology termedintegrated Composite tissue/organ Building Sys(é@BS), consisting of
both aninkjet and extrusiondispensing module® print a multHlayered skin modglKim et
al. 2017b; Kim et al. 2019 another recent study, Baltazar et al. extended on the early
method developed by Lee et al. using the microvalvegrioter, and also used commercial

extrusion bieprinter, Bio X bigprinter (CELLINKBaltazar et al. 2020F-or the first time, he
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resultingbio-printed skin equivalerg exhibited full maturation full-thickness, andcluded a
perfusable/vascularised syste(Kim et al. 2019)urthermore, biomarkers revealed striking
structural similarities to native skinncluding epidermal thicknespresence of rete ridgs,
and level of epidermal differentiatiothese results indicate the importanoécomplexifying
skin models by incorporating different skin cedlgh structurally and functionally relevant
ECM biomaterial. Equally important is the precise spatial dépasof such materials, which

can significantly enhance the microarchitecture of tissues.

Recent developments reveal that diversifying and combiningi8iprinting platforms
presents a promising route to generating enhanced morphologically and staligtaomplex
skin equivalents, which are otherwise currently inaccessible with one platform. However,
conventional 3D bio-printers are costly and complex technologies that remain relatively

inaccessibl€loannidis et al. 2020)

1.3.2.2 Laserassisted bigprinting (LAB)

Laserbased bieprinters (LBB)consist of a laser source that generates a pulsed laser
0SIEYT | GNROO2Yé>X gKAOK O2yarada 27F ler, R2y 2NJ
and cellencapsulated hydrogel bimk; and a collector slide wherelwo-materiakdeposited
(Figure 18 D) (Li et al. 2016b)The pulsed laser beam is absorbed by the epattsorbing
layer causing it to heat and evaporate. This process results in the expelling of tredlesll
hydrogels and precisely depositing them on a substrate. Although less commonlyLAd&ed,
supports high cell viability due to the lack of direct apglforce(Pedde et al. 2017)t also
providesthe highest precisiomnd resolutionin contrast to otherbio-printing technologies
(~20 to 80 pn), and high cell densities (>8dells/mL)(Ng et al. 2019)A key advantage of
LAB is the nozzfeee printing approach, which cumvents clogging issues. The major
challenges reside in the high cost of laser sources and the complexity of the system. More
importantly, the heat and pressure generated by the laser can effect cellular behaviour and
longterm survivalSears et al. 2016[inally LABoffers limited polymerization methods and
so limits the ability to build robust constructs verticaffgudapati et al. 2014; Sears et al.
2016) LAB has been previouslypeated inthe fabrication of bone stem cells and cardiac

tissue(Catros et al. 2011; Gaebel et al. 2011)
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Skinbio-printing user LAB has not been reported in many studiesdate, onlythree
studies fromthe same research group reported the use of LAB for $kaAprinting,
highlightingits low accessibility, high cost, and complexXipch et al. 2010; Koch et al. 2012,
Michael et al. 2013)Koch et al. demonstrated thkigh resolutionbio-printing of LAB by
producing a grid structure dibroblastsandkeratinocyesat the microscal¢Koch et al. 2012)
Skin models were produced Hyo-printing a bilayered construct consisting of 20 layers of
NIH3T3fibroblastscollagen followed by 20 layers of HaCaT amlltagen, d deposited onto
a Matriderm™ sheet (a porous and permealaeellularizednatrix composed of collagen and
elastin used for dermal regeneration or as a dermal substrateifovitro research).The
construct was cultured in submerged conditions for 10 days before tissue evalu@hen.
structure showed that cells retain their initiblo-printed pattern with no intermixing of cell
population from the bilayers. Furthermore, formation of adhereand gap junctions formed
between skin cells demonstrated promising recapitulation of important intercellular
communication functions and mechanical stability, akin to the native skin environmpist.
bio-printed structure was further analysed undarvivo conditions, when grafted on the back
of nude mice using the dorsal skin fold chamber stratégichael et al. 2013)Despite
resulting in a multiayered epidermis with a proliferating layer mainly situated in the
suprabasal layersthe overall structure was thinner and the differentiation process was
incomplete(Michael et al. 2013)However, these discrepancies are most likely attributable
to the methodology and materials used. As mentioned previously, immortalised HaCaT cells
have consistently shown limitations in generating fully stratified skin madelgro (Scho@
et al. 1999)Furthermore, the dorsal skin fold chamber method did not allow enough time for

full epidermal differentiation.
LAB has not been sufficiently exploited for dkim-printing. However, LAB offers higher

precision and printing resolution than othbro-printers, which may be advantageous for the

printing and patterningof discretemicrastructures such as rete ridges
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1.3.2.3 Extrusionrbased bieprinting

Extruson-basedbio-printing utilizes pressure or mechanicabased (piston or screw
driven) dispensers to extrudeio-inks in a continuous manner for layby-layer deposition
(Figure 18 B) (Sears et al. 2016; Ng et al. 201Bxtrusionbasedbio-printing is the most
commonly usedplatform for tissuebio-printing owing to its affordability and practicality.
Indeed, it provides higher printing speeds than Inkjet or LAB platforms, which facilitates
scalability(Ozbolat and Hospodiuk 201@&jurthermore, it can accommodate hydrogelgh
a viscosity range of 30 mPa.$0’ mPa.s, enabling the use of a broad range of biomaterials
for hard and soft tissueio-printing (Ozbolat and Hospodiuk 201@)he main drawback of
extrusionbasedbio-printingA & (G KS f 2 ¢ NiBR dakidgiit ingcyf less xccurate N
than the otherbio-printers. Additionally, high driving pressures to extrude 4més through
narrow nozzles can have detrimental effects on cell viability due to nozzle shear forces
(Ozbolat and Hospodiuk 2016)arger nozzles and lower pressure could overcome this
limitation, but at the price of resolution and print speeixtrusiorbasedbio-printing has
been previously reported iseveral bioengineering applications, includivepatic structures,
nervous tissue, skeletal muscleartilage, and cardiac tiss@#hnson et al. 2015; ©si et al.
2016; Kang et al. 2016; Kang et al. 2018)

Like droplet-based bio-printing, extrusiontbased bio-printing has made significant
progressin skinbio-printing, as mentioned irgection 1.3.2.1 However, unlike the reported
strategy of droplet-based bio-printing whereby several layers of cellular and acellular
collagenfibroblastskeratinocytesare bio-printed to produce the blayered structure of the
skin, extrusionbasedbio-printing deposits the dermal laydsio-ink as one element and the
epidermalbio-ink on top of it, rendering the design more practicBburchet et al. designed
a dermabio-ink consisting of alginate, fibrinogegelating and humarfibroblastsbio-printed
usinga conventionalextrusionbasedbio-printer (Pourchet et al. 2017)Thebio-printing of
keratinocyteson the polymerised dermabio-ink and subsequent ALI culture resulted in
structural similarities and expression offfdrentiation markers to nativeskin with a weH
formed SCand some rite ridges, demonstrating terminal differentiation and relevant
physiological developmeriPourchet et al. 2017Another study reported by ubo et al.used

a custombuilt extrusionbasedbio-printer adapted from a affordablecommercial 3D printer

40



GENERAL INTRODUCTION

to generatebio-printed skin models based on that desiffbubo et al. 2016a)lhe printed
dermal layer consisted of a fibrin matrix with humdibroblasts on which human
keratinocyteswere printed to and allowed to differentiate at the ALI for 17 dai@ubo et al.
2016a) Similarly, this resulted in structurally relevant skin equivalethst are deemed
appropriate for clinical, commercial, and research purpobea.recent study, Deet al.also
reported the use of an extrusiebasedbio-printer adapted from an opemarket 3D printer
to bio-print skin equivalents structurally validatéhrough IHC markeinterestingly, the skin
equivalents also exhibited proper barrier functi@berr et al. 2019)Achieving this level of
architecturalrelevance with a accessibleustombuilt 3Dbio-printer circumvents the need

for costlyand complex platforms/hen developing bilayered skin equivalent.

Extrusionbasedbio-printers may not offer the level of resolution found iroplet-
basedor LAB, however, it provides a more readily available and affordable platform that is
capable of generating skin models with close resemblance in microanatomy and maturation

to native skin tisse.
1.4 Bio-inksfor 3D bio-printing

The bio-printable materialused in bieprintingA & NXB F S NNEBi®inkii @ & Z2NX K S
specifically, biank is the mixture of cells dispersed in suitable bimaterials, such as
hydrogels, which can bigio-printed and polymerisedto provide 3D structural support and
ideally mimic thecellularmicroenvironmento recapitulatein vivostructure and function. In
3D bio-printing, bio-polymers must have suitable rh@ogical and crosslinking properties for
printing and must offer protection to the cells during the printing procgssn et al. 2016;
Morgan et al. 2016)For nutrient delivery and efficient communication between cells and the
environment,bio-polymers must also allow diffusion through scalable po(éan and Wang
2017) They shoulalso act as a scaffalth material to maintain structural stability of thao-
printed constructs.Finally, thebio-material should have a controllable degradation rate
(Hospodiuk et al. 2017)
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Commonbio-polymersused forbio-printinginclude synthetic polymer®(g.,poly(vinyl
alcohol) (PVALJ2 f-@pralactone) (PGLorpoly(acrylic acid) (PAARNd naturally derived
hydrogels €.g.,alginate gelating collagenchitosan,andfibrin). Whilst naturalbio-polymers
offer a more bicompatible and structurally similarchitecture to the natural ECM, they are
recognisedo have weak mechanical propertieSynthetic polymers on the other hand have
stable mechanical properties but lack a bioactive environm@kardal and Atala 2015;
Chimene eal. 2016; GungeOzkerim et al. 2018Hence bio-ink selection is a pivotal step in
the bio-printing process, as tissue fabrication and function rely heavily orbibienaterial
properties.Furthermore bio-printers have to adapt to specifimo-ink requirements, such as
shearmodulus, viscosities, and gelation propertigsa number of studies, researchers have
combined the use of severaio-inks to generate both proper mechanical arfdnctional
properties Forexample Pourchet et al. used lio-ink mixture of gelatine, fibrin, and alginate
with dispersed skin cells. Whilst gelatine and alginptevided structural support and
stability, fibrin provided cellular adhesion properties fleratinocytes differentiation,
adhesion, and tissue maturatigRourchet et al. 2017This demonstrates the adaptability of

3Dbio-printing and the potential strategies that can be utilised.
1.4.1 Alginate

Sodium #ginate is a widely useldio-materialin TEand 3Dbio-printing (Anton et al.
2015; Aljohani et al. 2018)t has ben specifically reported for thdio-printing of skin
equivalents, due its high biocompatibility, ability to support 3D cell growth, controlled
gelation,simple degradabilitystructural similarity to natural ECM, atalv cost(Cubo et al.
2016b;Huang et al. 2016; Pourchet et al. 201Furthermore, alginate can be polymerised
through several strategies and in different patterns, saskencapsulatingnicrospherespr
continuous gelled filamentdHospodiuk et al. 2017; Pourchet et al. 2QTHerefore, alginate
has been selected as an appropriate -material in this studyfor the encapsulation of

keratinocytes and subsequent bprinting of a skin mdel.
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1.4.1.1 General properties

Sodium gginate is natural polysaccharide typically extracted from brown a{@deng
et al. 2017) Alginate is composed of linear copolymers consisting of €L4)y 1- ®R |
mannuronate (M) and!-L-guluronate (G) residue@-igure 1.1). The alginate structure can
be composed of consecutive M residues, G residues, or alternating M and G residues, with a
G/M ratio, molecular weight, and length of each block dependent on the soofrextracted

alginate(Lee and Mooney 2012; Ching et al. 2017)

Alginate ion crosfinking with divalent cations, such as?Gas believed to be mainly
dependant on the participation of the-Blocks. Henceglginate composition of G/M ratids
block lengthand molecular weight (MWare important factors that influence physical
properties of alginate hydrogdlLee and Mooney 2012High MW results in a decreased
number of reactive positions available for hydrolysis degradation and greater anact
properties. Furthermore, an increased in length eblGckand MWresults in more robust,
stiff, and highly viscous alginate hydrogélee and Mooney 2012)he stability of the
hydrogel is dictated by its mechanical properties which subsequently can affect cell
phenotype and functin.Hence, highly viscous alginate solutions can have detrimental effects

on cells during printing due to high shear forces necessary.

Despite alginate being biocompatible, it is composed of inert monomers that laek cell
anchoring bioactive functional bapds(Lee and Mooney 2012fherebre, cells cannot adhere
to crosslinked alginate, which may result in decreased cell viability when working with
adhesiondependent cell populations. To overcome this, a bioactive ligand (e.g., arginine
glycineaspartic acid (Argly-Asp, RGD)) sequence ¢hemically coupled to the alginate,
providing celanchoring ligands for cells adhesion (R@a&dified alginatelLee and Mooney
2012)
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Figurel.11 Chemical structures of Gnd M-residues, and alternating sequence of énd M-
residues ofalginate.
Taken from(Ching et al. 2017)

1.4.1.2 Hydrogel crosslinking

A hydrogel is composed of-[3 crosdinked hydrophilic polymers with high water
content that are often biocompatibleCrosdinking strategies commonlinclude chemical
and/or physical cros$inking. Furthermore, the physicochemigabperty of the hydrogel is
highly dependent on the crodmking approach usedMW, and chemical composition of the
polymers(Sun and Tan 2013The reported crosbnking strategies include ionic, covalent,
thermal, and celcrosslinking. In this thesis, only the ionic cell crdisking approactwill be

discussed.
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1.4.1.2.1 lonic crosslinking

The most common method for alginate polymerisation is ionic crosslinking, which
involves combining an alginate aqueous solution vathionic crosslinking agent, such as
divalent cations(Sun and Tan 2013As mentioned previously, it is speculated that the
divalent cations bind exclusively to theb®cks Divalent cations allow the binding of two
alginate polymer chias by forming junctions between the-l@ocks of each polymer chain.
This is known as the edmpxstructureof crosslinking which results iapolymerisedhydrogel
(Figure 1.2).

Egg-box

Alginate polymer chains Cross-linked alginate polymers

Figurel.12lonic crosdinking of sodium alginate through the formation of eghox structures.

C&* is the most common crodgking agent used, hencealcium chloride (Cag))
calcium carbonate (CaG)Qand calcium sulfate (CagQ@re typically used asalcium salts
although CaGls more commonly found in studi€¢Sun and Tan 2013However, the use of
CaClgenerally leads to rapid and aontrolled gelation due to its high solubility in solutions.
For improved control over gelation ratanother approach, known as the internal gelation
strategy; is typically used by researchers. In this method, calcium salts with low solubility, such
as C&Qor CaS@are combined with the alginate aqueous solution, and upon pH reduction,
C&*ions are dissociated from the calcium salt, and induce alginate 4irdssg, providing
slowerand more controllechlginategelationrates (Lee and Mooney 2012%lower gelation
rates in a controlld manner allows for production of alginate hydrogels with more uniformity
and structural stabilitfLee and Mooney 2012; Sun and Tan 2018} soluble calcium salts,

however, can resulin heterogenous gelling due to the presence of undissolved @atech
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et al. 2015) Calciurchelatingagents, such asthylenediaminetetraacetic aci(EDTA, can

form stable chelated complexes of G&DTA which are soluble and can be combined with an
alginate solution. Using the internal gelation strategpon pH decreaseC&*is liberated

from the EDTA chelating complex and provokes alginate -tirdgag (Utech et al. 2015)

The ionic crosdinking strategy esults in limited longerm stability in physiological
conditions which occurs as a result of divalent ions release due to exchange reactions with
monovalent cationgLee and Mooney 2012The effects of lginate gelationand gelation
ratesare important factors that have been shown to influence cell viakaliy functionusing
different TE platformgGudapati et al. 2014)A study reporéd that a tweminute partial
alginate gelation time results in an increase in cell viability after 24 hour incubation, whilst a
10 minute incubation results in a decreased cell viability due to the forming of thick hydrogels
that limit nutrient delivery(Gudapati et al. 2014)Therefore, it is crucial t@ontrol these
factors in THEn vitromodels.Reports have shown that cultured alginate hydroggdserated
through microfluidic meansjemonstrate high stability in culture media for weeks without
degradation, allowing cellrpliferation and growth(Utech et al. 2015)This demonstrates

that alginate hydrogel stability depends on the environment and applicaGamtrolling the
levels of C&for crosslinking is also important, as €éons are known to play a pivotal role

in signal tranduction in many tissues, influencing cell differentiation (skin) and contraction

(muscle cells{Bikk et al. 2012; Kuo and Ehrlich 2015)

1.4.1.3 Alginate degradation

Alginateis an inherently nordegradablebio-polymerby mammalian cells, due to the
absence of the alginase enzyitieee and Mooney 2012 in vivq alginate degradation is a
crucial step in drug delivery systerasd cell transplantation carrieiand require high levels
of control to avoid undesirable biological reactions, such as inefficient complete removal from
the body, which results from commercial alginates with higher MW than the renal clearance
threshold d kidneys(AFShamkhani and Duncan 199%) vitro alginatedegradation is less
stringent and can be easily achieved by incubating polymerised alginate with calcium
chelators, such as sodium citrate or E0CAueh et al. 2010; Wu et al. 2018)so0,adjusting
the MW of alginate can affedhe degradation rate whereby high MW results in slower

degradationandlow MW is fasterates(Lee and Mooney 2012However, it is also important
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to evaluate the effect of such chelatoesmd MW changes on cell viability and mechanical
properties of the bioengineered tissue model. Furthermore, controlling the degradation rate
of aginate in order that residual chains do not interfere with the tissue maturation of
bioengineered models is desirabl@ptimal degradation rateand strategyis strongly
dependenton thebio-printed or TE shape, construct volume, and cell and tissue setysio

the degradation proces@Vu et al. 2016)It has been previously reported that fast alginate
degradatiorrates (~ 12 weeksi vivoresulted in significantly improved bone formation after
alginate celencapsulated implantatioifAlsberg et al. 2003)An alginatebasedbio-printed
tissue construct containing human corneal epithelial cells was degraded aveptirse of 8
days using a calcium chelator, resulting in higher cell proliferation and viability in contrast to
non-degraded alginatéWu et al. 2016)Hence, alginate degradation is an important step in

both in vivoandin vitroTE.

