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Abstract

Development of functionally graded constructs via 3D microfluidic

bioprinting for the regeneration of skeletal defects
PhD program in Biochemistiiy Cycle XXXVII

Department of Biochemical Sciences

University of Rome

Skeletal tissue engineering aimgtevaillimitations of traditional treatments for
bone defects by developing biomaterials that mimic the comipiesarchical
architecture of natural bone. However, current biofabrication techniques face
challenges in achieving both structural precision and biological compatibility. A
major limitation is the lack of scalable methods to produce functionally graded
materials (FGM) that support cell proliferation and differentiation while
maintaining mechanical stability. Ehthesisproposes the development of a 3D
microfluidic bioprinting platform using ciin-water (O/W) and watefin-water
emulsiongW/W) to fabricate porous scaffolds with controlled gradient structures.
Crucially, integrating lowintensity pulsed ultrasound (LIPUS) stimulatiand
microbubbles (MBsinto the3D bioprinting proces#or the first time afunctional
responsdor cell growthandenhancd the osteogenic differentiation of skeletal
stem cells(SSCs)was elicited The results demonstrate that B bioprinted
constructs can activefyromote effective bone tissue regeneration, addressing key
limitations of current regenerative ategiesaforementionedr histhesisprovides

a novel, scalable solution for the creation of biocompatible and functional skeletal
tissue constructs, with significant implications for clinical applications in bone

repair.
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Chapter 17 Introduction

1.1Bone tissue and skeletal regeneration

Bone is a dynamic and highly specialised structural tissue that fulfils essential
functions, such as providing support, protecting vital organsaatidg as a
reservoir for essential minerals (e.g., calciamd phosphoru§) Bone is
primarily made of collagenous matrix embedded with inorganic mineral
components, primarily hydroxyapatittHA), which confer strength and
flexibility 2. Bone tissue is hierarchically organised in two primary portions:
compact (cortical) bone, which is dense and forms the outer layer of bone, and
trabecular (spongy) bone, which is highly porous and found predominantly in
the epiphyses of long bones andthii the vertebrae (Figure 1.1). A
distinctive feature of bone ithe capacity for continuous remodellinga
physiological process in which osteoclasts resorb aged bone tissue while
osteoblasts synthesise new bone, maintaining both structural integrity and

mineral balance in the botly

TRABECULAR : CORTICAL

TR -

Figure 1.1 Structural morphology of bone. The trabecular (left) and cortical (right) portions
of the femur are shown.
25



Skeletal regeneration is a highly regulated biological process that is activated
following tissue losssuch asfractures. The repair procesmitiate with an
inflammatory phase, during which immune cells, including macrophages and
neutrophils, clear cellular debris and secrete cytokines that recruit
osteoprogenitor cells to the site of injtirySubsequently, a soft callus
composed of cartilage is formed as chondrocytes proliferate. Cartilage is then
replaced by a hard callus, as osteoblasts deposit new bone matrix in a process
known as endochondral ossification. The final phase involves relimgglel
during which osteoclasts resorb excess bone, and osteoblasts refine the
structure, restoring the bone the original morphology and mechanical
functiorf. This process is orchestrated by a complex interplay of signaling
pathways, including bone morphogenetic proteins (BMPs), Wnt signalling,
and vascular endothelial growth factors (VEGFs), which collectively regulate
cellular differentiation, angiogenesis datissue regeneratiériwhile the body

has an intrinsic capacity for bone repair, large or crisczéd defects often
exceed this regenerative ability, necessitating advanced clinical interventions

to promote healing.