1.4.1.4 Alginate applications in 3io-printing

Alginate is the most popular and widely udeid-materialin 3Dbio-printing due to its
ability to formbiocompatible matrices that closely mimic the natural EGbhd printability,
affordability, simple crosinking mechanismsstructural stability and good mechanical
properties that all ensure high cell viability, differentian, proliferation, and tissue
maturation (Yang et al. 2018Dne of the major advantages of alginate asi@materialfor
bio-printing is the wide range of viscosities it can come in. Indeed, as mentioned previously,
3D bio-printers are limited to a specific range bfo-ink vismsities. Alginate has been
successfully used in all three majbio-printing platforms, including inkjet, LAB, and
extrusionbasedbio-printers(Gudapati et al. 2014; Gudapati et al. 2016; Li et al. 2016a; Ng et
al. 2019) Alginatebio-printer usingextrusiontbasedbio-printing typically entails printing the
alginate solution into a prerosslinked formand canbe sulsequentlysoaled into a C&*-
containing solution to strengthen the cressking(Li et al. 2016a; Kang et 2018) In LAB,
alginate beads are projected into Ca&blutions for crosslinking, however, studies have
reported that crosdinking should not exceed two minutes, as long exposure to;Cagflead
to excessive stiffness and lack of oxygen and nutgehvery to cellfGudapati et al. 2014)
Inkjet bio-printing has also utilised alginate as a-ta&tlenbio-materialthat is generatd in

forms of droplets and patterned shapes directly into a @a@itaining pool(Xu et al. 2012)
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Despite collagen beingcknowledgedas the optimal ECM material for bioengineering, its
poor mechanical properties and narrow rangkviscosities limits its optimisation using 3D
bio-printing (Kim et al. 2011)Furthermore, collagen requires pH atetinperaturevariations

for polymerisation. For tlsi reason, alginate has been commorgplaced collagen or been
usedcombinationwith collagen to provide mechanical stabilitycdar a morerepresentative
ECM environmentKim et al. 2011; Kang et al. 20IB)is combination has provided a suitable
bio-printing material favouring cell differentiation, proliferationviability and phenotypic
preservationin vitro of different cell populations, including chondrocytdsratinocytes
fibroblasts and epidermal progenitor cel(®im et al. 2011; Huang et al. 2016; Yang et al.
2018)

1.5 Microfluidics

1.5.1 Overview

Microfluidics refers to the science of precisely generating, manipulating, and controlling
small volumes of fluids using channelghadimensions at the microscal&ackmann et al.
2014) Microfluidics have emerged as revolutionary technological platforms in many
applications, rangingrom chemical analysis, to life sciences for bioengineering, tissue
engineering, 3D biprinting, pharmaceuticals, and biomedicine (diagnostic devices and drug
detection) (Hosokawa et al. 2004; Gunther and Jensen 2006; Hidalgo San Jose et al. 2018;
Ortseifen et al. 2020; Richard et al. 202@anipulation of fluids on the microscale is widely
accessible using microfluidics, which are acknowledgedftochbenefits such as being cest

effective, portable/practical, higthroughput, and highly customisable platforms.

The restriction of fluidso flow in micrometre sized channels involves significant
changes in the physical properties of fluids, givisg tb unique and advantageous physical
phenomena that differs from the macroscale. Hence, some effects become dominant in
microfluidics, such as surface tension and viscous forces over gravity and inertia (normally
dominant at the macroscale). This phenamo@ gives rise to a laminar flow regime for the

flow of a single fluid, defined as a passive and smooth movement, as opposed to a turbulent
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movement observed at the macroscale when gravity and inertia domicfigure 1.B).
Microfluidics exploits this regime for passive flow of siqgi@ase systems or monodisperse
droplets in multiphase fluid strean{Sackmann et al. 2014)\laminar flow regime allows the
incorporation of two or more streams that join in parallel flow without turbulent mixing,
except by diffusion. This can be exploited to generate highly parallel streams of tvirkbio

for 3D bieprinting extrusion, or to pdern cell cultures within the microfluidic device
(Takayama et al. 1999; Costantini et al. 20Diifusion rates at the microscale are very high
as a consequence of reducedhannel dimensions and therefore diffusion distances are
shorter(Damiati et al. 2018 Diffusion is defined as the rate at which molecules move from a
high concentration solution to aWwer concentration solution. Hence, chemical reactions can
occur at a higher rate if otherwise limited by diffusion, allowing for rapid gelation of hydrogels
for 3D cell culture or diffusing gradients for nutrient delivery to tissue moelétro (Baker

et al. 2013; Zhang et al. 20200 microfluidics, surface tension also becomes dominant over
inertial forces as a consequence of high surface area to volume 8A4W)( Surface tension
arises as a result of liquid intermolecular cohesive forces at the surface of a liquid (liquid/gas
interface). In microfluidic systems, liquid/liquid interfaces of immiscible fluid flows (e.g.,
water and oil) is also dominated by sack tension forces between the liquid molecules,
giving rise to the interfacial phenomena. This plays a pivotal role in drbpkd

microfluidics.
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Laminar flow  Turbulent flow
Figurel.13 Schematics demonstrating the laminar and turbulent flow regimes.

The laminar flow regime is characterised by a passive and smooth movement of fluids, wh
turbulent flow is unpredictable and irregulan the microscale
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1.5.2 Dropletbased microfluidics

1521 Overview

Dropletbased microfluidics offers several advantages over contiriflous systems,
whilst benefiting from the inherent advantages of microfluidic systems in ge(@ualaNgam
et al. 2019) As opposed to continuotffow systems, droplebased microfluidics uses
immiscible phases to produce disteedroplets, providing an extra level of miniaturisation.
Furthermore, dropletbased microfluidics offers high droplet generation frequencies, control
over droplet dimensions, high monodispersity, and the opportunity for high throughput
experimentation. Th ability to precisely manipulate highly monodisperse droplets with
increased throughput and scalability offers an advantage over continuous extrusion. For
example, this is also demonstrated by the differences in resolution between extruson
droplet-/ LAB technologies. Indeed, continueilmy extrusion adopts similar principles as
extrusionbased bieprinting, which relies on the deposition of bioks in forms of continuous
filaments. However, extrusichased bieprinters have demonstrated low resolon in
comparison to droplebased bieprinting platforms, which rely on the precise deposition of
homogenous celladen droplets, providing more uniformity in the binted structure
(Gudapati et al. 2016)Over the years, dropldiased microfluidics has demonstrated its
potency in 3D cell culture, TE, and single cell analysis by encapsulating cells in a biocompatible

3D environment as mroculture units(Chou et al. 2015)

Dropletbased microfluidics involves the formation and manipulation of discrete
droplets using immiscible phase€lassically, an emulsion is generated by two immiscible
fluids (water and oil, for example), producing droplets from one phase, known as the
dispersed phase (water), as a result of the shear force applied by the continuous phase (oil)
and the interfacialtension at the liquid/liquid interface(Liu et al. 2013) with the
hydrophobicity/hydrophilicity of the cinnel wall usually determining which is the disperse
and which is the continuous phada addition to interfacial tension, viscosity plays an
important role in droplet formation and also becomes dominant at the microsgaleand

Zhang 2009)Under microfluidic conditions, droplet formation is governed by the competition
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between the interfaciabnd viscous forcefChoi et al. 2007)This governs the process of
droplet breakup, and heavily relies on the microfluidic device us&darello et al. 2017)
Droplet formation is governed ke following equation:

6o —

Equationl.1

whereby Ca is defined as the capillary number (dimensionless quanptitythe viscosity, V
Ad GKS @St20AG@& o0Fft26 NIGSOZ | yR (Ticertal. G4 KS
2003) Generally, varying the velocity of the continuous or dispersed phase veitlt affe
moment of droplet breakup. Typically, an increased flow rate of the continuous phase will
result in a faster droplet breakup resulting in smaller dropletthendispersed phasgChoi et

al. 2007) Generating hydrophilic droplets, such as waitewil droplets, requires microfluidic
channels with inner hydrophobic walls to avoid adhesion, allow efficient smooth flow and
maximise the contact angle between the hydrophilic droplet and the hydropholailt
surface. For this, different materials used to fabricate the microfluidic device are used,
including acrylated urethane,poly(methyl methacrylate)PMMA, Polydimethylsiloxane
(PDMS), glass, amblytetrafluoroethyleng PTFE[Mazutis et al. 2015; Sohrabi et al. 2020)

1.5.2.2 Strategies in droplet formation
1.5.2.2.1 T-junction

In the tjunction channel geometry, the dispersed and coantins phases flow through
two perpendicular channels until they intersect at a junctigiigure 1.%) (Sohrabi et al.
2020) At the intersection, the dispersed phase enters the main channel, then shear forces
applied by the continuous phase onto the dispersed phase result in the droplet breakup or
pinch-off, hence generating dispersed droplets that flow into the main channel. Factors that
influence the rate of droplet breakup, droplet size, and pho¢hreginme are the flow rates of
both dispersed and continuous phases, relative viscosities, and channel @Wthhshall and

Walker 2019) For example, when Ca is high, viscous effects become dominant, resulting in
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droplet deformations, asymmetric droplet shapes, and a tendency fdlogoof both phases
(Figure 1.4 C).On the contrary,at low Ca,the dominant surface tension minimises the
interfacial area giving rise to small spherical droplets and faster dropdetkinp(Figure 1.4
B).

T-junction

i, —ey

e T T ER WO

Figurel.14 Droplet formation with a tjunction
(A) Schematic representation of droplet formation irjaniction. (B) Example of droplet formatic
when Ca isow resulting in faster droplet breakup and droplet size, andhi@)Ca, resulting in
slower droplet breakuplaken from(Pit et al. 2015; Chiarello et al. 2017)

1.5.2.2.2 Coflowing

Coflow systems consist of an inner capillamjthin an outer capillary which stream
fluids in the same directiom parallel(Figure 1.5) (Shah et al. 2008; Damiati et al. 2018%
flow occurs when the dispersed phase flothisough the inner capillary with the continuous
phase flowing in parallel through the outer capillary. This results in a coaxial flow of two fluids
(Figure 1.5). At the intersection,the continuous phase surrounds the dispersed phase,
applying shear forgeresulting in thebreakupof droplets.Low flow rates of both dispersed
and continuous phases results in the formation of spherical droplets at the intersection
(Figure 1.5 B). When flow rates are high, a thin stream of the dispersed phase forms with

droplet breakupoccurring farther downstream as smaller dropl€&gure 1.5 C).
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Figurel.15 Droplet formation in a ceflow system.
(A) Schematic representation of afbmwing device. (BDroplet breakip when both continuous an
dispersed flow rates are high, and (C) low. Taken {®mah et al. 2008; Pit et al. 2015)

1.5.2.2.3 Flow focusing

In the flowfocusing design, a symmetrical configuration forces two continuous phases
and a dispersed phase through a narrow region at the intersecfligure 1.5). A
symmetrical shear exerted by the continuous phases on the dispersed phase, producing
droplets with more control, uniformity, and stability compared tuhction and ceflowing
deviceqSullivan and Stone 2008hdeed, this symmetric she#ocusing creates a maximum
shear point at the junction, resulting in more uniform droplets, as compared to the other
previously discussed devices. Droplet sizes are affected by flow rates, with droplet size
decreasing upon increasing the continuous fl@ates, and vicerersa(Ward et al. 2005)As
mentioned previously, droplet breakp rates and sizes depend on the interplay of viscosities,
flow rates and surface tensions. When the dispersed phase flow rates are higher than
continuous flow rates, this results along thread of dispersed phase into the main channel,

taking longer until droplet breakugFigure 1.6 B). High continuous phase flow rates to
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dispersed flow rates will generate uniform droplets that breakup after full expansion in the

main channel, onlthrough the effect of shear force of the continuous phésegyure 1.6 C).

\ BK*-:;/‘VQ
=0 O

Figurel.16 Droplet formation in flowfocusing devices.
(A) Schematic representation of droplet formation using a-flaeusingdevice. (B) Higher dispers
flow rates than continuous flow rates will lead to the formation of extended threads in the n
channel. (C) High continuous phase flow rates than dispersed phase flow rates will result in
monodisperse droplets thatrgw fully in the main channel before bregk Taken from(Sullivan anc
Stone 2008; Pit et al. 2015)

1.5.2.3 Applications in tissue engeering

Over the past decade, liveell encapsulation using microfluidics has emerged as a
powerful tool for a wide array of potential applications, including transplantation, drug
delivery,simulating the mechanisms and physiology of organs on the microscalergag
on-a-chip or humaron-a-chip),singlecell analysisand enabling 3D cell cultu¢8ugiura et al.
2005; Choi et al2007; Clauselformos et al. 2008; Khademhosseini et al. 2008; Kdster et al.
2008; Martinez et al. 2012; van Duinen et al. 2015; Utech et al. 2015; Morgan et al. 2016;
Headen et al. 2018; Hidalgo San Jose et al. 2018; Suvarnapathaki et al. 20180 Sued
al. 2019; Sohrabi et al. 202a)he miniaturisation process for TE and 3D-fimting offers
unique advantages that are difficult to replicate at theacroscale including low reagent
consumption, cosefficiency, high throughput, rapid prototyping, faster reaction times,
efficient nutrient delivery, and increased control over the environm@dblega et al. 2015;
Huang et al. 2017)Furthermore, this allows the integration of an entire organ or tissue

models onto a single chifStone et al. 2004)The advent of 3D printing has alloweuet

54



GENERAL INTRODUCTION

fabrication of diverse microfluidic systems at low costs, making this technology more

accessibléSuvarnapathaki et al. 2018)

A major strength ofdroplet-based microfluidics lies in its ability to generate
reproducible monodisperse droplets with high production rates, with increased control over
droplet scalability and diffusional properties that can help control ctivdsng properties for
liquid/gel based bianks in 3D biegrinting (Headen et al. 2018; Suéégam et al. 2019;
Sohrabi et al. 2020Fast diffusion rates may be massed to result imn siturapid internal
crosslinking of gellable liquid biematerials, such as alginatachieved in combination with
droplet emulsification of prgpolymer hydrogel solutions, to generate homogenous hydrogel
beads for celencapsulation(Tan and Takeuchi 2007; Amici et al. 2008; Hidalgo San Jose et
al. 2018) This allows for the independent control of single amif celladen microgels, acting
as 3D culturing units or building blocks, that can be individually manipulated, monitored and
analysedRossow et al. 2012; Kang et al. 2014; Dolega et al. 2015; Utech et al. Q&)
et al. demonstrated the controlled encapsulation of mesenchymal cells (MSCs) in
homogenous alginate droplets using a flecusing device. Cdhden droplets were
transferred to a culture medium and monitoring of individual droplets revealed cell growth
and proliferation via microscopfJtech et al. 2015)Dropletbased microfluidics offers the
possibility to produce mukliayered hydrogel droplets using passive mixing without use of
external forcegCarreras et al. 2020)n a recent study, doublayered droplets consisting of
an inner layer of alginate and outer layer of puramatrix (synthetic matrix) encapsulating
myeloma bone marrow cancer cells) and MSCs, acting as a 3D scaffold biomimetic model,
were generated using dropldiased microfluidicgCarreras et al. 2020)Flowfocusing
devices have also been reported for the generation of different sized tumour sphétads
et al. 2020) These models provided a suitable environment for cell culture and a platform for
personalised medicine applications and drug testibge et al. 2020)The affordability,
simplicity, and high throughput of droplétased microfluidic mkes it a promising tool
towards TE and the production of larger tissue structures. Beesttd TE has been previously
reported as a promising approach to generating large tissue structures from the moulding of
monodisperse cell bead®atsunaga et al. 20115uch beads were produced using a flow

focusing device for high droplet monodispersity and uniform seedirugks per droplet.
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Integrating microfluididbased approaches witBD bieprinting technologieshas shown
great potential indrug testing andin generating more relevargerfused tissue
models(Snyder et al. 2011 Arecent report has demonstrated the potential of microfluidics
in expanding the capabilities of extrustbased 3D printers and bjorinters, by integrating
a customized microfluidic device capable of high resolution printingeltfaden constructs
with control over dimensionalitySerex et al. 2018B8D bieprinters can also be combined
with a microfluidic chip devicefor the extrusion of celladen bicinks to generate mulki
material constructs and perfusable systertMiri et al. 2018; Attalla et al. 2019; Idaszek et al.
2019) Microfluidicbased extrusion systems for muitiaterial 3D biegprinting with high
spatial control is just recently being acknowledged as a -effsttive alternative to
conventional 3D bigrinting nozzles, which provide similar kpainting resoltions (Richard
et al. 2020) Indeed, microfluidic systems can accommodate and deliver severalksiavith
controlled gelation and gradients of chemical, mechanical and biological cues with high
resolution (Idaszek et al2019) To date, there has been very few reports of droglased
microfluidic systems that have been used as 3Dguinting nozzle alternatives, with precise
deposition of celladen droplets for tissue and organ kpointing (Sharma et al. 2020The
ability to control cell densities, droplet size and spatial deposition of eactacdelh droplet
in a costeffective manner, offers great potential in generating kigisolution functional

synthetic tissues.
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Aim and objectives

It is hypothesised that generating an anatomicaéievant human skin model through

developing a coseffective, bespoke, widely accessible, and novel 3Bphitting is feasible.

To address thisa 3D bio-printing platform was builtusingwidely available and modular

LEGO® pieceshich constituted the programmable x/y/z stage. This was subsequently

combined with a coseffective microfluidid-junctiondevice that allows for celaden droplet

production. The itegration of both devices allowed for the precise spatial deposition of

keratinocyteladen alginate dropletsyith the aim to fabricate a 3D human skin equivalent.

The objectives of this thesigere to:

1)

2)

3)

4)

5)

6)

Establishimmortalised keratinocyte cekulturesthat can be maintained at
different stages of phenotypic differentiation (using different concentrations of
Ca&"), to providecandidates fotayerby-layer3D bioprinting of skin

Develop andcharacterig analginatebio-ink for bio-printing keratinocyteladen
alginate droplets using junction microfluidic device

Build, programand characterise LEGO® 3D x/y/z stafyg a bioprinter that
can produce a rangef patterned movements designed to bmint 2D and 3D
structures with appropriate resolutioand flexibility

Gouplethe microfluidict-junction (objective 2with the LEGO® 3o-printing
stage (objective 3)to create a functional biprinter and to explore the
possibility ofcreatinga fully integrated 3Dbio-printing platform constructed
using LEGO® alone

Explore the printing resolutioof the LEGO® based 3D-piinter (objective 4)
on the microscale and strategies foostprinting controllable alginate scaffold
degradation.

Characterise the anatomical structure of the Bi-printed human skin in

comparison to the native human skin

57



GENERAL INTRODUCTION

The interdisciplinargand collaborativenature of this projecineans thastudens and researchers from
different discipline areasyere able to make important intellectual contributions iresific areas of

this study.Some of the data presented in this thesis has therefore included significant contributions
from these studentaind researcherand so their names have been duly acknowledged in the figure
captions pertaining to that data set. Falarity, the areas of contribution for each student are also
stated below:

Katie Harvey (Engineering studenty Building of the first LEGOflo-printer prototype and
programmes in our lab.

Cameron PoofPharmacy student) Programming of a library of 2D and 3D stage movements for the
LEGO® stage.

Katherine Sloan(Pharmacy Student) Characterisation of alginate droplet production using
microfluidics and evaluating the coupling of the microfluidic ditogd®eration with the movement of
the programmed LEGO® stage movements.

Shabbir MoolaPharmacy student; Explored the effect of alginate gelation on fibroblast viability and
aided in producindio-printed structures with Cameron Pool and Katherine Sloan

Grace McDermot a | & 1 SN & 0 & Buildhd ¢&f theiséatritl $ FAB@ printer prototype

and creating a stop motion video of the building progress.

Ameer Al Shukr{Pharmacy student) Evaluating alginate degradation with calcium chelators and
effect of degraded scaffolds on cell viability.

Lluan EvangPharmacy Student) Building of the third LEG@@®-printer prototype and creation of a
second stop motion video of the building progress.

Gabriela Velasquez Diap al 4 G SNDa 0 A DeeBmEnentaaf ditiRiS yrdplets using
microfluidics.

Phoebe CrewReeqPharmacy student) Development of dual nozzle and midid-ink bio-printing.
Danielle JarvigPharmacy Student)Evaluating droplet production frequency using the LEGO® syringe
driver.

Dr Jin Li(Bioengineering researcher, Ph@)Designing and 3D printing of a microfluidic droplet
producingLEGO®ompatible brick.

Ahmad Moukachar(PhD Student), Oversaw entirety of the project arehcha G dzZRSy (i Qa LINE 3|
Helped each student in preparing experimental work asata production. Growthand
characterisatiorof keratinocytecell lines in different Célevels Optimisation and characteation of
alginate droplet production Encapsulation of keratinocyte cells in alginate droplets and
gualitative/quantitative characterisation of keratinocyemcapsulated droplets3D bieprinting and
evaluation2D and 3D shapedulti-bio-ink bioprinting and qualitative assessment of fidnted
structure. Evaluating degradation rates of large-printed constructs.
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Chapter 2 Establishing the
optimal culture conditions for 2D and
3D cultures of keratinocytes
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2.1 Introduction

Mammalian primaryepidermalkeratinocytes(keratinocyte$, whether normal human
epidermalkeratinocyte NHEK or mousekeratinocytes and immortalisedkeratinocytescell
lines have been widely used as cell culture models to elucidate skisightyy and
pathophysiologyGolan et al. 2015olombo et al. 2017)he search for the optimal culture
system to generat&eratinocytesthat faithfully mimicin vivokeratinocytesfunctions is still
ongoing. Moreover, the choice betweedHEKor an immortalizedkeratinocytescell line
remains a subject of debate. Although primdsratinocytesare directly extracted from the
skin tissue, retaining functional characteristics of the tissue, they still present drawbacks that
should be considered. Firstly, their limited lifespdoes not allow for longerm cell culture
(Wilson et al. 2007)More specifically, primarieratinocytesrapidly die when induced for
differentiation, limiting longterm investigation. Furthermore, dondo-donor variability can
affect experimental reproducibility and data interpretation. As an alternative, the
spontaneously immortalized humakeratinocytescell line, HaCaT, has been widebed
owing to its ability to proliferate and adapt to losigrm culture (Wilson et al. 2007; Micallef
et al. 2008; Colombo et al. 201The HaCaT cell line development stems from the-keng
primary culture of human adult skin keratinocytes, reported by Boofl et al. in 1988
(Boukamp et al. 1988HaCaT cells are a valuable alternative tdE¥ because of their
flexibility in culture and ability to stratify in organotypic modékshoop et al. 1999However,
several studies have reported behavioural and differentiation protein expression deficiencies
compared toNHEKvhen grown in 2D culture and in organotypic 3D modBiselsma et al.
1999; Houghton et al. 2005; Micallef et al. 2008; Seo et al. 2012; Smits et al.lB@bnfrast,
other studies deemed HaCaT cells as a reliableitro model to elucidate the molecular
mechanisms involved in epidermal differentiation and to generate relevant 3D skin models
(Boukamp et al. 1988; Garadehoshua et al. 1998; Schoop et al. 1999; Sakaguchi et al. 2003;
Lemaitre et al2004; Wilson et al. 2007; Berning et al. 2015; Colombo et al. 201d8ed,in
vitro, HaCaT cells have been shown éshibit similar morphogenesis, differentiation
characteristics, and functional features to isolated primkeyatinocytes(Boukamp et al.
1988; Lemaitre et al. 2004; Micallef et al. 2008; Borowiec et al. 2BtH®)aT cells can respond

to differentiation-promoting stimuli in a flexible manner. For example, a calciurff)®aitch
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in the medum allows them to revert back and forth between a basal and differentiated state,
whilst expressing specific differentiation marké@arachJehoshua et al. 1998; Wilson et al.
2007; Micakf et al. 2008; Borowiec et al. 2013; Colombo et al. 2017)

Ca&*is a major factor that promotekeratinocytesdifferentiation in vivoand in vitro.
Indeed, C#& regulation ofkeratinocytesdifferentiation has been extensively studied for the
past 5 decades by culturing primary mammalkanatinocytesor immortalisedkeratinocytes
in different extracellular Caconcentrationsin vitro (Hennings et al. 1980; Boyce and Ham
1983; Lemaitre et al. 2004; ibn et al. 2007; Colombo et al. 201A)jthoughin vitro
keratinocytesdifferentiation can also be induced by other factors including-defisity,
triterpenes, TGF, inhibition of JNK, fibronectin and detachment from the substratuni; Ca
was used as the prdifferentiating agentn this studydue to extensive knowledge fod in
the literature (Shipley et al. 1986; Adams and Watt 1989; Ura et al. 2004; Gazel et al. 2006;
Woelfle et al. 2010; Bikle et al. 2012; Colombo et al. 20Wtye specifically keratinocytes
differentiate upon addion of high C#& concentrations (>0.1 mM) or revert to a badiak
proliferative phenotype when cultured in low €devels. Each stage of differentiation is
accompanied by phenotypic shifts in cell growth, morphology, and expression of specific
biochemical markers. Thus, distinct stage&afatinocytesdifferentiation can be monitored
in vitroon the molecular and ckilar levels. Furthermore, they can form a stratified epidermis
when used in organotypic skin models or after transplantatiomivo(Boukamp et al. 1988;
Schoop et al. 1999; Berning et al. 2015; Ramadan and Ting. Edid)y, HaCaT cells require
fewer supplementary growth factors and overall, less stringent conditions for culture. Thus,

the HaCaT cell line offers an appealimgitro model to potentally generate 3D skin models.

Ideally, precisely positioningeratinocytesin a controlled manner could recapitulate
the 3D epidermal architecture, like 3D kointing for example, and in turn enable
physiologically relevant biological functiofigandall et al. 2018; Yan et al. 2QI8)is requires
a keratinocytespopulation that can be culturedn vitro for long periods of time whilst
retaining the functional properties ah vivokeratinocytes For these reasons, HaCaT cells
have been identified as an appropriakeratinocytespopulation for the aforementioned
studies.Reproducing the epidermis usinggtHaCaT cell line in optimal culture conditioms

vitro provides an accessible and easy route to dissect epidermal differentiation and associated
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skin disease@Boelsma et al. 199%ience, the HaCaT cell line can be potentially used as proof
of concept when developing the 3D Hmwinting technology in this studyn traditional cell
culture methods keratinocytesare typically maintained in a mediugontaining a defined
concentration of C#, thus resulting in one specific differentiated phenotype. This approach
results in a well stratified epidermal model that requires 14 days to 1 month of cuiture
reach maturity(Lee et al. 2009; Pourchet et al. 201However, most of these models consist

of epidermal layers containing a sindteratinocytespopulation and rarely recapture the
multi-layered complexity and function of the epidermis. The pursuit of more relevant
epidermal models necessitates an incremental increase in both the structural complexity of
the tissue and diversity of cell populations therein. Recent attempts have been made to
incorporate melanocytes and immune cells in printed epidermal struct(ivis et al. 2017;
Vidal Yucha et al. 2019)espite these advances, major limitations persist in generating a

more complexepidermal architecture.

The first step was to establish the optimal cell culture conditions to generate and
maintain keratinocytescell populations in proliferative and differentiated states vitro.
Understanding the cellular behaviour in 2D monolaygenves as baseline comparative results
for subsequent integration into the 3D bprinter; the ability to control the differentiated
state of HaCaT celis vitrocan potentially provide a route to spatial control in 3D-printed
tissue akin to that intte epidermis. To this end, HaCaT cells have been grown and maintained
in different C&* concentrations mimicking thén vivo calcium gradient in the epidermis
(Menon et al. 1985; Menon and Elias 1991; Proksch et al. 2008; Bikle et al. 2012)
Furthermae, this allows to demonstrate the advantages and limitations of the HaCaT cell line
as a versatilén vitroepidermal model. Cells exposed to low?@anditions were expected to
mimic the proliferative layers of the epidermis while those exposed to highg*
concentrations should mimic the upper differentiated lay@vgilson et al. 2007Micallef et
al. 2008; Borowiec et al. 2013; Colombo et al. 203)bioprinting multilayered populations
of keratinocytesat pre-determined levels of differentiation is an intriguing concept which has
not yet been explored. It is therefore hypothesis that this may result in more realistic

epidermal models which could require less time to stratify.
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Physiologicallykeratinocytesdifferentiation induced by C&level switch is associated
with the expression of distinctive protein markgiBikle et al. 2012; Elsholz et al. 2014)
this study, the expression of four proteins was investigat@atin 5 (K5)Keratin 10 (K10),
E-cadherin andnvolucrin (INV)ln vivg K5 is predominantly expressed in the undifferentiated
keratinocytesof the basal layer, wtst K10is found in more differentiatingkeratinocytesof
the stratum spinosunfMoll et al. 1982; Woodcoeklitchell et al. 1982; Eichner et al. 1986;
Moll et al. 2008; Bikle et al. 2012; Elsholz et al. 20INY expression is restricted to the
uppermost layers of the spinosum and found in the granular layer wikeratinocytes
undergo terminal differentiatiorfRice and Green 1979; Warhol et al. 1985; Elaine Fuchs 1990;
Bikle et al. 2012)Eecadherin has been previously detected in all epidermal layers of human
healthy skin and skin equivalents with reducedno expression in the basal and uppermost

superficial layergMaretzky et al. 2008; Vaughan et 2009)

63



CHAPTER

2.2 Aim and objectives

It is hypothesized thabio-printing HaCaT cell populatiorexposed to different Ca
levels andrepresenting varying degrees of phenotypic differentiatiom a layetby-layer
fashion would result in a stratified epidermal model, akin to the native epideffhis.aim of
this chapter was to develop andstablish the optimum culture conditions for 2D and 3D

cultures ofkeratinocytesusing the HaCaT cell line.
The objectives of this chapter were to:
1. Maintain HaCaT cells under different’Ceoncentrations.
2. Characterise HaCaT cell phenotypical changes in morphology, growth rate, and

expression of biochemical markers of differentiation and proliferation, essalt of

Ca&*variations in the culture medium.
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2.3 Materials and Methods

2.3.1 Cellculture

All cell culture procedures were performed in a class 2 biosafety cabinetljRSing
70% ethanol as a disinfectatd maintain aseptic conditionsCells are maintained in an

incubator at 37°C containing 526 (Thermo 8ientific¢ MSCADVANTAGE

2.3.1.1 HaCalcell culture

HaCaT cell linepassages 62, 71 and 78)S NB Odzf § dzZNER Ay 5dzZt 6 SOO
medium (DMEM) GlutaMAX (high glucose supplement) supplemented with 10% foetal
bovine serumKB$ (Biowest#S1816600)and 1% Penicillistreptomycin. DMEMslutaMAX
contains 4 mM of dglutamine and 1.8 mM of Gaby default. In this study,the culture
condition will be termecasd b 2 NI £/ L. OAdzYé o6b/ 0O

2.3.1.2 Low/high-calcium media and cell culture

Cell culture media containing two different €aoncentrations (esluding the NC
condition) were prepared as described in a previous st(Mfjison et al. 2007)Very Low
Calcium (VLC) (0.03 mM) and High Calcium (HC) (2.8 mM). A third condition of Low Calcium
(LC) (0.3 mM) was included as described in previous st(Blisxe and Ham 1983; Borowiec
et al. 2013) HaCaT cells were maintained \W.C LCand HCfor at least 3 weeks prioto
experimentation to ensure that Gaconcentration changes in the medium have had the
appropriate effect on the state of cell proliferation and differentiatiiilson et al. 2007)
Calcium chloride (Cafl(Fisher Scientificstock solutions were prepared with sterilised
distilled water (dHO) and filter sterilised @ 50 mL conical tubes using 0.2 um pore syringe
filters (Sartoriusg Ministart®). Endogenous €an the FBSis removedby treating it with
Chelex 100 Resin (BIORAD). Chelex 100 Resin is used as a chelating agent to selectively bind
polyvalent metaions such as ¢a An amount 0f0.38 g of Chelex 100 Resin was added into
sterile 50 mL aliquots dfBSand incubated for 1 hour at 4°C on a tube rotator. Caleftem
DMEM was then supplemented with 10%helexed FBS 1% PenicillinStreptomycin
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Glutamine D0Ox (200 mM of iglutamine bringing the final concentration to 4 mM) and GacCl

solutions to final Cdconcentrations of 0.03 mMVLC), 3.0 mM (LC) and 2.8 mM (HC). The

media was then filter sterilised using 0.2 um pore syringe filters to remove the Qlesiex

and ensure sterility. The media was stored a 41aCaT cells were cultured and maintained

in VLC, LOJC,and HC conditions similarly. Cell culture medium was changed ee3ydays

until they reached 7@ 80 % confluence.

To establish differencell populations ofkeratinocytesin vitro that potentially mimic

the different viable layers of the epidermis, HaCaT cells have been grown in extracgdtilar

concentrations shown iffigure2.1. based on previous studies.

Calcium concentration (mM)

HaCaT cell culture conditions

2.8mM Ca?*
High Calcium (HC)

1.8mM Ca?*

0.3mM Ca? Normal Calcium (NC)
.3m a?

Low Calcium (LC)

0.03mM Ca?*
ery Low Calcium (VLC)

LN Y ™
\Q V 6\ ‘P& 0\3&
© N
) o*
& Y
0\

Skin Layers

Figure2.1 In vitro extracellular C&" conditions for HaCaT cell culture mimicking the physiologi

non-linear C&*gradient in the epiderms.
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2.3.1.3 Routine subculture

Upon reaching confluence, cell culture mediurasaaspirated, and cells were washed
twice with sterile phosphate buffer saline (PBS). Cells were detached from the flask by adding
0.25% trypsiFEDTA and incubating at 37°C fay B0 minutes. The cell culture flask was then
lightly tapped with the palm othe hand until they became rounded and fully detach&te
cell suspensiorwastransferred into a 15 mL tube containing fresh cell culture medium with
FBSwhich neutralises the enzymatic activity of trypsin. The cells were then centrifuged at
300 x g for 5 minutes. After discarding the supernatant, the cell pellet waasgended in
fresh cell culture medium and +geeded with adequate cell densities onwdlasks. Sub
cultivation ratios ranged between 1/5 to 1/10 for routine cell culture or other desired ratios
as per experimental requirements. Cell culture medium was renewed every @ays. The

volumes of reagents usedene scaled according to the tisswculture flask size.

2.3.14 Cryopreservation and cell culture from frozen stock

HaCaT cells were routinely frozen to maintain stock. They were preserved as 1 mL
aliquot vials containigFBS, 106 Dimethyl Sulfoxide (DMSQO) and storedl80°C in cryogenic
storage tanks until use. Following cell detachment as describekdtion 2.3.1.3 cells were
re-suspendedn FBS aad 10% DMSO at a cell density of @élls permL A volume ofl mLof
cell suspension was transferred into each cryogenic vial (Corning) theenfai-80°C. The
frozen vials were transferred to liquid nitrogen cryogenic storage units 24 hours later for

optimal preservation.

The frozen cells were rapidly thawed by gentle agitation at 37°C in a water bath and
then slowly transferred to prevarmed5 mL cell culture medium to dilute the DMSO. The
cells were centrifugedThermo Scientific MEGAFUGE &} 150 x g for 5 minutes at room
temperature(RT) Traces of DMSO were removed by discarding the supernatant and the cells
were resuspended in fresmedium and seeded in 25 érissue culture flask €25). Cells
were incubated to allow adherence and proliferation until they reached 80% confluence
before subculture$ection 2.3.1.3. Upon reaching confluence, the cells were transferred into

a 75 cnitissue culture flask ¢75) to allow more space for cells to proliferate.
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2.3.1.5 Determination of cell count

The number of cells was counted using a Neubauer improved haemocytometer
(Marienfild Superiorand trypan blue solutiofSigma® Life Scienc&)ypan blue solution is a
cell stain thatenables quantification oflive cell§ by counterstainingd K2 & S call® S I R
blue dye The impermeable membrane of live cells excludes penetration obliredye in
the cell thereforeer 6t Ay 3 @A adzZ f RATFTSNBY (Aftkerdetaghyhg 6 S 6 S
cells from the flask as described $action 2.3.1.3 a 20uL sample of cells was taken and
diluted in trypan blue solution at a 1:1 ratid.volume ofL0 pL of the trypan blue diluté cell
suspension was then loaded into each counting chamber of the haemocytometer and
counted under a phase contrast microscope (IX#ympus). Only cells that were not stained

blue were counted.
2.3.1.6 Cell growth curves

HaCaT cells grown in VLC,NC,and HC were seeded at different passages on Day 0
in 6 well plates (Sigrealdrich) at 5x10cells per well. 8 wells were prepared for each
condition corresponding to one well per day. The cells were detached, and onlg c&lls
were counted as described Bections 23.1.3 and 2.3.1.5 every 24 hours for 8 days using

trypan blue. Cell culture medium was changed evegB2iays.
2.3.2 Imaging of cells and timdapse acquisition

Cell morphology and viability were regularly observed using phase contrast and bright
field optics on an invertechicroscope (IX3Olympus). Images wetaken using the Olympus
a2F06I NS alylrfteara 3SGLEE ohfeYlLlza {2FaG LYI 3

Timelapse recording of cell proliferation was carried out usingliB420 Microscope
(Lumascopeind Lumaview software (etatoa). HaCaT cells were seeded at 1.5%1€r well
and allowed to attach and adhere for 24 hours before tilagse acquisition. Liveell imaging
was observed by placingné microscope and the cetulture plate inside an incubator to

maintain optimal cell gpwth conditions. Serial images focusing on a region of interest (ROI)
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of the well plate were programmed to be taken at a®hute interval for 48 hours. The

images were then compiled into a tirl@pse video using the Fiji (ImageJ) software
2.3.3 Humanskin sample preparation and crysectioring

Human skin samples were obtained from female patients who underwent breast
reduction or mastectomysurgery with informed consent and under appropriate ethical
approval (South East Wales Research Ethics ConemReference: 08/WSEQ03/55). Following
surgical procedure, the skin tissue was immediately placed in DMEM supplemented with 2%
penicillinstreptomycin and transported to the laboratory at 4°C. The skin samples were either

used directly or frozen aR0°C upn arrival at the laboratory until further use.