1.2 Skeletal tissue engineering: a regenerative approach to

overcome limitations in conventional medicine

Conventional clinical interventions currently addresses lmsgeand skeletal
defects via standard treatment approaches, such as surgical reconstruction and
implant€. To date, surgical reconstruction is using autologous bone tissue
which is harvested from another site in the body of the patient and transplanted

to repair the defettHowever, this approach becomes impractical when the
26



defect size exceeds the available donor tissue or when the condition of the
patient precludes additional surgériylechanical implants, while commonly
used in orthopaedic applications, involve the introduction of synthetic or
metallic materials engineered to restore structural intégrifthough
effective, these implants are not without complications, such as inflammation,
implant failure, or the release of potentially toxic degradation products over
time'©,

In this context, tissue engineering (TE) represents a ctatigg approach to
treatbone lossofferingan alternative to conventional therapeutic stratégies
Skeletal TEintegrates principles frorbioengineeringphysics, biology and
biochemistry, aims to produce biological constructs that mimic and restore the
functions of bone tissue compromised by disease or injury. The underlying
paradigm of skeletal TE is based on several key stegsre 1.2). Firstly,

living cells .g, stem cells) are harvested from donors or pafieftgpically,

stem cells are capable of differentiating into specific cell types while
simultaneously maintaining an undifferentiated state in conditions that do not

induce differentiatiof?.
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Figure 1.2 Rational of skeletal tissue engineering approach. Following the injury, stem cells

isolated from the patient are expanded, encapsulated in a porous scaffold and icuMitned

The constructs are matured and implanted to achieve functional bone repair.

In particular, skeletal stem cells (SSCs) are derived from the bone marrow and

are widely used due to their ability to generate skeletal f§s&SCs

necessitate an adequate physiological milieu for survival; thus, they are seeded

onto 3D biomateriatompatible scaffolds. Following implantation of the

cellular construct into the patient, cells continue to proliferate within the
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supportingscaffoldng structure thereby stimulating the formation of new

tissue and promoting repair of the bone défect

1.2.1 The importance of skeletal stem cells in bone regeneration

SSCs represent a unique population of stem cells with the capacity to generate
multiple components of the skeletal system, specifically directed towards bone
tissue$®18 These cells are predominantly located in the bone marrow and
periosteum and are critical for the lifelong maintenance and repair of skeletal
tissued’. In contrast to other stem cell types, SSCs display a pronounced
capacity for selrenewal and differentiation into osteoblasts (b@orening
cells), chondrocytes (cartilaggoducing cells), and other stromal lineages that
are essential for the structuategrity and functionality of bone tisst{e®
The role of SSCs in bone homeostasis involves replacing senescent or damaged
cells, while their regenerative capacity is crucial for fracture healing and tissue
repaif®. As introduced in section 1.1, in the event of an injury, SSCs are
activated and recruited to the affected area, where they differentiate into
osteoblasts and synthesise new bone ti8stiwever, the importance of
SSCs extends beyond the realm of physiological repair mechanisms. In the
field of regenerative medicine, SSCs occupy a central position in the
development of innovative therapeutic strategies for the treatment of bone
related padtologies, including osteoporosis and degenerative bone
disorderé®?2 In vitro studies have shown that SSCs can be directed to
differentiate into bonéorming cells when exposed to specific growth factors
(e.g, BMPsY3. In vivoexperiments using murine models have confirmed their
contribution to fracture healing and bone regener&ti@iinically, SSCs hold
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significant potential for enhancing natural repair mechanisms or replacing
damaged tissue through implantation. Despite these advances, challenges
persist SSébased therapies to human applications, particularly in terms of
controlling their differentiationand ensuring the loAgerm viability of
regenerated tissu@s However, ongoing research into the controlled
manipulation of SSCs, in both vitro andin vivo, continues to pave the way

for advancing skeletal regenerative treatments.