Subcutaneous adipose fat was removed using curved surgical scissors, then the skin
was stretched by pinning the edges on two stacked corkboards, with the epidermis facing up.
Small sections of the skin salapincluding the dermis, were obtained using a 5 mm biopsy
punch (KAI medical, Japan) and each section was placed in a plastic mould containing Optimal
cutting temperature (OCT) compound. The skin section was completely covered with OCT
compound and the muld was placed on a bed of dry ice for rapid freezing, before storing at
-80°C.

Frozen skin samples were crgectionedat 10 pum thickness on the Cryostar NX50

Cryostatand sections were collected on glass slides and store2i0&€.

2.3.4 Evaluating expressn of epidermal markers in

HaCaT cells

Protein levels of several epidermal markers in HaCaT cells grown in different calcium
concentrations were either serguantified by western blotting or qualitatively assessed by

immunofluorescence.
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2.34.1 Westernblot

2.3.4.1.1 Cell preparation for protein extraction

Cells were counted, detached from the culture flask upon reaching; BD%
confluence, centrifuged and the supernatant discarded leaving a cell pellet in the tube as
described inSections 2.3.1.3and2.3.1.5. The ell pellet was washed 3 times with iceld
sterile PBS with a centrifugation at 300 x g &€ fbr 5 minutes between each wash then
transferred into a 1.5 mL microcentrifuge tube. After the last wash, the PBS was carefully
discarded to ensure the cell pef was dry. The samples were labelled and store@®@tCfor

subsequent protein extractian

2.3.4.1.2 Preparation of lysate from cells

The frozen cell samples were slowly thawed and kept on ice during the entire process.
Proteins were extracted from the cells bysing the cells with lysis buffe(RIPA Buffet)
(Table 2.). Lysis buffer was prepared, aliquoted in 10 mL falcon tubes and stor@0°&t.
Before use, it was thawed to 4°C and kept on ice, then lysis buifes prepared by dissolving
1tabletof theOh YL SGSuxX aAyA t NBUGSEARSh Meyck) dGmil2 NJ / 2
lysis buffer. 50 pL of lysis buffewas added per 1 million cells in each tube of cell pellets and
vortexed for 2¢ 3 seconds, then kept on ice for 30 minutébe samples were cétfuged at
9500 x at 4°C for 15 minutes and the supernatant was transferred into a new tube and the
pellet discarded. The samples were kept on ice for direct use or froz204 for longerm

storage.
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Table2.1 Lysis Buffer Recipe (100 mL) (RIPA Buff

Reagents Volume Final Concentration
1 M NacCl 15mL 150mM
0.5 M EDTA, pH 8.0 1mL 5mM

1 M TrisHCI, pH 8.0 5mL 50 mM
1% TritonX 1mL 10%
10% Sodium deoxycholate 5mL 0.5%
10% SDS 1mL 0.1%
DoHO 72mL

RIPA Buffer= RIPA Buffer + Remase Inhibitor

2.3.4.1.3 Bradford assay

The Bradford assay was performed to quantify total protein concentrations in the
prepared lysates. Protein concentrations were estimated by reference to known diluted
Bovine Serum Albumin (BSA) concentrations, assayed alongside the unknown samples
following the instructions of the Coomassie Plus (Bradford) Assay Kit. The diluted protein
standards (BSA) were prepared as describéléble 2.2with 3 custom standards to increase
standard curve efficiency (highlighted in red). Serial dilutions of BSA werarptefrom a
BSA stock of 2000 ug/mL and diluted in PBS generating a range of standard concentrations
from 25 pg/mL to 2000 pg/mL. 5 pL of each prepared standard and unknown protein sample
lysate Gection 2.34.1.2 was added to a well in a 96 well platetiiplicates. To each well
containing BSA standards and the unknown protein samples, 250 pL of Coomassie reagent
was added and mixed by placing on a shaker for 30 seconds. The plate was incubated at RT
for 10 minutes and the absorbance reading was deteediat 620 nm using the Infinite® F50
¢SOy LIXFGS NBFRSNIIFYR al3Sttlyn az2¥dsl NS o6¢
were generated from the BSA standards allowing to determine the absorbance, and therefore
the concentration of the unknown protein sampldsdure2.2). Different ranges of standard
curves were used depending on amount of protein generated from the samplees protein

samples were kept aR0°C for future use or kept at 4°C for direct use.
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Table2.2 Preparation of Diluted Albumin (BSA) Standarc

Vial Volume of PBS Volume and Source of BSAL) Final BSA
(uL) Concentration
(Mg/mL)
A 0 300 of Stock 2000
B 125 375 of Stock 1500
C 325 325 of Stock 1000
D 175 175 of vial B dilution 750
E 198 102 of vial A dilution 680
F 180 1200f vial Bdilution 600
G 325 325 of vial C dilution 500
H 75 2250f vial G dilution 375
I 325 325 of vial E dilution 250
J 325 325 of vial F dilution 125
K 400 100 of vial G dilution 25
L 400 0 0 = Blank
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Figure2.2 Examples of Bovin@lbumin Serum (BSA) Standard Curves
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BSA Standard Curve
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Linear equations were generated with a range of standard concentrations from (A) 25 to 750

and (B) 25 to 2000 pg/mL.

2.3.4.1.4 SDSPAGE

The proteins from the prepared samples were separated by molecular weight or size

using the sodium dodecyl sulphate polyacrylamide gel electrophoresisf8B%) procedure.

Protein samples were prepared by adding 10 ug to 20 pg of the previously prepared protein

in lysis buffer, to loading buffer for a total volume of 40 pyL. Loading bigfeomposed of 1X
RAf dzi SR
RAf dzi SR
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2 SR3IS2Sttun wmmE:I t NBOkeliwera prghared thiN®nioirig ythe eB f & >
comb and placing them in an assembled Mirdzy’ y Ay 3 DSt ¢yl FAf{f SR 4.
TrisGlycine SDS Running Buffer (10X) making sure the sample wells are filled with the running
buffer. Colour Prestained Protein Standard, Broad Range; (345 kDa) (NEW ENGLAND
BioLabs) was constantly loadéu the first well of the gel to help distinguish the size of

proteins and the protein samples were loaded in the remaining wells making sure the same
amount of protein was loaded between wells; this is important as it enables appropriate semi
guantitative comparison. A voltage of 100 V was applied to the gel for 60 minutes allowing

the proteins to migrate and separate by molecular weight

2.3.4.1.5 Protein transfer and blocking

Once the proteins migrated through the gel and were separated by electrophoresis,
they were transferred from the gel onto a 0.45 pum pore sized nitrocellulose membrane. After
the allotted time for the SDBAGE, the gel was removed from the tank, soaked in 1X diluted
b 2 @S E nGlysinBNransfer Buffer (25X) and left for 10 minutes to allow gk to
equilibrate. The topsection of the gel containing the wells was then removed and the
remaining gel was placed in the transfer cassette betweenrspaked sponges, filter papers
and one nitrocellulose membrane in the order describedrigure2.3; this is known as the
transfer sandwich setup. The gel is oriented nearest to the cathgdelgctrode whilst the
nitrocellulose membrane to the anode (+) electrode ensuring transfer of the proteins from
the gel to the membrane upon voltage applicationeThansfer cassette was loaded in the
transfer tank chamber filled with transfer buffer and an ice block. The whole unit was sitting
in an ice watetbath. A voltage of 25 V was applied for 60 minwdmchwas performed using

the Mini TransBlot® Cell sysin (BieRad).
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/ Sponge
/ —— Filter Paper
Transfer ' » Membrane
Cassette ™ — > Gel

Figure2.3 Representative scheme of the transfer sandwich setup

To ensure the successful and efficient transfer of proteins from the gel to the
nitrocellulose membrane, the membrane was soaked in Ponceau S solution {Slidyich)

and then removed and washed with PBS until the Ponceau S was completely removed.

Afterthe protein transfer, the nitrocellulose was retrieved and washed once with PBS,
0.05% Tween® 20 (Sigikdrich) (PBS). The membrane was blocked in a blocking buffer
consisting of PBS containing 5% w/v skimmed milk for 1 hour at RT or overnight &tel°C. T

blocking buffer was prepared by adding 2.5 g of dried skimmed milk (Tesco) to 50 mL of PBS.

2.3.4.1.6 Antibody staining

After the blocking process, the membrane was blotted with antibodies against the
target protein and loading control. Prior to this, the merabe was cut at the desired
molecular markers to allow incubation of different antibodies on separate areas of the
membrane. Then, the membrane was washed with -PBE times for 10 minutes each.
Primary antibodies were diluted in PBSat the optimised worikg concentrations shown in
Table 2.3.The membranes were then incubated with the diluted primary antibodies with

constant rocking for 2 hours at RT or overnight at 4°C.
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Table2.3 List of primaryantibodies used for Western Blot

Target protein ~ Source Species Working Cat. No. Manufacturer
species  reactivity dilutions

Involucrin Mouse Human 1:1000 ab68 abcam

wactin Mouse Human 1:500 ab8226 abcam

Next, the membrane was washed 3 times with AB8r 10 minutes each time, then
incubated with a rabbit armouse HRRonjugated secondary antibody (ab6728, abcam)
diluted at 1:2000 in PBBfor 2 hours at RT. Similarly, the membrane was washed witiTPBS

3 times for 10 minutes each.

2.3.4.1.7 Protein detection

Pierce Bhanced chemiluminescence (E@Igstern blotting substrate was used to
detect HRP enzyme activity. The luminol and enhancer solutions were mixed at a 1:1 ratio in
a 15 mL falcon tube. The nitrocellulose membrane was then soaked in this ECL solution for 1
minute. Excess ECL solution wasoved, and the membrane was placed inside a transparent
pre-washed plastic wrap (polly pocket). The membrane was finally placed in the Gel imaging
G:Box ChemX>6 system (SYNGENE, AlphaMetrix Biotech) equipped with Ctaugd
device (CCD) camerasoaling for automated detection of chemiluminescence emitted by
the HRP and ECL substrate chemical reaction. Exposure times and image acquisition were

carried out using the GeneSys control software (SYNGENE)

2.3.4.1.8 Blot analysis

Protein band intensities were arnyaed and quantified to obtain a normalized signal
intensity in numerical values using Imagesoftware. The area of interest (AOI) or full protein
bands were highlighted and plotted as histograms indicating the intensity of each band. A
tangent was drawnrbm where the histogram first starts to where it levels out. When the
AYyaARS 2F (GKS KAad23aNryYy Aa aStSOGSR dzaaAy3a (K
the intensity of each band. This was repeated for the target protein and the loadingotontr
in each lane. The next step was to normalize the data using the loading control proteins. To
do this, the normalization factor for each lane was calculated by dividing the value of the
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loading control signal of that lane by the highest value of the iliga@ontrol of the blot as
follows:

Signal value of loading protein for each lane

Lane normalization factor= — : : -
Highest signal value of loading protein of the blot

Equation2.1

Following this step, the raw signal intensity value of the target protein from each lane was

divided by its lane normalization factor tbtain normalized signal intensity:

Raw signal intensity value from each lane

Normalized signal intensity = —
Lane normalization factor from each lane

Equation2.2

2.3.4.2 Immunofluorescence staining

2.3.4.2.1 Immunohistochemistryon skin samples

Skin samples were obtained as describefiection 2.33. Histological skin sectiorus
10 um thickness prepared as describedsattion 2.33, were initially equilibrated at RT for
15 minutes. Circles were drawn around each skin section using a liquikebl®AP pen
(ab2601, abcam) to maintain local distribution of the staining solution on the tissue. The
sections were hydrated by submerging them 3 times in PBS for 5 minutes each time. Blocking
solution was prepared by adding 500 pL of goat serum andul5&f Tweer20 in 50 mL of
PBS (1% goat serum & 0.3% Tw&60h The sections were blocked in a blocking solution at
RT in a humid chamber for 1 hour. Primary antibodies were diluted in the blocking solution at
the optimised working dilutions shown ihable 2.4. A few drops of the diluted primary
antibody were added on the skin sections within the drawn circles of the PAP pen and the

slides were incubated at 4°C overnight in a humidity chamber.
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Table2.4 Listof primary antibodies used for immunofluorescenc

Target protein Source Species Working Working Cat. No. Manufacturer
species reactivity dilutions  dilutions

(skin (fixed

tissue) celly
Cytokeratin 5 Rabbit Human 1:200 1:100 ab52635 abcam
Cytokeratin 10 Rabbit Human 1:200 1:150 ab76318 abcam
E-Cadherin Mouse Human 1:200 1:200 abl416 abcam
Involucrin Mouse Human 1:200 - ab68 abcam

The next day, the sections were washed 3 times in PBS for 5 minutes each. Secondary
antibodiesconjugated to fluorescent dyes were diluted in blocking solution at the optimised
working dilutions Table 2.5). The sections were incubated with the diluted secondary
antibody at RT for 2 hours in a humid chamber. A third washing step was carried oré befo
incubating the sections with a diluted DAPI nuclear stain (1:10040@3#dr 10 minutes at RT.

The DAPI stain was kindly provided by the laboratory of Professor Arwyn Jones. The sections
were washed 5 times for 30 seconds each time, then a 14 mm roawer slip (VWR) was

mounted using the ProLong® Diamond Antifade Mountant and stored at 4°C until imaging.

Table2.5 List of secondary antibodies used for immunofluorescen

Target protein Sourcespecies Species Working Cat. No. Manuf
reactivity dilutions acturer

Anti-rabbit Goat Rabbit 1:500 ab150077 Abcam

(AlexaFluo®488)

Anti-mouse Goat Mouse 1:500 ab150116 abcam

(AlexaFluogb94)

2.3.4.2.2 Cellpreparation and fixation

HaCaT cells grown in MZ,C, NC, and HC were seeded in 35 mm MatTek glass bottom
dishes at a cell density of 2.5 ®}J@r dish. Upon reaching 70% confluence, the medium was
RA&OIFINRSR YR uHop Y[ 2F O2fR .5 /e2li28%Ex CAE
formaldehyde vas added to the MatTek dish for 20 minutes at RT to fix the cells. The cells
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were then washed 3 times for 5 minutes each on a rocker. Occasionally, the cells were stored

at 4°C after the fixation step for subsequent blocking.

2.3.4.2.3 Cell blocking permeabilizaton and antibody incubation

Fixed cells in MatTek dishes were incubated with 2.5 mL of the Blo{DKon(Table
2.6) for 1 hour at RT. All reagents except PBS were kindly provided by Dr James Burston.
Briefly, fish gelatine and BSA minimize repecific atibody binding while Triton 2400 is
used to permeabilize membranes of cells allowing antibody penetration. The BISGIGHon
was discarded, and fixed cells were incubated with primary antibodies diluted at the optimal

working dilutions in BLOGIas desribed inTable 2.4and left for 16 hours at 4°C.

On the second day, a washing solution consisting of 45 mL of PBS and 0.1 mL ef Tween
20 (0.2%) named PB®%as prepared. The primary antibody was removed, and the fixed cells
were washed 5 times for 10 mites each with PBSwvhile on a rocker. During that time, the
secondary antibody was diluted in BLOGK the optimised dilutions shown imable 2.6.
Fixed cells were incubated with the diluted secondary antibody for 2 hours at RT. All steps
were carried ot in the dark from this point. The secondary antibody was discarded, and the
fixed cells were washed 5 times for 10 minutes with-?PB&PI was diluted in ¢ at a 1:100
ratio and added on the fixed cells for 20 minutes at RT. The diluted DAPé&nvased,and
the fixed cells were rapidly rinsed 5 times with-@Hbefore allowing the cells to dry for 5
hours or overnight. Once completely dry, a 14 mm round cover slip (VWR) was mounted on
the glass portion of the MatTek dish using a drop of ProLong@®dnd Antifade Mountant.
The fixed cells were stored at 4°C until confocal imaging. To examine antibody specificity
(negative controls), HaCaT cells (NC) were incubated in secondary antibodies without primary
antibodies(Appendix Al).
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Table2.6 BLOCK+ Solution Recip

Reagents Volume (mL) Quantity (mg)
PBS 45 -

Fish Gelatin - 50
Bovine Serum Albumin powder (BSA) - 500
Triton X100 0.3 -

2.34.3 Confocal imaging

Immunofluorescent images of stained fixed human skin and fixed HaCaT cells were
visualized and captured using tHeeica DMI6000Bnverted confocal microscope (Leica
Microsystems) with the LAS AF software (Leica Microsyst@&o) HeNe and Argon lasers
were switched on to provide excitation wavelengths of 488 nm and 594farmmboth
AlexaFluor® secondary antibodi€ptical sectiomg of fixed/stained cells were takeihe

images were then analyseahd processedsing the Image software (ImageJ (nih.gov)

2.3.5 Statistics

Data are represented as meanSD. Statistical significance was determined by the
independent samples Studentést, whereby p<0.05 was considered statistically significant.
Statistical significance was determinendly whenthree independentbiological repeats (n=3)
have been conductf with three technical repeats per biological repeat. Statistical
significance was reached when the p value (probability value that an observed différ@snce
occurred by chance) is equal or less than Q)5 meaning that there is at least a 95%
probability that the observed difference has not occurred by chance. Different levels of

significance were useg value < 0.01 (**), p value < 0.001 (***).
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2.4 Results

2.4.1 Effect of extracellular Cd& changes on cell

morphology

It has been previously repmd that the effects of changes in extracellular?Ca
concentration is observed through morphological changésmatinocytesn vitro (Wilson et
al. 2007; Micallef et al. 2008HaCaT cells were firshonitored for visible differences in
morphological changes following a calcium switch. After at least 3 weeks in lower Ca
conditions (VLC and LC), cells became predominantly elongated and spindle shaped whereas
cells grown in higher €aconcentrations (NC and HC) exhibited a more cuboidal or
cobblestone shaperigure2.4). NC (1.8 mM €3 conditions are conventionally what HaCaT
cells are grown in and demonstrate the standard HaCaT morphology whereby a combination
of shapes is observdikttween round, spindle and cuboidal. The tight packing of cells between
the conditions was also fundamentally distinct; a loose and disorganised packing of cells is
observed when grown in lower €&oncentrations in contrast to a tightly packed structure
in higher C#& (Figure 2.4. As a result of lower cetlell contact, the cells appear larger in size
taking up more area surface in the plate. Furthermore, HaCaT cells in HC grew in an ordered
FlLakKA2y Ay aOf dzaldSNE¢ S NS el in doytrast th e alagrS Sy €
conditions. The packing of cells and morphological differences observed remained stable even

at lower confluency and throughout numerous routine sulituring and experimentg-{gure

2.5).