1.2.2 The role of scaffolds in skeletal tissue engineering

Scaffolds for bone tissue engineering are specialised 3D frameworks designed
to facilitate cellular attachment, proliferation, and osteogenic differentiation in
both in vivo andin vitro environment®. The mechanical and biochemical
attributes of the materials employed in scaffold design are of paramount
importance in ensuring biocompatibility, fundamental requirement for the
maintenance of cellular viability, and mechanical strength, that mimics the
properties of native borsé Crucially, biomaterials used in scaffold
construction must exhibit not only biocompatibility, but also
biodegradability®. It is, therefore, essential that cells adhere to, proliferate
within and expand on the scaffold, forming their extracellular matrix (ECM),
before the construct begins to degradéoreover, the rate of scaffold
degradation aligns with the rate of new tissue formation to prevent premature

collapse of the structute

A key feature of scaffolds is their porosity. They must have appropriate
morphological characteristics, including porosity percentage, pore size
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distribution, and interconnectivityF{gure 1.3) that are decisive for facilitating

osteogenic cell migration and enabling vascularis#tion

Figure 1.3 Porosity and interconnections within the scaffold. Porous scaffold with (left)

dimensions of the pores in orange and (right) dimensions of the interconnections in green.

Porosity, defined as the ratio @bid volume to total scaffold volume, is
indicative of the uniformity of the scaffold structure and is generally
determined by the fabrication metfad Adequate pore dimensions are
essential for effective cellular colonisation, while a high degree of
interconnectivity between pores is necessary for facilitating cell migration and
the diffusion of moleculéd. Permeability is a further critical property, as it
guarantees the complete colonisation of the scaffold by cells and permits the
exchange of essential nutrients, gageg,(oxygen (Q)) and the removal of
metabolic wast&. Pore structures that are irregular in their configuration have
the potential to result in uneven colonisation, which may in turn give rise to

variability in cellular responses based on the local microenvironment.
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1.2.3 Biomaterials for bone scaffold design

A biomaterial is a rhaterial intended to interact with biologicaystems for

the purpose of assessing, treating, enhancing, or replacing any tissue, organ,
or bodily functiori®3, The selection of biomaterials for bone scaffold design is

a key factor in the success of skelef@. Generally, three main types of
biomaterials are utilised in the development of skeletal substitute: i)
ceramicg?, ii) synthetic polymer®, and iii) ratural polymer¥.

Although ceramic scaffolds are less commonly applied in soft tissue
regeneration, those based on HA and tricalcium phosphate (TCP) are
frequently used in bone regeneration, due to thetinralmineral composition
closer in elemental features to the natreme®. These materials are typically
distinguished by high mechanical rigidity (Young's modulus), low elasticity,
and a hard, brittle structure. From an orthopaedic perspective, ceramics
demonstrate excellent biocompatibility due to their chemical and structura
resemblance to native bone tissue. The interaction between osteogenic cells
and ceramic scaffolds is vital for successful bone regeneration, as ceramics are
known to support osteoblast proliferation and differentidfiodevertheless,

the clinical application of ceramics in TE is constrained by their brittleness,

difficulties in shaping implants, and challenges in controlling their degradation
rate’®-39

Various synthetigpolymers, including polystyrene (PS), pdlylactic acid
(PLLA), polyglycolic acid (PGA), and poly(lactico-glycolic acid) (PLGA),
are also employed in scaffold manufactufihgThese materials can be
engineered with specific structural characteristics, and their degradation
profiles can be precisely adjusted modifying the polymer composition.
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Despite these advantages, synthetic polymer scaffolds present certain
limitations, such as the risk of immune response due to their relatively low
bioactivity*.

In contrast, a range of naturally derived materials (e.g., coftjggelatirf?,
alginaté®, dextrart® have been used in scaffold biofabricatidonlike
synthetic polymers, natural biomaterials can result biologically active, and
typically, promote superior cellular adhesion and gréWthThe
biodegradability of these materials permits the gradual replacement of the
scaffold by the host cells own ECM as the scaffold degrades. Moreover,
bioactive molecules such as growth facterg ( transforming growth factdy
(TGFb) family, BMPs) can be incorporated into these biomaterials to enhance
cellular activity and promote faster bone hedlndNatural polymetbased
scaffolds offer the potential to drive innovation in bone scaffold design,
enabling more effective and personalised treatments for skeletal defects and

injuries.