These preliminary results indicateat an extracellular Caswitch in the growth media

can alter the morphological phenotype of HaCaT cells
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Figure2.4 Morphological changes of HaCaT cells cultured in different calcium concentratio
shown by phaseontrast microscopy.

HaCaT cells were grown in their respectiv& legels for 3 weeks before morphological observat
Elongated and spindle shaped cells were mostly observed in HaCaT cells grown infdexei<
(LC/VLC) as opposed to cuboidal shaped cells in highéev@s (NC/HC)L.C = Low Calcium, VL(
VeryLow Calcium, NC = Normal Calcium, and HC = High Céainages were taken at a 780%

confluency. All images were taken at a I9gnification.Scale bar = 10@m.
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Figure2.5 Morphological changes of HaCaT cells at different confluence percentage
following the extracellular C& switch.
HaCaT cells grown to low and high confluency levels maintained their morphologis
characteristics following extracellular €switch.All images were taken at a 10X
magnification Scale bar = 100m
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2.4.2 Effect of extracellular Cd change on celigrowth

rate

Basalkeratinocytesin the epidermis have a higher mitotic activity compared to
keratinocytesin the upper layers exposed to higher calcium concentrati®igsocki 1999;
Fucls and Raghavan 2002; Tobin 2006; McGrath and Uitto 2010; Kolarsick et al.T2D11)
validate thisn vitro, the growth rate of HaCaT cellsdifferent C&*conditionswas compared

over a period of 8 daywith viable cell counts every 24 hours.

A stealy increase of cell numbers was observed in all conditions, with a notably slower
growth rate in the HC conditiofrigure2.6 A). The proliferation rate of HaCaT cells in affCa
conditions showed no significant difference until day 4 where a significant decrease of 57%,
40% and 31% was shown in the NCCand NC, respectively, compared to the LC condition
only. At day 5, a 50% decrease in cell numbers was observed in cellsigrel& compared
to the VLC and NC, but not the LC condition. Cells grown in HC medium exhibited a marked
decrease in cell proliferation of 60% at day 6 compared to the NC condition. The slower
proliferation rate of HaCaT cells in HC medium follows theesaemd throughout the 8 days,
with a significant decrease of 52% compared to the LC condition at day 7 anesggnditant
decrease at 53% and 54% compared to the other VLC andrd@ions. Slower proliferation
of HaCaT cells in HC medium over timguits in significantly lower cell numbers at day 8 with

decreases of 54%, 43% and 46% compared to the VLC, LC, and NC conditions, respectively.

The variability in growth rates observed between cells cultured in the differefit Ca
conditions owes to diffeent proliferation profiles presented iRigure2.6 B. A graph depicting
the typical cell growth curve is shown kigure2.6 Cas a reference representing the four
phases: lag phase where cells attach to the plate and start growing, exponential grogjth (lo
phase where cells actively proliferate with exponential increase in cell density, stationary
phase (plateau) where cells reach confluence with growth arrest and finally the death phase
where cells gradually die. HaCaT cells grown in LC have a shgrigndae entering their
exponential phase earlier, at day 3, compared to cells grown in NC@&nd HC medium,

which enter their exponential phase one day later, with a longer lag pHagerre2.6 B).
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HaCaT cells in HC exhibit a more gradual and slowezase in proliferation rates with a less
prominent exponential phase lasting from day 3 to day 6. Under NC levels, cells reach a
plateau one day (day 6) earlier than cells grown in LC (day 7), whereas a steady increase is
observed under VLC levels withawaching a plateau. Under HC levels, a subtle and slow
decrease in cell proliferation is observed from day 6 potentially leading to a plateau beyond
day 8. The total cell count in LC, VLC and NC conditions does not differ throughout the 8 days
despite theshift in the proliferation profile whereas it results in a markedly lower cell count

in HC levelsHigure2.6).

85



CHAPTER

A
5x10°9  wem | (0.3mMca?)
. == VLC (0.03 mM Ca?") e
4x10 = N\C (1.8 mM Ca®)
§ 3x106 B HC (2.8 mM Ca?)
o ns
(@]
T 2x106-
o I
1x1064 1
o !
0 1 2 3 4
Days
B 5x106+
— LC (0.3 mM Ca®)
4x106- — VLC (0.03 mM Ca?")
- — NC (1.8 mM Ca®)
S 3x106- HC (2.8 mM Ca?")
3
D 2x1064
@]
1x1064
0_
o 1 2 3 4 5 6 7 8
Days
C Stationary phase
g Death phase
%
; Log phase
Lag phase
Time (days)

Figure2.6 Proliferation rate of HaCaT cells grown in very IgwLC), low (LC), normal (NC), and |
(HC) calciurcontaining medium.
(A) Graph depicting the growth rate of HaCaT cells over a period of 8 days. Cells were seed
same cell density (5x10ells per well) and trypan blue dye was used to countevizdils
(Independent experimental repeats: VLC: n=5, LC: n=2, NC: n=5, HC: n=4). (B) Proliferatic
represented with connected lines. (C) A typical cell growth curve profile made up of four phas
are represented as meanSD and significanagas reached when p value < 0.05: *, p < 0.05, **,
0.01, *** p < 0.001. Independent Sampldest.
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The growth rate of HaCaT cells grown in different concentrations of extracelliftar Ca
was monitored in real time by timpse microscopy imagingigure 2.7). When in low CA4
concentrations (LC), cells reach confluence first, as shown in the image taken at 48h. Cells
cultured in VLC and NC reached 70% and 50% confluence, respectively, after dg§her

C&*levels (HC) cells growonsiderably slower reaching 20% anly

Consistent with the previous set of results showrfFigure 2.6 cells in LC (0.3 mM)
levels enter their exponential phase first whereas hight a8 mM) levels decrease the rate
of cell proliferation overtime. Aradual shift in proliferation profiles seems to correlate with
the nonlinear Ca*" gradient imposed on the cells. LC conditions drives cells to a more
proliferative phenotype, whereas cells grown in HC tend to exhibit a more differentiated
phenotype. Chages in concentrations of extracellular’@anging from 0.03 mM to 1.8 mM
(VLC; LCg NC) does not seem to affect the proliferation rate of HaCaT cells but generates a
shift in the proliferation profile resulting in timdependent growth rates. Under high
extracellular C# concentrations at 2.8 mM (HC) the rate of proliferation is significantly lower
resulting in a lower cell count over time leading associated with a more differentiated

phenotype.
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:

Figure2.7 Timelapse micrographs of HaCaT cell proliferation in differenf@anditions.
Cells were seeded at 1.5xper well and images were taken every 30 minutes for a total time
nyKe® LYF3Sa GFr1Sy SOSNE mMnK O0yK F2NJ GKS ¥
represents the moment image acquisition began. (Qinkgicalrepeat for each condiin: n=1).
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2.4.3 Effect of extracellular Ca changes on the

biochemical properties of HaCaT cells

The expression of the four protein markers in response to changes in extracelltflar Ca
was investigated in HaCaT cells by immunofluorescence and western lalysian This
allowed assessment ofwhether they express specific proteins associated with their

proliferative/differentiated phenotype.

Antibody specificity was tested by immunofluorescence in human skin samples as
shown inFgure 2.8A. Furthermore, ski samples served as a positive control as expression
levels and localisation of each marker is well established in the literafurepresentative
histological H&E image of the human skin with the different layers of the epidermis is shown
in figure 2.8 Bproviding a reference to assess biomarker localisation within the epidermis.
As expected, the expression of the proliferation marker K5 was more prominent in the basal
layer while the differentiation marker K10 showed a stronger signal iitiens the supra
basal levelg(Figure 2.8 A). ECadherin, considered as a differentiation marker, showed
reduced expression in the basal layer and equal levels in the rest of the epidErgus=2.8
A). INV expression was almost exclusively localizéderupper granular layer, as expected
(Figure2.9A).

Expression levels of the protein markers showed a dependency on the extracellular
C&*conditions the HaCaT cells were grown in. The expression of K5 was significantly higher
in HaCaT cells grown ower C&*levels (LC/VLC) compared to highet*€anditions (NC/HC),
with 100% and 60% KE&S5 positive)ells in LC and VLC, respectively, confirming a more
proliferative phenotype of HaCaT cells when grown in lo# @mcentrationgFigure 2.80).
Although K5 cells in NC conditions was 100%, a weaker expression was detected in
comparison to LC and VLC conditions. The lowest detection was observed in HC conditions
with less than 50% K8ells. In contrast, K10 expression increasigghificantly in cells grown
in the HC condition with approximately 50% of cells being positive, pointing to a more
differentiated phenotype under high €aconditions. In NC, very few cells were K@IL0
positive)but the signal intensity was higher coamed to cells in VLC and LC where K10
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detection was very weak-&dherin expression showed a similar trend to K10 with increased
levels under higher Caconcentrations (NC/HC) with almost 80% of positive cells. The
strongest signal was noticed in HC cibiaths and the lowest in VLC. The expression of the
late marker of differentiation, INV, was assessed by western blot analysis in HaCaT cells. As
shown inFigure 2.9 B & GNV levels were lowest in cells under LC conditions with a significant
decrease compared to NC and HC. Moreover, a significant decrease was noticed in VLC

compared to HC indicating highest levels of INV under the HC condition

This data demonstrates that an extracellula?Gavitchin vitrocan modulate the level
of differentiation ofHaCaT cells on the biochemical level by inducing the expression of several
proteins of differentiation or proliferation. HaCaT cells can be easily maintained in different
extracellular C# concentrations allowing cells to conserve distinct charactesst€ a
proliferative or differentiated phenotype, potentially mimicking the different layers of the

epidermis employable in 3D printing
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Figure2.8 Expression of epidermal molecular markers of proliferation and differentiationni
vitro cultured KCand in human skin.
Immunofluorescence staining of (A) human skin samples@ndiaCaT cellsyith anti-K5, ant
K10 and antiecadherin antibodiegn=3)(Magnification: x605cale bar = 5dm. (B) Histologicz
H&E image of a human skin sample showing the different layers of the epidgoalis bar 50 g1
pm.
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Figure2.9 Expression levels of Involucrin in human skin and in HaCaT cells groghifférent C&*
concentrations
(A) Immunofluorescence staining of a human skin sample with asrevatiucrin antibody
(magnification:x60). (B) Signal intensities of Involucrin from repeated immunoblots. Indeper
experimental repeats: LC: n=4, VL@, INC: n=6, HC: n=6. (Seetion 2.34.1.8 for a more detaile
RSAONRLIIAZ2Y 2F G{A3IYylt AyliSyanaduiGatinbyRST.
immunoblotting. Data are represented as mean + SD and significance was reached when
0.05: *,p < 0.05, **, p < 0.01, ***, p < 0.00Independent samplagest. Scale bar 50 um.
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2.5 Discussion

The optimal culture conditions to generateratinocytespopulations associated with
varying degrees of phenotypic differentiation was evaluated in this chapter. HaCaT cells were
cultured and maintained in media containing different?Ceoncentrations akin to the
epidermal C#& gradient. Lower Calevels 0.3 mM) promoted the growth of cells with a
basallike phenotype whereas higher €#x 1.8 mM) induced differentiation phenotypes.
Four phenotypically differeriteratinocytespopulations were therefore cultured, potentially
recapitulating the viable layersf the epidermis. Assessing the reliability of a 3D epidermal
skin model requires a fundamental understanding of its biology and microanatomy. It is
typically evaluated in morphology and functional molecular markers representing each region
of the epiderms, in comparison to a human skin sectigtoger et al. 2019)t can also be
compared to established differentiatdaeratinocyteggrown in D to assess major differences
observed between 2D and 3D models. However, this has rarely been explored previously due

to the limitations of conventional 2D cell culture.

The C& gradient variability observed in the intact epidermis along with the general
knowledge extrapolated fronm vitro studies helped in selecting the four extracellula?*Ca
concentrations in this projedtFigure 2.1) Previous studies have extensively sholwattat
low levels of C&(0.03¢ 0.1 mM) keratinocytegemain in a basdike state, whereas in higher
levels (>0.1 mM), are induced to differentiafBikle et al. 2012)This simfified model has
been extended in this project by taking into consideration the inear gradient found in
the intact epidermis. Therefor&eratinocytesthat could potentially mimic the basal layer,
were exposed to higher €devels (0.3 mM) than conwtional studies. This could allow the
cells to start differentiating all whilst conserving a baga phenotype. Indeed, an initial
study reported 0.3 mM of Caas the optimal rate fokeratinocytesmultiplicationin vitro,
which is a major characteristof basakeratinocytesn the epidermigBoyce and Ham 1983)
keratinocytesexposed to 0.03 mM represent the early spinosum layers with the lowest Ca
levels as described previougMalmaqvist et al. 1983; Menon et al. 1985; Leinonen et al. 2009;
Borowiec et al. 2013 he increasing Cegradient from the \able inner granular layer to the

upper one was represented by exposkeratinocytesto 1.8 mM and 2.8 mM, respectively.
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HaCaT cells are routinely cultured in 1.8 mM*Qaowever, several studies described it as a
high C&" environment which induces celis differentiate (Lemaitre et al. 2004; Colombo et

al. 2017) The highest concentration chosen was 2.8 mNIfolowing the work of Deyrieux

and Wilson, who demonstrated a rapid shift to a differentiated phenotype under these
conditions (Wilson et al. 2007) High celldensity is another welkstablished pre
differentiating factorin vitro (Ura et al. 2004)ndeed, several studies used a combination of

a Ca&* switch and celtlensity as differentiation stimuli to establish vitro keratinocytes
differentiation models(Lemaitre et al. 2004; Colombo et al. 2Q1\W)ilson et al. reported a
rapid upregulation of differentiation proteins when HaCaT cells were cultured above 85%
confluence in low Ca(Wilson et al. 2007)Thus, HaCaT cells were consistently maintained at
70-80% confluence in this study to minimize aihsity effect on the state of differentiation
(Figure2.4).1f cells reached high densities, it was carefully noted and was considered during

result analysis.

The effect of a longerm C&*switch on HaCaT cells was first assessed through cellular
morphological changg&igure 2.4)WhenNHEKvere grown in high Ga(2 mM), an increase
in intercellular adhesion was reported with highec&dherin formation(Tu et al. 2008)in
presence of low C&(0.1 mM), wider spaces between cells with fewer desmosome formation
was reportedWatt et al. 1984))With this in mind, similar results were observed in this study,
as expected, whereby under lower €kevels (0.3 & 0.03 mM) HaCaT cells were loosely
packed and spindle shapesljggesting loss of intercellular junctions. In contrast, cells grown
in higher C#& concentrations showed compacted, square shaped cells indicating formation of
celkcell junctions. This confirms the previous reports of*@apendant intercellular adhesi
such as desmosomes anetadherins, ilNHEKHennings et al. 1980; Watt et al. 1984; Tu et
al. 2008) Micallef et al. demonstrated a similar effect o?Cawitch onNHEKand HaCaT cell
Y2NLIK2f 238 ¢gKSNBFa /2f2Y02 SG Ffd RAR y2i
confluence(Micallef et al. 2008; Colombo et al. 201Hpowever, Colombo et. al did observe
tight cellcell packing and cuboidal shapes in overconfluent cells at day 14 regardless of the
C&* concentration, highlighting the effect of cealensityinduced diferentiation. The
differences may be due to the €aoncentration used whereby one used 0.09 mM and 1.2
mM (Micallef et al. 2008and the other 0.07 mM and 1.8 miColombo et al. 2017pr low

and high C#-containing medium, respectively. Furthermore, Micallef et al. cultured HaCaT
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cells inkeratinocytesSerum Free Media (KSFM) supplemented with epidermal growth factor
(EGF) whereas Colombo et al. used the conventional DMEM medium. A previous study has
reported that EGF can influenkeratinocytesnorphology by inducing cell contractifHaase

et al. 2003) Here, DMEM without EGF supplement was used demonstrating a discrepancy
GAUK [ 2t2Y02 SO I tecdecantratichdiset heGeAdddlowt cénBlitionsK S/ |
were different (0.3 mM/0.03 mM vs. 0.07 mM). Moreover, HaCaT cells were given at least 3
weeks in their respective medium before initial characterization in this study, whereas
Colombo et al. cultured cells for 6 and 14 days directly afterC&*switch before analysis.
Indeed, the absence of intercellular adhesion in HaCaT cells was observed after 3 weeks in a
low C&* environment (Wilson et al. 2007)High celdensity (>90%) resulted in similar
intercellular adhesion and shapes as cells maintained in highele®als (Appendix A2).

Overall, the morphological changes observed in HaCaT cells cultured under diffefent Ca
levels confirmed previous reports, but also demonstrated how differing culture conditions

can affect morphology.

In vitro, an increased proliferative capacity in presence of low extracelluldt @z
reported in mammaliarkeratinocytesnearly 40 years ago, whereas exposure to hight Ca
significantly reduces proliferatiofHennings et al. 1980; Boyce and Ham 1988g effect of
C&* on the proliferation rate can be evaluated to determine levels kefatinocytes
phenotypic diffeéentiation. In fact, low Cdlevels in the basal layer of the epidermis keeps
keratinocytesproliferative, whereakeratinocytesof the suprabasal layers differentiate in
presence of higher Ca(Bikle et al. 2012; Elsholz et al. 2Q1#)owever, the lack of
standardsed culture conditions has resulted in a poanlyderstoodrole of theC&* switch on
HaCaT proliferation. Here, a significant reduction in HaCaT cell numbers was detected when
exposed to the high Cacondition (2.8 mM) after 8 day@igure 2.6) A similar trend was
previously reported when HaCaT cells were cultured in 1.8 mM compared to cells grown in
0.07 mM (Colombo et al. 2017)Contradictory results were reported by Micallef et al.,
demonstrating a hyperproliferative response to higli‘€ancentrationgMicallef et al. 2008)
However, a Cdconcentration of 1.2 mM was used in the latter study, lowean 1.8 mM in
/ 2t 2Y02 S iiand 2{8@nM dn this prdER® Moreover, EGF was supplemented in the
culture medium which has previously been associated gtiatinocytegroliferation (Haase

et al. 2003) It has been previously reported that decreased proliferation in HaCaT cells is only
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observed in C& concentrations greater than 1.5 mM, demonstrating the degree of
insensitivity to extracellulaC&* (Sakaguchi et al. 2003)ndeed, Sakaguchi et al. exposed
NHEKand HaCaT cells to increasixgracellular C& concentrations of 0.03 to 1.5 mM and

1.5 to 10 mM, respectively, and reported a 40% intracellular increase in both cell types
(Sakaguchi et al. 2003)hese disparities may be due to differences in culture conditiords, Ca
concentrations used in the media, and to the reduced sensitivity of HaCaT cells to
environmental factorsin contiast toNHEKSakaguchi et al. 2003pnly one approach to this
date has provided approximate easurements of Cain the intact epidermis, using the
phasor representation of Fluorescent Lifetime Imaging (FL@dli et al. 2010; Behne et al.
2011) The limited sensitivity range of the Taye however, could not detect concentrations
below 0.5uM and above 2M (Celli et al. 2010)suggesting a higher €asensing ability of
keratinocytesn vivocompared tan vitro, which is reported to initiate & )xMmnn ka 0 n ®m
Thisdiscrepancy highlights the limitations of 2D monolayer culture models and how it can
affect cellular functions and responses to stimuli. It furthermore emphasizes the need to
generate more structurally relevant 3D skin modéfsleed, the immortalized nate and

serial passages of a cell line could cause genotypic and phenotypic alterations with time.

Whether HaCaT cells present an appropriate substitute model is questionable and seems
to depend generally on the main interest of the study. Nonethelesgnitains widely used
due to its ability to retain characteristics and functional properties of normal human
keratinocytedifferentiation.Despite the differences between studies, exposure to hight Ca
levels is associated with decreasedoliferation (Figure 2.6) these differences can be
explained by variations in experimental procedures and study aims. Here, a significant
decrease in cell count in VLC, NC, and HC (0.03, 1.8, and 2.8 mM) conditions was observed
compared to the LC conditn (0.3 mM) at day 4; however, no difference in cell numbers was
seen after 8 days between the LC, VLC, and NC conditions. Interestingly, an original paper
described 0.3 mM Caas the optimal level for efficierkeratinocytesproliferation (Boyce and
Ham 1983) Whilst there was no significant difference in cell count between LC, VLC, and NC
conditions after 8 days, itould be noteworthy to extend the incubation period to 14 days,
for example, to further evaluate potential variations in cell proliferation. However, this may
result in high celtlensity, which may be an additional pdifferentiating factor. Further

confirmation of the proliferative capacity may be assessed throcmbrimetricassays, DNA
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synthesis monitoring and cell cycle analysis. HaCaT cells grown in HC showlepémedant
cell number increase suggesting a constant mitotic activity kgeatinocytesof the upper
granular layer have been shown to cease cell division. Raising thée@a to the point of
growth arrest or very slow growth may be explored but results in significantly lower
throughput of the cell culture process. This concomitantly dastmtes the flexibility and
limitations of immortalized cell lines as a 2b vitro model to study keratinocytes

differentiation.

Ca*inducedkeratinocytesdifferentiation is associated with the expression of specific
biochemical markerfFigures2.8& 2.9). The prolonged effect of a €awitch on HaCaT cells
in vitrowas investigated by evaluating the expression levels of four differentiation markers:
K5, predominantly expressed in the basal layeCaaherin, mostly present in the supbasal
layers, K10, and\V, mostly restricted to the upper differentiated layerBhe data obtained
in this study generally coincides with previous observations éf&@al celldensityinduced
keratinocytesdifferentiation (Kimutai et al. 2002; Lemaét et al. 2004; Wilson et al. 2007;
Micallef et al. 2008; Tu et al. 2008; Borowiec et al. 2013; Colombo et al.. 20dwgver, the
effect of a long term Céa switch on K5 expression ikeratinocyteshas been rarely
investigated. In this study, HaCaTlsehaintained in lower Cacontaining media (LC/VLC)
retained a basalike phenotype expressing high levels of K5. It is worth noting that K5 is an
intermediate filament (IF) which dimerizes with Keratin 14 (K14) in the stratified epithelia and
are expresed as a pair. Moreover, depleting K14 results in a significant decrease in K5 in
HaCaT cell@lam et al. 2011)With this in mind, a substantial decrease in K14 expression in
HaCaT cells was previously reported as a result of higHemsity, regardless of a €ahange
(Colombo et al. 2017)n contrast, a CGaswitch from 0.1 mM to 1.8 mMvas accompanied
with a decreased K5 mRNA and protein expressiditHEKndependently of their confluence
state(Borowiec et al. 2013Here, a more or less differentiated phenotype is observed in non
confluent HaCaT cells only. Interestingly, HaCaT cells in highemédium showed a
progressively weaker expression from NC to HC destnating a possible Gadependant
expression of K5 and exhibiting a more differentiated phenotype. However, K5 is supposedly
restricted to the basal layer which emphasises the limitationghofitro culture models to
studykeratinocytedifferentiation. In agreement with previous studies, a switch to high*Ca

stimulates an increase in the early and late differentiation markers kKGadherin and INV
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(Yuspa et al. 1989; Su et al. 1994; Kimutai et al. 2002; Wilsdn2&(¥'; Micallef et al. 2008;

Tu et al. 2008; Borowiec et al. 2018n early study demonstrated that loss of?Gallowing

acute barrier disruption was accompanied with a decreased expression of several
differentiation markersn vivq includingLoricrin, Fillagrin, and\NV (Kimutai et al. 2002)The
expression of the markers was restored when the perturbkith was exposed to high levels

of extracellular C& (1.8 mM) and in contrast remained low when exposed to lo# @03

mM) (Kimutai et al. 2002)0f note, K10 expression was also investigated by western blot, but
the experimental band size observed was smaller than the predicted one, requiring additional
interpretations. Moreover, due to technical difficultiedNV was nordetectable by
immunofluorescence, which may need further experimental optimisation. Other findings
observed no significant effect of a&ahange orkeratinocytesdifferentiation, but rather a

cell densitydependant effect or even a combinatiof both (Lemaitre et al. 2004; Colombo

et al. 2017) Lemaitre et al. reported a similar differentiation expression prasil proteins

and transcripts between HaCaT cells &ttdEKcultured in high CH (Lemaitre et al. 2004)n
another study, HaCaT cells showed a delayed expression of differentiation m&t&esasr( 1

(K1), K10 andNV) when exposed to high €41.2 mM), compared toNHEK under similar
culture conditiongMicallef et al. 2008)

The lack of standardized culture conditions makes it difficult to draw comparisons
between findings. Furthermore, the underlying mechanisms éf-Dduced differentiation
are diverse and involve genomic and rgenomic pathway¢Bikle et al. 2012)Although the
keratinocytesdifferentiation process is known to be triggered by extracellulad*,Gaudies
have shown that it is the increase and sustained release of intracellldgm@zdiated by the
calcium receptor (CaR)at is vital for differentiation(Bikle ¢ al. 2012; Tu and Bikle 2013;
Elsholz et al. 2014 his implies, that the process of tissue maturation of 3D bioengineered
skin models relies not only on the addition of externad*@a a triggerbut also on théntrinsic
expression levels of CaR the keratinocyte populations and internal Camediated
pathways.This is demonstrated in 3D organotypic culture models which conventionally use
only onekeratinocytespopulationand are grown in static €aconcentration leved, resulting
in fully stratified epidermal structures and falickness human skin modglReijnders et al.
2015) Indeed, the shift from liquidiquid to airliquid-interface (ALI) allows the externala

source to diffuse from the bottom to top layers, triggering the differentiatiokerfatinocytes
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and epidermal stratificatioigSutterlin et al. 2017; Roger et al. 2019pwever, as mentioned

in Section 1.2.3such skin tissue models still lackstructural and functional complexity,
which may be due to the oversimplified culture conditipfised Ca*concentrations, andell
populations usedindeed a study revealedhat reconstructed human epidermal models
demonstrated distinct epidermal morphlmgiesdepending on the CGaconcentration they
have been cultured iiMalak et al. 2020)Hence the model developed in this chaptenay

not be sufficient in generating more relevant epidermal structunme andmay requirea
controlled externalC&*source that can replicate the natural ndinear gradient found in the
epidermis(Stterlin et al. 2017)The presencefaC&*results in higher intercellular adhesion
through an increased formation of tight junctions, desmosomes and adherens jun(Bites

et al. 2012) This in turn, couldrigger a signalling pathway to release?Clom the
intracellular stores required for differentiation. Indeed, studies reported that deletion-of E
cadherin inkeratinocytes a component of adherens junctions, leads to loss of-cal|
adhesion and a camomitant impairment of Cdinducedkeratinocytedifferentiation (Xie and
Bikle 2007; Tu et al. 2008; Bikle et al. 201®ecifically, extracellular €@romotes the
formation of the Ecadherinrcatenin complex which increases intercellular adhesion; this
allows theincreased stimulation of CaRs which promote intracelluldti€kease through the
phospholipase C (PLC) signalling pathway. Interestingly, this process provides the epidermis
with mechanical strength whilst stimulatirkgratinocytesdifferentiation. Thecritical role
intracellular C# playsin keratinocytesdifferentiation was confirmed by Celli and Behne et
al., who revealed that Cais indeed predominantly located in the intracellular stores with
very low amounts of extracellular €ahroughout the ntact epidermis(Celli et al. 2010;
Behne et al. 2011)In contrast, Ca-regulated differentiation in 2D monolay culture
requires high variations of extracellular®®a induce phenotypic and genotypic changes. This
may be explained by the lack of 3D @&l interactions and an oversimplified
microenvironment in 2D. Taken together, these results imply thatudfit keratinocytes
culture conditions can affect €asensing properties, resulting in discrepancies between
studies. Hence, optimising tissue engineered skin models could benefit from generating
keratinocytes at specific phenotypes that respond physiologically to**Qazariations
beforehand. Bio-printing these different keratinocytes populations in defined spatial
locations akin to the epidermis, has the potential to recapture essential cellular functions

required for efficient tissue maturationFurthermore, controlling the external €devels
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could provide a more physiological environmeht. this date, very few studies explored the
expression of both proliferation and differentiation markers simultaneouskeratinocytes
when induced to differentiate. Here, HaCaT cells that have retained a proliferative phenotype
still show a weak expression of K16C&dherin, and INV. Equally, differentiated HaCaT cells
still retain weak K5 expression. This observatioggests that Ca alone is not sufficient to
maintain HaCaT cells in a complete proliferative or differentiated phenotype, highlighting
potential drawbacks of 2D monolayer culture. Nonetheless, under meticulously optimized
and monitoredin vitroculture corditions, HaCaT cells can be used as a reliable differentiation
model. Borowiec et al. emphasized on this by demonstrating that cell culture timés, Ca
concentrations, confluence status, media supplements, presence of absence of serum, or
incubation tempeatures are variables which influeng&eratinocytesdifferentiation in vitro
(Borowiecet al. 2013) It is clear from these studies that the differentiation processivo

relies on multiple factors which are difficult to control and repliceteitro.

In conclusion, by eliminating the confluence factor and simply switchingf Ca
concentrations, HaCaT cells are shown to retain specific differentiation features fetelong
experimentation. These characteristics could potentially reflect the functional traits of each
layer of the epidermis.Phenotypically proliferative/differentisgd HaCaT cells can
subsequently be used as a eetised bieink to generate a layered 3Bio-printed epidermal
human skin model. In fact, most epidermal skin models are generated kesnatjnocytes
pre-grown in conventional cell mediuiRoger et al. 2019)t would therefore be of interest
to investigate how several different phenotypically gstablisheckeratinocytegpopulations

would behae under 3D conditions in comparison to only one.

C2tt26Ay3 FTGGSYRIYyOS 4G GKS Dw/ 0D2NR2Yy wS
al YYFEALY {1AYEé Ay | dedratmdodyteseet soqrze far 9D ahd 3D S N/ |
human skin models was suggest&dpwn as the immortalized N/TER&ratinocytes(Smits
et al. 20%). Developed in 2000 by Rheinwald et al., N/TERT cells are generated by
concomitantly introducing a telomerase catalytic subunit (hTERT) and inhibiting the
pRB/p1&¥k4acell cycle control mechanisin primary neonatal foreskikeratinocytes(Hahn
et al. 2000) This resulted in an immortalizéetratinocytescell line that exhibited a normal

keratinocytesdifferentiation pattern and functionality in 2D and 3D organotypic cultures.
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(Smits et al. 2017)The similarities in differentiation characteristics KtHEKproved the
superior attributes of N/TERTs over HaCaT cells. One of the major drawbacks of using HaCaT
cells in HaCadlerived skin tissue models is the absewta stratum corneum as a result of
abnormal epidermal stratification and irregular terminal differentiation expresgiwelsma

et al. 1999; Schoop et al. 1999mits et al. characterised N/TB&Tatinocytesn comparison

to NHEKand found that N/TERKeratinocytesretain a normal terminal differentiation
expression pattern wén cultured in 2D. Furthermore, N/TER@rived skin models showed
terminal differentiation and the establishment of a stratum corneum, which is essential to
form a functional barrier(Reijnders et al. 2015; Smits et al. 201Therefore, N/TERT
keratinocytescan potentially result in a more physiologically releviaiatprinted skin model,
recapitulating all emlermal layers and retaining more functional characteristics in contrast
the HaCaT cell line. Therefore, previous studies investigated that NKEERihocytesshould

be a more appropriate alternative to HaCaT cells. Hence, HaCaT cells were substitated wit
the hTERTKerCT (ATGE CRE40481) (hTERImmortalised humanneonatal foreskin
keratinocyte3, which ismmortalized by hTERT antbuse cyclirdependent kinase 4QDK4,

for the remainder of the projeciThe hTERT/K&T line differs to the N/TER&ratinocytes

only by the overexpression of CQKwwever, it retains all the aforementioned advantages

of the N/TERKeratinocytescell line as a 2D and 3D skin moffeéijnders et al. 2015; Briley

and Shapiro 2016; Beckert et al. 20Eforts to phenotypically characterise them in different
Ca&*concentrations, replicating the work carried out on HaCaT cells, is still in progress, and

should ideallyprovide a more relevant cell model.
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Chapter 3 Optimisation d
alginate droplet production for
keratinocyte encapsulatiorg
Developmentof the bioink
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3.1 Introduction

Cell encapsulation in discrete droplets provides a route tbiBEprinting larger structures
from multiple biaink droplets(Graham et al. 2017; Richard et al. 2020)merousn situcelt
encapsulation strategies exist and have been previously repofithng et al. 2020)
Generating discrete gelled droplets using microfluidics allows for the encapsylatio
compartmentalisation and manipulation of cell populations on the micros(&drabi et al.
2020) Furthermore, such gelled hydrogel droplets can be used as incubators for cell culture
or/and as microcaier systems for the precise deposition of daliien dropletgUtech et al.
2015; Graham et al. 2017pue to its biocompatibility, simple gelation methods and
biodegradability, alginate is a common hydrogel choice forerehpsulation(Choi et al.
2007) Hence, alginate droplets, can be used asrhaterial for the encapsulation of skin cells
and subsequently the spatial control over precise deposition of droplets for the fabrication of
3D tissue structuregRichard et al. 2020Ensuring optimal cell viability and encapsulation
relies on the method of encapsulation and alginayelrogel properties which should provide:
(1) low toxicity, (2) minimal external manipulation, (3) sterility, (4) sufficient nutrient delivery
and (5) and secure entrapmer®ne route for uniform microgel droplet production involves
the emulsion of two immnscible fluids using -junction, coeflowing or flowfocusing
microfluidic devices, and a subsequent ionic crosslinking method, resulting in internally gelled
droplets(Tan and Takeuchi 2007; Zhang et al. 2007; Utech et al. 2015; Morgan et al. 2016)
As described i€hapter 1jonic crosdinking involves the formation of hydrogels by coupling
ionisable polymers with charged divalent ions. Whilst alginate can be gelled via ionie cross
linking, not all bigpolymers can. Alginate droplet production has beercessfully achieved
in previous reports by forming emulsions of a sodialginate and CaG®olution in an oll
phase containing acetic acf@dhang et al. 2007Jpon contact between both phases, thel
reduction results in the liberation of €dons, allowing the crosslinking of the alginate
hydrogel.The partitioning of acetic acid from the continuous oil phase to the aqueous alginate
phase provokes this reduction in pH, which in turn liberates@&gions. The Caions then
diffuse into the droplet to initiate gelatiarin this study, d@-junction microfluidic device was
used in combination with the alginate internal gelling method, to produce monodisperse

microgels.
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Two main strategies in the rpduction of gelled Caalginate droplets for cell
encapsulation using dropldtased microfluidics, including external and internal gelation,
have been extensively described for the past 15 y€augjiura et al. 2005; Liu et al. 2006; Tan
and Takeuchi 2007; Zhang et al. 2007; Akbari and Pirbodaghi 2014; Chou et al. 2015; Hidalgo
San Jose et al. 2018Whilst internal gelling iachieved through the crodgking of alginate
droplets within the microfluidic device before extrusion, as described in the previous
paragraph, external gelling involves the deposition of 4pofymerised alginaten-oil
emulsions into oil baths contaimgnCa&*, which then induces gelation external{fan and
Takeuchi 2007; Akbari and Pirbodaghi 2014; Ching et al. 2A81fiure recapitulating both
strategies is shown ifigure 3.1.Studies have shown that the intemhapproach generally
provides improved control over droplet gelation, resulting in higher monodispersity, better
droplet solidification, and more defined spherical structuf@oncelet 2006; Akbari and
Pirbodagh014yp hy S SEI YLX S 2F +y SEGSNYylf 3SttAy3
work, whereby two separate microfluidic streams to produce alginate emulsions ang CacCl
emulsions. Calcium alginate beads were then formed and gelled through coales¢drath
droplets. The external method used in this study however, resulted in relatively low
monodispersity, low sphericity, and-dkfined beads(Sugiura et al. 2005)Alternatively,
Martinez et al. used a different external gelation approach, whereby a double emulsion
template consighg of an aqueous alginate core in a mineral oil shell was formed in a coaxial
microfluidic device. Alginate droplets were then collected in a{3afitionand slowly gelled,
as they selkeparated from the oil shglMartinez et al. 2012)Despite the efforts to precisely
control droplet formation in this study, the gelled Galginate beads resulted in nen
spherical teardrop shapes which formed in approximately 4 minutes. In contrast, the work of
Zhang etal. in 2007 suggested that external gelation provides improved gelation and control

over droplet morphologyZhang et al. 2007)