1.3Rapid prototyping in scaffold fabrication

One of the most significant and effective methods for fabricating 3D constructs
is rapid prototyping®, a technique utilised in this thesis in conjunction with a
microfluidic system. Rapid prototyping involves the realisation of 3D objects
via additive or layetby-layer material solidification processes. The process
generally starts with the design of a scaffold model using compigted
design (CAD) software, which allows for the creation of a 3D structure by

dividing it into a series of crossectional layers. For each cressction, a 3D
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printer deposits material layby-layer, starting from the print bed and
building up the object in accordance with the 3D design. Each new layer

adheres to the previous one, ensuring the integrity of the final pféduct

Rapid prototyping can be executed using a variety of techniques, including i)
fused deposition modelling (FDKI) ii) precision extrusion deposition
(PEDYS, iii) selective laser sintering (SL8)iv) and stereolithography (ST
(Figure 1.4).
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Figure 1.4. Different rapid prototyping techniques. FDM employs a heated filament that is
extruded through a nozzle, which contains a heated element. PED extrudes materials by
forming fibres on a horizontal surface. SLS employs the use of lasers to sinter powder and
generate thredimensional structures. STL employs ultraviolet radiation to induce selective

crosslinking of photosensitive monomers.

In FDM, a heated, mobile nozzle is used to melt and deposit a polymeric
filament onto a horizontal surface. The extruded fibres are deposited in 3D
form, adhering to previously deposited fibres as a result of the temperature
differential between the extrad and underlying layets PED operates

similarly to FDM; however, it employs the extrusion of materials supplied in
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the form of granules within heated syringes, thereby facilitating the formation
of fibres without the necessity of initial filament conversion, which is a
prerequisite of FDNP. SLS employs the use of an infrared laser beam to sinter
powder, enabling the construction of structures. The laser raises the
temperature of the powder to a level that causes it to transition from a solid to
a liquid state (its glass transition temperat(I'g)), which allows the particles

to fuse with one another and with the underlying layer. The power and scanning
speed of the laser have a significant impact on the sintering pfoéesally,

the STL process employs an ultraviolet (UV) laser to selectively -tirdss
photopolymerisable liquid monomer, with each layer being created one at a
time. CAD data are used to direct the laser across the liquid surface, and once
the first layeris complete, the vertical support is raised to expose a new liquid

layer for laser exposure until the entire 3D construct is fabrittted

The utilisation of rapid prototyping is central for the creation of intricate
structures with high precision. However, traditional 3D printing techniques
predominantly utilise metals, plastics, and polymers as primary printing
materials, often requiring ¢huse of toxic solvents, high temperatures, and UV
radiation, all of which pose significant risks to living cellsConsequently,
there is a growing demand faomplementary technologies that employ
biocompatible materials, capable of supporting cell viability and enabling the

production of implantable functional tissues.
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1.3.1 3D bioprinting for personalised skeletal substitutes

Over the past two decades, the fields of tissue engineering and regenerative
medicine (TERM) have increasingly focused on the development of biological
constructs specifically designed to replicate and enhance the functional
properties of human tiss’8s3D bioprinting technology has emerged as a
powerful tool, utilising living cells €.g, SSCs) and bioactive matrices in
conjunction with biocompatible and nalamaging printing methods to

fabricate bondike structures suitable for implantatiSifFigure 1.5).

3D bioprinted implant In vitro culture
for skeletal TE

= > N
Bioprinter Tissue-specific bioinks f— )Q — 5| Q ‘
SSCs \ |

=8 | % o ﬁ?}_'

3D skeletal Maturation
substitute

Osteoblasts

Figure 1.5 Rational of 3D bioprinting for skeletal tissue engineering. The bioprinting process
uses a mixture of SSCs and biomaterials as a bioink. This bioink is precisely 3D printed layer
by layer to create the implant structure. Once printed, the implantisexiti vitro where the

SSCs gradually mature and differentiate into boelds such as osteoblasts. Through the
maturation process, the implant develops into a functional 3D skeletal replacement that closely

mimics natural bone tissue in both structurd amction.