Dropletbased bigprinting (DBB) has been showm be versatile, agile, practical, and
more importantly, provides efficient precision ovdxio-material deposition patterning
(Gudapati et al. 2016; Jian et al. 2018espite these advances, DBB has met several
challenges, particularly associated with its printhead design, which restoatsot over
droplet volume, cell density per droplet, droplet deposition precision, and the use of a wide

range of bieinks (Dababneh and Ozbolat 2014; Gudapati et al. 206k to its abiliy to
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produce scalable monodisperse droplets at high throughput, microfklids=d microdroplet
production is an inexpensive and appealing alternative to overcome some of these
limitations. (Huang et al. 2017; Sohrabi et al. 2020his stems from thelzd SN a F 0 A f A (
precisely control a wide range of microfluidic experimental conditions, such as tubing lengths,
channel geometry, diameter of internal tubing size, flow rates;ibkoviscosities, chemical
gelation, etc.(Zhang et al. 2020piverse nicrofluidic fabrication techniques, including soft
lithography, microstructure milling, and 3D printirfiggveallowed to generat@levicesat high
resolutionsthat can range from~50 nmto 1000 um, offering high levels of precision and
flexibility of droplet scalability To this date,very few studieshave shown potential in
generating multimaterial/multi-cellular constructs with high resolution, by integrating a
droplet-basedmicrofluidic system to a 3bio-printer, using a low viscosity biak (Colosi et

al. 2016; Graham et al. 2017)

A Sodium alginate
solution

Ungelled droplet

@ © 0@

Gelled droplet

B Gelling bath

e  Calcium carbonate »~ Sodium Alginate

H H*

Figure3.1 Alginate droplet crosdinking strategies.

(A) External gelatiois commonly achieved by depositing rgeled droplets of an alginate solutic
in an oil bath containing calcium, which allows dooplet crosdinking.(B) Internal gelatioris
achieved within the microfluidic tubing upon diffusioracétic acidnto the alginate/CaC&emulsior
(or other sources of calcium), provoking a pH reduction and liberatiorfoff@a C# then cross
links the alginate polymers to form a hydrogedken from(Ching et al. 2017)

105



[ 1T 1Tt¢9w o

3.2 Aim and objectives

The aim of this chapter was to produce gelled alginate droplets for skin cell encamsulat
using at-junction microfluidic device. These droplets will serve as the-giating bio
material and subsequently the bimk upon cell encapsulatiorwhen incorporated in

conjunction with the custonbuilt 3D bieprinter.
The aim was divided inteeveral objectives, including:

1. Characteriselginate droplet formation, gelling properties, droplet morphologies
and sizes by exploring different microfluidic parameters, includingraterial
flow rates and reagent concentrations.

2. Investigate kin cell encapsulation for cell viability pestcapsulation, cell
entrapment efficiency, cell dispersion, and cell density, at the individual droplet

scale.
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3.3 Materials and Methods

3.3.1 Preparation of microfluidic device and reagents

The oil phase was prepared by diluting 0.5% glacial aaetit SIGMA) in mineral oil
(SIGMA). For the aqueous phase, 2% low viscosity sodium alginate (SIGMA) was dissolved in
deionised water. NanocrystalknBioUltra precipitated CaGOat a concentration of75
mg/mL, was added to the alginate solution, then the blend was thoroughly stirred at RT for 2

hours with a magnetic stirrer.
3.3.11 Microfluidic device and syringe preparation

The microfluidic device usedrfall experiments consisted of a Tefzel (ETFE) microfluidic
3porttjunctiong A G K I GKNXz K2tS aAl S 2F nodnuné ondpn
outer diameter (OD) tubings (Kines(§)igure3.2 e). Fluorinated ethylengropylene (FEP)
microfluidic tubings with OD and IDter andA Yy § SNy £ RAIF YSGSNL &AT Sa
(~0.8 mm), respectively, were cut using a MicroSolve Technology-Cig80 to generate 2
equal length tubes of 20 cm and®nf 9 cm Figure3.2 a & b).The FEP exit channa&fl 9 cm
in length allowed the extrusion of gelled droplets into a recipient. All tubes were fitted with
flangless fittings and ferrules on one end and screwed intdfoactionQa Ay G SNyt (K
shown inFigure3.2 c, d & e(t-junction end) Whilst the longer tubes were fitted in the left
and right ports, the exit tube was connected vertically to ensure droplet deposikguie
3.2h) (syringe end) The other end of the longer tubes was inserted into a coned fitting which
in turn was connected to a Luer Lock Adaffeigure3.2 f & g). This allowed for a leakee
connection to 3 mL plastic syring@sgure3.2i). The syringe driver injects the liquid phases
into the microfluidic tubes allowing waten-oil droplets to fom when both oil and aqueous
phases are combined in thigunction device A schematic representation of thejunction

microfluidic assembly is demonstratedfigure 3.2 j,with an indication of the dimensions.
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= n{ * (= r,u,,ct,on end i)
WT 2.21cm “ D

I

Syringe end

Figure3.2 Accessories used for the microfluidic device.
a) FEP Tubing, b) MicroSolve Technology @e#0, c) ferrule attached to the end of the tub{tig
junction end) d) flangless fitting, edttachment of a tubing to a ETFjunhction port f) coned fitting
inserted into the tubgsyringe end)g) Luer Lock Adaptor attached to the coned fitting, h) attach
of the 3 tubings to the-junction,and i) 3 mL syringes installed on a syringe dshewing the
interactive setup menuCeproduced with Katie Harvey & Katherine Slodhschematic
representation of the microfluidigjinction and tubing assembfyrocedure.
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3.3.1.2 Alginate droplet generationg Preparation of the bie

material

Alginate dropets were generated by means of a dropkeised microfluidi¢-junction
device (Kinesis, SUPEL@&Jure3.2 & 3.3). Glacial acetiacidin mineral oil (SIGMA) was
continuously delivered into one channel as the continuous oil phase (green ovbkeeas
the aqueous phase or alginate/CaLéblution was delivered into the opposite channel
(aqueous phase: blue circl¢frigure 3.3 A). Both phases were delivered via 3 mL plastic
syringes with a diameter of 8.66 mm. The interfacial tension between the two immiscible
phases creates consistent monodispensater-in-oil emulsions Subsequently, alginate
droplets are gelled downstream of thigunction via ionic crosslinking with bivalent €zas
described irSection 3.1(Tan and Takeuchi 2007; Utech et al. 2015; Moret al. 2016)The
liquid materials are pumped using a dual syringe infusion only pump (KDScientific) at the
desired flow rates (ahr) (Figure3.2, 3.3 B & C) In the case different flow rates were
investigated, 2 dual syringe pumps were used forheagringe. Droplets were deposited

either in oil, air, cell medium, or dB, depending on the experimental procedure.
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Figure3.3 Alginate droplet production using anicrofluidic tjunction deviceand infusiononly
dual syringe pump
(A, B) Schematic representations of theriction microfluidienethod to generate gelled
monodisperse alginate dropletahich constitute the bimaterial. The tjunction andmicrofluidic
channels are connected to syringes containing therikidoil phase and alginate phase) which
installed on a syringe pump allowing to drive the contents at defined flow rates (mL/hr). (C)
of the dual syrige infusion only pump (KDScientific) used, shown on the left and an enlarge
of the tjunction devicen the right. During optimization, the system was installed on a labor:
stand holder(Coproduced with Katherine Sloan)
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3.3.2 Alginate doplet generation imaging and analysis

To determine droplet length and frequency, the microfluidic system was mounted
vertically on a light block next to a referenneeasuring tool, with a US&mera focused on
the exit tubing(Figure3.4 A). To ensure dicient fluid flow, the microfluidics system was
flushed with ethanol then deionized water with clean syringes between each run. Generated
waste was deposited in an empty 50 nfetri dish (THERMO) and disposed of in an acid
waste bottle. Droplets were extded by submerging the exit tube directly in a clean 50 mm
Petridish containing mineral oil. The exit tubing lengtih nozzle, measured 9 cm in length,
which provided an adequate distance when installed onto Haiz unit of the LEGO® 3D-bio
printer, which is explained more in detail ®hapter 5. Reagents were drawn into separate 3
mLsyringes and air bubbles were removed. Syringes were installed on syringe drivers and the
desired flow rate in mL/hr along with the syringe diameter size (8.66 mm) vedeeted on
the syringe driver. To ensure full infiltration of the microfluidic channels with the reagents,
the fastforward flow button was pressed. The start button was manually pressed on each
syringe driver in unison and the exit tubing was monitoreddkts flowed for 1620 seconds
before analysis to ensure a consistent flow. For each tested flow rate, a 6 second video was
recorded, then flow was paused, and the process repeated to collect 3 videos. The oil phase
was run at 10 mL/hr to flush the exitbing between tested flow rates. Testing began with
reagents flowing at equal rates of 2 mL/hr, increasingnoyements2 mL/hr until reaching
20 mL/hr. Additionally, flow rates were tested when 0.5% AA in mineral oil was kept constant
(20 mL/hr and 20 m/hr). At a constant oil or continuous phase of 10 mL/hr, the alginate or
agueous phase was increased by incrementsrat zhr, starting with 2 mL/hr until 10 mL/hr.
At 20 mL/hr, the aqueous phase was increased by increments of 4 starting at 4 mL/R0Ountil
mL/hr.
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Figure3.4 Experimental setup and analysis of microfluidic droplet generation.
(A) The microfluidic system was mounted vertically on a light block witfeeence scaling tool and a US
camera focused on the estitbing. (B) A screeshot of the scalingool used in Image J (Fiji) to measure
droplet length, which was scaled to the known tubing diameter (1.59 mm). (C) The microfaxtiaad its
profile plot generated in Image J. Pifgl- f dzSa 2 MNkisi M@an) areipdotted against video frame
number (Xaxis: Mean), defined by the calr contrast between the droplets and the oil phaggoduced by
Katherine Sloan).
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3.3.2.1 Evaluating alginatedroplet frequencyproduction

To evaluate frequency, the number of droplets passing through the tubing per unit of
time was assessed. Similarly, the flow of droplets was recorded, and the video was analysed
through Image J (Fiji straight line (yellow line) peresponding to the region of interest (ROI)
was drawn across the tubing, under one droplet, at a fixed location; as droplets passed the
line, a change of contrast between darker droplets and the lighter oil phase was detected and
translated to a fluctuabn in pixel numbergFigure3.4 C) A plotted graph of pixel numbers
(y-axis) detected by passing through the line at different framesx(g) was generated. Thus,
each peak represents one droplet that has passed the ROI. -Eberdinates of 10 peaks
were recorded and the distance between peaks was analysed (n=9), to determine the average
number of frames between two droplets. This was converted to seconds by dividing the
number of frames by the video recording frames per second. Droplets per second were
calculated by dividing 1 by the number of seconds. Frequency average and standard deviation
over three videos were calculatedReattime image processing through video recording
provided a temporal analysis method to efficiently identify and count droptbis was done
by assessing the colour contrast between the aqueous and oil phase over a specific period

(per frames)Figure3.4).

3.3.2.2 Evaluating alginatedroplet length

The length of droplets was evaluated through analysis of the recorded droplet
production. Videos were imported into the Imade(Fiji) software and scaled by drawing a
straight line (straightine tool shown in yellow) across the knowater tubingdiameter (1.5
mm)(Figure34B® hy OS (GKS aolOltS gla aSax I AGNIAIKDE
to assess droplet dimensions. Individual droplets were measured by analysing 3 droplets per
video. The inner tubing diameter was fixed at 0.7®m; therefore, droplets were not
measured in width, regardless of the morphology generated in the microfluidic tube. A

schematic of the measurements conducted are showRigure3.5.
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Figure3.5 Schematic design of alginate droplet measurements inside a microfluidic tube.

3.3.2.3 Evaluating alginatedroplet gellingquality

Alginate droplets were generated as described previously, using the same microfluidic
device(Figure3.4 A) and exit tube length (9 cm). To determine whether the droplets were
gelled within the microfluidic channelpon extrusion, the droplets were directly extruded in
dHO in 24 well plates at different flow rates and reagent concentratidhg effect 6 flow
rate changes on droplet gelling quality wexaluatedusing fixed reagent concentrations of
75 mM CaCg¢) 2% alginate, and 0.5% glacial acetic acid, as described in a previous study
(Baxani et al. 2016The effect of reagent concentration variations on droplet gelling quality
was invesgated at a fixed equal flow rates of 4 mL/hr for both the oil/AA and alginate
solution, but withdifferent CaC@concentrations of 0.75 mM, 0.5 mM, and 0.25 mM in 2%
alginate were tested in combination with increasing concentrations of glacial acetiinacid

mineral oil of 0.1%, 0.2%, 0.3%, 0.4%, and 0.5%.

Each well containing droplets was imaged using a phase contrast micro§obpepus

IX50)coupled with a 9 megapixel (MP) digital camera (AmScope) to evaluate the overall
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quality of droplets at a 4x ngmification. Images were captured using the ToupView (ToupTek)
software. Sufficient alginate droplet gelling was assessed by observing several characteristics
including: overall shape (sphericity), size, contact between droplets (fused or individual), and
visibility of the droplet perimeter. Contact between droplets was considered the most
important factor in evaluating sufficient gelling of individual droplets. For each tested
condition, 1- 2 minutes of continuous droplet extrusion was allowed per wethilimum of

5 different regions of the well was captured to analyse the variability of droplet formation.
Gelling efficiency was evaluated by imaging the overall outer structure of droplets through

phase contrast microscopy observation
3.3.24 Measuringalginate droplet length post-extrusion

Phase contrast images taken of extruded droplets were analysed using Image J (Fiji). A
1 mm stage graticule slide was used to calibrate image analysis and set the scale bar. Once
calibrated, the diameter of individual dropktvas measured by drawing a straight line across
each one. A numerical value corresponding to the size of droplets in mm was generated by
OK22aAy3d (KS 2LIA2Y aG!-¥FLKSEBNBOE!  REBF LIS & & 0K
shapes were measured alotige long axiglength) and across (widthfhe number of droplets
measured varies from each condition but was maximized to the amount of visible gelled

droplets.

3.3.3 Generating keratinocytdaden alginate hydrogels;

Preparation of the bieink

For cell encapsation, an alginatenedia (DMEM) solution was prepared as described
in Section 3.3.1.2 but by using cell culture mediddMEM)instead ofdHO. Calciurdree
DMEM was supplemented with 1% PenicifileptomycinGlutamine (PSG). The alginate
DMEM solution were stirred for 2 hours at room temperature. The plastic syringes used were
sterile and disposable. HaCaT cells were detached, suspendedtumecmedium, and

counted using a haemocytometer, as describefecation 23.1.5 The cells were centrifuged
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the medium was discarded, thehe cells weraesuspended at a density of 10 million cells

per mLin the alginateDMEM solution also known as tbicink.

The bieink (HaCaT cells + alginate + DMEM solution) was gelled in the fdtiaGaT
celtladen alginate droplets as describedSaction 3.3.1.2Alginate gelation occurs internally
in the forms of droplets, allowing for the encapsulation of cells within individual droplets.
Monodisperse alginate droplets containing HaCaT cells were generated using the microfluidic
device and extruded in &0 mm Peti dish containing sterile mineral oil. After bprinting,
the sterile mineral oil was removed, and the dalien hydrogel droplets were washed twice

with PBS then kept in culture medium at 37° and 5%ic@én incubator.

3.3.4 Determining count andviability of encapsulated

keratinocytes

An equal flow rate of oil to alginate phase of 4 mL/hr was used to generate the cell
laden droplets. HaCaT cells were either seeded at a 15@,@l0density per well in a 6 well
plate for the control condition in 2Bulture, or 3D bieprinted in alginate droplets to yield the
same number per well. A cell density oft8lls/mL was mixed in the alginate/ CafliMEM
solution, and an equal flow rate of 4 mL/hr was used. To generate 150,000 cells per well, a
finalextrud 2y @2f dzvyYS 2F wmp > [ Thelsiotd, & Sitifuous éxtiusidd S i S NI
time of 13.5 seconds per well was carried .odaCaT cells were 3D kointed in sterile
mineral oilwhich was directly removed after extrusion, and the -tatlen droplets wee
washed and maintained in culture medium at 37°C and 5%rCé&n incubator. Celhden
alginate droplets were incubated in a filter sterilised solution of 250 mM
Ethylenediaminetetraacetic acid (EDTA) aRBS for 15 minutes for complete droplet
dissoluton and cell liberation (further optimization for alginate droplet dissolution was
explored inChapter 6 The cells were transferred to a 15 mL falcon tube with fresh DMEM
and centrifuged atLl60 x dor 5 minutes. The supernatant was discarded, and the oadle
resuspended in 5 mL of fresh DMEM. Cell viability was assessed by counting the number of

viable and dead cells using the trypan blue exclusion method as descriBection 2.3.1.5
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For the control condition, cells were incubated with trypEBTA®.9 mM EDTA) (Thermo)

for 15 minutes then cell viability was assessed, similarly.

3.3.5 Imaging cellladen alginate droplets; Bio-ink

3.35.1 Phase contrastnicroscopy

Phase contrast and brightfield images of Ha€adapsulated alginate droplets were
captured using & 1X70 Olympus Inverted Phase Contrast Microscope (Olympus) and the

analysis getlT software for image analysis.
3.35.2 Confocal microscopy

Prior to encapsulation, HaCaT cells were fluorescently labelled with either the
/] Stftalalxn DNBSyYy L} | &b) ord SiveéDddd sfalh (ablil9347)for 0 ¢ K
confocal microscopy visualization. The Live/Dead staining solution is a mixture of two
fluorescent dyes: The live cell dye which labels viable cells green and the dead cell dye
labelling dead cells red. The green, fluorescent dyenembrane permeant and produces
green fluorescence only following enzymatic activity in viable cells. The red dye only
penetrates dead cells with compromised plasma membranes and produces red fluorescence

upon binding to the DNA.

Once detached with yipsin from the flask, HaCaT cells were washed with PBS and
DMEM (to neutralize any remaining trypsin), counted and centrifuged & x g The
supernatant was discarded, and the cells were incubated with the Live/Dead stain in the dark
at a working solutio of 10x in sterile PBS for 10 minutes. Then, HaCaT cells were washed 3
times by centrifuging, discarding the supernatant and adding sterile PBS. After the final wash,
the PBS was discarded, and the cells were resuspended in a sterile alginat¢[MMEKD
solution at a final cell density of 1@ells/mL. The cell solution was transferred to a sterile 3

mL syringe for subsequent cell encapsulation with the microfluidic device and syringe driver.
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Fluorescently encapsulated HaCaT cells for viable and ddadivegk visualized using
the Confocal Zeiss LSM (Laser Scanning Microscopy) 880 with a 10x objective. The excitation
wavelengths used for the Live and Dead dyes were 495 nm andrb2@&spectively. Optical
slices of 10 um thickness in theaXis were taka using the full Zpenetrance distance of the
confocal microscope lasers. Images were captured on the Zeiss ZEN software and further

analysed using Image J (Fiji) for 3D reconstitution and grouped Z projection.

3.3.5.3 Light sheetmicroscopy

As described in therevious section, HaCaT cells were stained with the Live/Dead dye
before encapsulation and resuspended in the alginate/GAHQMEM solution producing the
bio-ink, at a cell density of 10cells/mL. LSFM (Light Sheet Fluorescent Microscopy) (Zeiss
Lightshe¢ z. 1) is an optical method that requires samples to be either embedded in a
transparent polymer or suspended in a capillary with a refractive index afel FEP
(Fluorinated Ethylene Propylene) tubg®ennett and Ahrens 2016)The sample is then
suspended in a liquid filled chamb@BS or d#D)with two illumination objectives exciting a
focal plane from the sides. The fluorescent emission is detected by a separated detection
objective. To prepare the polymer, a solution of 1% low melting point agarose (Thermo) was
prepared in deionised water.el-encapsulated droplets were printed and maintained at 37°C
in culture medium. When it reached 37°C, a few-ealtapsulated droplets were mixed in the
agarose solution. A small volume of melted agarose andladdh droplets were
subsequently aspiratedising a piston into a glass capillary of 1.5 mm diameter. Once
completely solidified within the tube, the embedded droplets are pushed into the light sheet
chamber for image acquisition. A magnification of 5x was used with excitation wavelengths
for the Llive and Dead dyes at 495 nm and 528 nm, respectively. Optical slices of 10 um were
taken for the full length of the glass capillary. The Zeiss ZEN software was utilized to visualize
the cellladen droplets and 3D reconstitution/grouped Z projection wagiedrout using

Image J (Fiji).

118



[ 1T 1Tt¢9w o

3.4 Results

3.4.1 Preparation of the biematerial: Characterising

alginate droplet formation using microfluidics

The aim of this thesis is to develop apionter consisting of a microfluidic nozzle,
capable of generating alginate droplets for skin cell encapsulatilgnate serves as the bio
material in this study, and upon incorporation of living cells anccodtllire solution, becomes
the bio-ink. Alginate doplet production was generated by merging two immiscible phases
through at-junction microfluidic device, as described $action 33.1.2 Characterising
droplet formation, which includedroplet productionspeed, i.e., droplet frequency, and
droplet size, isa vital step in anticipating and optimising bprinting resolution. By
investigation these parameters, the programmable x/y/z stagevements (explored in
Chapters 4 & bcan then be programmed to move unison with droplet frequencgnd size
to allow the patterning of highiesolution 2D and 3D structureQverall, evaluating these
characteristicsvould be valuable in generating patterns with high resolution droplet spacing

and printability

34.1.1 Investigating the relationship betweenalginate

droplet productionfrequency and flow rates

An increase in droplet production rate, or droplet frequency, is reported to be a result
of an increase in flow rates of the dispersed (aqueous) and continudupljasegSeemann
et al. 2012)This in turn, an impact the droplet spacing and overall droplet printability when
2LIAYAT SR Ay O2YO0AYlLGA2Yy 6AGK GKS LINAY(GISNRA
droplet frequency will allow tadentify optimalprinting speeds required for an optimal bio
printing resolution Chapter 5. Droplet frequency was evaluated through video recordings
within the standalone Zaxis microfluidic setip described irFigure 3.4 whilst varying flow
rate and flow ratio. Increasing the flow rate of both aqueous and oil phasgually or
aqueous alone (whilst keeping the oil phase constant at 10 or 20 ml/hr), resulted in an

increase of droplet frequency, as expeci@&igure3.6). Higher oil to aqueous ratios resulted

119



[ 1T 1Tt¢9w o

in 2-fold and 4-fold increase in droplet frequency at 10c&aB0 ml/hr, respectively, compared

to equal flow rates. Howevefor all conditions, the droplet frequency increase becomes
gradually lower as flow rate increases until a plateau is reached. This is specifically observed
at 10 ml/hr and 20 ml/hr in all cahtions. At equal flow rates, a linear increase in droplet
frequency is observed until 10 ml/hr, where the increase gets marginally smaller, then
plateaus at 20 ml/hr. At different flow ratios, a decrease in droplet frequency is also observed
when the aqueus flow approaches the constant oil phase flow (red and green data sets).

Overall, a positive correlation is observed between flow rate and droplet frequency

20
18 i
L

=16 % A # 0il phase 10ml/hr
= 14 constant
2 A
§ 12 A
S 10 i 0il phase 20ml/hr
£ constant
g ¢ #
= L 2
g A A 0il flow rate equal

L
A to aqueous flow
rate

*
&

=R S A

0 2 4 6 8 10 12 14 16 18 20 22
Flow rate of 7.5ml/ml CaCO, + 2% w/v Sodium Alginate (ml/hr)

Figure3.6 Effect of flow rate change odroplet frequency
Droplet frequency (Hz) produced under different flow rates and flow ratios of reagents (ml/hr). Error
represent the standard deviation (SD). 10 peaks were evaluated (n=9) for 3 videos(fre@tced by
Katherine Sloan).

3.4.1.2 Investigating the relationship between alginate

droplet length and flow rates

The next step was to evaluate the relationship between flow rate and droplet length.
Control over droplet size is of key importance, as it significantly impacts droplet packing and
the overall structural arrangement of bjrinted patterns. Furthermore, th distance

between encapsulated cells within a fpointed structure influences cellular functigytech

120



[ 1T 1Tt¢9w o

et al. 2015) Droplet packing can be determined through the characterisation of droplet
frequency, droplet size, and pruspeed. [dentifying print speed relies orthe numerical
values generated from droplet frequency and size results. Increasing the aqueous flow rate
when oil is kept constant (red and green data sets) resulted in an increase in droplet lengths,
demonstrating a linear relationship between the two padnles Figure 3.7. Moreover, at
constant aqueous flow rates of 4 ml/hr and 8 ml/hr, an increase in oil flow rate is shown to
decrease the droplet length significantly. In contrast, a-finear relationship is observed
between flow rate and droplet lengthat equal flow rates (blue data set), with the largest
droplets shown at 2 ml/hr and 20 ml/hr. This is due to the increasing and decreasing droplet
lengths under equal flow rates. The length of each droplet was determined within the
microfluidic tubing andis used as the parameter which defines droplet volume. In this
experimental setup, the droplet length was not assessed after extrusion from the microfluidic
tubes and therefore droplets may not have completely gelled. Gelling was a parameter that
was evalated in the following sections of this chapter. Trendlines have been added to
demonstrate the correlation between droplet length and flow rate chan@asplets longer

than the inner tubing diameter indicated elongated and rspherical morphologies ovetal
Indeed, the fixed inner tubing diameter prevents droplets from expanding in width, whereby

only length can be quantified

1.6
1.5
< 0il flow rate
—_ L4 equals
E 1.3 aqueous flow
=1 rate
= 1.2 .
a0 ©0il constant
s 11 10ml/hr
E 1 constant
3
0.9
a Oil constant
0.8 20ml/hr
0.7 constant
0.6

0 2 4 6 8 10 12 14 16 18 20 22
Flow rate of 7.5mg/ml CaCO, + 2% w/v Sodium Alginate (ml/hr)

Figure3.7 Effect of flow ratechangeon droplet length
Droplet lengths (mm) were evaluated whistrying the oil and aqueous phases flow rates (mL/hr). Error
represent the standard deviation (SD). Gradient lines are added for clarity and to demonstrate trends.
each data point(Produced by Katherine Sloan).
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3.4.2 Preparation of the biematerial: Investigating the
relationship betweenalginate droplet gelling quality, flow

rates, and concentration of reagents

Sufficient droplet gelation is an important step in the 4pionting process to ensure
efficient cellencapsulation. Furthermore, the bigorinted resolution ad overall structural
integrity of the fabricated construct partly depends on the extent of droplet gelation and
droplet rigidity.Internal gelling of droplets relies on the manipulation of several patans,
including the residence tim@roplet transit time)of the droplets and chemical reactidiian
and Takeuchi 2007}esidence time is defined by how loaglroplet remains in the exit tube
or how long it takes a droplet to move from thigunction once formed, to exit the tuhe
which is determined by the flow rate, length and diameter of the outlet channel, and the
chemical reaction depends on the concenioa of reagents usedTan and Takeuchi 2007)
Sufficient gelling in this study is observed when dropletplet fusing is minor and when the
structural integrity of most individual droplets is maintained after extrusion inGiH
Furthermore, droplet integrity was considered favourable when the pygerimeter was
definable. Droplet lengths and morphology may differ to the measured lengths in the tubing,
due to the level of fluidity or rigidity upon extrusion, which rely on several factors including,
extent of gelation, reagent concentrations, dropteansit time (residence time) and tubing

diameter.

34.2.1 Investigating the impact of flow rate changes on

alginate droplet gelling quality

The optimal flow rate ratio was determined by evaluating the overall quality of gelled
droplets followingextrusion from the microfluidic device. At constant oil flow rates of 20 and
10 mL/hr, fusing between droplets was minor when the alginate flow rate wasaaid24
mL/hr (Figure3.8, 3.9, & 3.10). Furthermore, integrity was high with a visible ouparimeter
highlighting the structure of individual droplets. An increase in the aqueous flow rate resulted
in more dropletdroplet fusingless structural integrityand more droplet distortion, because

of lower residence time in the tubind\s the agueouBow rate rises, the size in dropliEngth
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increased from 620 um to 880 um, when the oil phase was at 10 mL/hr. This increase was
more subtlewhen the oil phase was at 20 mL/is both oil and alginate flow rates approach
similar values, droplets resuh increased sizes, up to 1 mm in average ler{gtgure3.10).

At equal flow rates of 2 and 4 mL/hr, fusing rarely occurred between drgpledgcating
efficient gelling propertieand sufficient residence timélowever, fractures in droplets were
frequent at equal flow rates of 2 mL/hr, indicating high levels of rigidity because of longer
residence timeFusing between droplets occurred more oftenezpialflow rates increased

with indistinguishable outer perimeterfow to no structural integrity anddistorted shapes
Morphological shifts upon flow rate variations were evident. At a constant oil flow rate of 20
mL/hr, low alginate flow rates (2 and 4 mL/hr) produced a majority of spherically shaped
droplets, whereas higher flow rates resulted in mirshifts to elongated or capsule shaped
droplets accompanied by a small increase in droplet lengths. A similar trend was observed
when constant oil flow rate was decreased to 10 mL/hr. As the alginate flow rates approached
that of the oil, droplets appearethore elongated and longer. Equal flow rates resulted in a
mix of spherical and elongated droplets, all four conditions. However, increasing flow rates
equally had little effect on the morphology and size of droplets, in line with the measurement
of droplet lengths in the microfluidic tubéFigure3.7). Taken together, wheronstant oil
phase flow rates of 20 and 10 mL#&me used an aqueous flow rate offaL/hr was considered
favourable whereas at equal flow rates, 4 mL/hr was the favourable optidrs conclusion

is drawn solely on the quality of individual droplet gelling, and not on the morphological and
size outcome. However, morphology and size remain important characteristics which inform

on the extent of gelation upon extrusion.
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Fusing:
Very Low
Integrity:
High

Fusing:
Low
Integrity:

Medium

6 mL/hr
Fusing:
Medium
Integrity:

Low

Low

Figure3.8 Droplet gelling quality assessment at a constant mineral oil flow rate of 20 mL/hr and diffe
alginate flow rates.
Different ROI from each condition (well) were captured using phase comtragd N 4 O2 LI @ &
the length of droplets when measuring non spherical droplets. Experimental repeats were conduct
different days (n=3). Scale bab80um.
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Fusing:
Medium
Integrity:

Medium

Fusing:
High
Integrity:

Low

8 mL/hr
Fusing:
Very high
Integrity:

Very low

Figure3.9 Droplet gelling quality assessment at a constant mineral oil flow rate of 10 mL/hr and diffe

S5ATFSNByY

wh L

alginate flow rates.
FNRY SIFOK O2yRAGAZY

68Stfto

g SN

the length of droplets when measuring non spherical droplets. Experimental repeats were conduct

different days (n=3). Scale bab80 um.
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Fusing:
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Medium
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Figure3.10 Droplet gelling quality assessment a&qual flow rates of alginate and mineral oil.
SAFTFSNBYG whL FNRBY SIOK O2yRAGAZY 66Stt0 6SN
the length of droplets when measuring non spherical droplets. Experimental repeats were conduct
different days (n=3). Scale bab80 um.
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3.4.2.2 Investigating the impact of reagent concentration

changes oralginate droplet gelling quality

The gelling of alginate droplets at a Cagx@ncentration of 0.25 mM was deemed
insufficient, overall, with frequent fusg between droplets and visibly disintegrated shapes
(Figure3.11). As the acetic acid concentration increaseelling was more distinguishable.
Nonetheless, the quality of the droplets remains lower than desired ese¢boncentratiors.

A CaCexoncentration below 0.5 mM in combination with acetic acid levels lower the 0.4%
resulted in an undesirable droplet qualiffifigure 3.1). This suggests that with the current
microfluidic exit tube length and diameter, a minimum of 0.4% acetic acid amiM.EaC®

are required to generate sufficiently gelled droplétisgure 3.2). Nevertheless, increasing
the concentrations to CaG@nd acetic acid to 0.75 mM and 0.5%, respectively, had a minor
improvement on the droplet integrityFigures 3.2 & 3.13). Indeed, the peripheral outline of
each droplet was more pronounced and seemed to indicate a higher structural integrity.
Droplet sizes were not significantly affected by the change in reagent concentrations,
resulting in droplets around 1.1 mm in averagedé for all conditions. However, a trend
showed that droplets were marginally larger at lower concentrations of @a@{acetic acid,
indicating larger emulsionsand coalescence between droplets. Morphologies showed a
majority of elongated shaped dropletith few spherical onesl'aken together, these results
demonstrate that alginate droplet gelling is optimal when equal flow rates of 4 mL/hr are
used and concentrations of Cagéand acetic acid are at 75 mM and 0.5%, respectively.

However, this is speatfito the microfluidic device setugsing a 9 cm long exit nozzle.
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Figure3.11 Droplet gelling quality assessment using 0.25 mM Ca@@ varying levels oéceticacid.
SATFSNBYy(d whL FTNRY SIOK O2yRAGAZ2Y 68Stt0 6SN
the length of droplets when measuring non spherical droplets. Experimental repeats were conduct
different days (n=3). Scale babé0 um.
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Figure3.12 Droplet gelling quality assessment using 2% alginate, 0.5 mM Ga@@ varying levels of
aceticacid.
SATFSNBYG whL FNRBY SIOK O2yRAGAZY 66St38d MSIN
the length of droplets when measuring non spherical droplets. Experimental repeats were conduct
different days (n=3). Scale babg0 um.
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Figure3.13 Droplet gelling qualityassessment using 2% alginate, 0.75 mM CaG@d varying levels of
aceticacid.
SATFSNBYy(d whL FTNRY SIOK O2yRAGAZ2Y 68Stt0 6SN
the length of droplets when measuring non spherical droplets. Expetatrepeats were conducted on
different days (n=3). Scale bab60 um.
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3.4.3 Preparation of the biematerial: Characterisingthe
dimensions ofdroplets produced under optimal microfluidic

parameters

Gelled alginate dropletwill serve as théio-material and bieink, in the form of discrete
celtHladen building blocks for the 3D bprinting of tissue structure. Hence it is also important
to investigate the droplet dimensions on the individual scale, as it would help in optimising

the programméle stage movements for the production of patterned constructs.

Alginate droplets produced under the optimal microfluidic parameters were generally
capsule shaped or elongated with low spherical morpholoffegures 3.13 & 3.14). The
average length andvidth of individual droplets was evaluated afl.1 and +0.8 mm,
respectively, particularly for the elongated morphologies. Spherical droplets were smaller in
size, resulting in approximately 0¢80.9 mm. These results indicaseifficientgelling upon

extrusion.

Figure3.14 Typical droplet morphology produced under the optimal microfluidic parameters
(A) Macroscopic images of alginate droplets using a stereoscope. (B) x4 magnification of droplets usin
contrast imaging. Scale bar = 2(th.
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