This novel technique allows for precise control over the spatial arrangement of
cells and biomaterials, enabling the creation of highly defined, customised

scaffolds with specified shapes, compositions, and architettuksreover,
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bioprinting can be seamlessly integrated with imaging technologies such as
computed tomography (CT) or magnetic resonance imaging fRRIpwing

for the production of patiergpecific, anatomically accurate constratt¥he

3D bioprinting process is tailored to preserve the biological function of cells
by encapsulating them in bioactive materials that promote cell viability,
proliferation, and differentiation, crucial for bone regeneratioDespite
ongoing challenges3D bioprinting shows immense promise in TERM,
particularly in the fabrication of bone grafts andriitro models that mimic the
structural and functional characteristics of native bone tissue. As the
technology continues to advance, 3D bioprinting is poised to become a highly

efficient and reliable method for producing functional bone tissue constructs.

1.3.2 Microfluidic 3D bioprinting for precise deposition of porous fibres

One of the principal advantages of 3D bioprinting is the capacity to adapt
printheads to suit the particular requirements of a given application. In this
thesis, we have employed a microfluidic printhead, which we were able to
design and modify to align Wi the requirements of our experimental
procedures.

The need for precise and reproducible control over the morphological
characteristics of a material has led to the development of a novel method for
fabricating scaffolds using a microfluidic approach in combination with 3D
bioprinting technique$ (Figure 1.6).
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Figure 1.6. Microfluidic 3D bioprinting. The 3D microfluidic bioprinting paradigm combines
microfluidic technology with a 3D bioprinting system. In this process, the bioprinter is
responsible for depositing and arranging the spun fibres, while the microfluidic printhead
performs vamus functions, such as mixing and filtering, to customise the fibre composition
and dimensions. This high level of control over the microarchitecture and 3D arrangement of
the fibres enables the creation of biologically relevant 3D tissue models, makipgviterful

tool in TERM. Adapted with permission froth Copyright © 2024, ACCS.

Indeed, microfluidic technology allows for the creation of optimal mechanical
properties anthomogeneously monodisperse 3D porous structures, which are
ideal for cell infiltration and colonisatié® This system operates within a
microfluidic circuit (microfluidic chip), characterised by channels on the
micrometre scaleem)®®. The capacity to control small quantities of fluids with
high precision and reproducibility represents a significant advantage of

microfluidic®. The field is undergoing rapid evolution, offering a highly
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precise and controlled method for the fabrication of uniform 3D porous
fibores’®. This approach allows for the encapsulation of one phase, typically in
the form ofdroplets, within another, resulting in the formation of a material
embedded with droplets that eventually facilitate the creation of pores. The
process allows the creation of emulsions, which can be employed as a versatile
strategy for generating porouststtures with weldefined characteristiés

1.4Functionally graded materials to mimic hierarchical bone

structure

Porous graded materials, commonly referred toFaactionally Graded
Materials (FGMs), are advanced structures that exhibit gradual variations in
composition and intricate hierarchical architecttie¥hese materials are
frequently observed in natural systems, including the trabecular spongy bone,
the localised tissue variationsrmlluscshells (e.g. pearl oysteCypraecassis

rufa, andPeristernia incarnatgand certain plant species such as spruce and
bambo&? (Figure 1.7).
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Figure 1.7. Functionally graded structure of bone and bamboo. a) Bone is composed of two
principal structures: compact (cortical) bone on the surface and spongy (trabecular) bone
within, which exhibits a foantike configuration of struts. The structure of compachdo
comprises osteons and Haversian canals, which encircle blood vessels. Osteons are composed
of a layered arrangement of mineralised collagen fibrils, which are in turn constituted of
collagen proteins antlA nanocrystals. b) In bamboo, cellulose fibres are embedded in a
lignin-hemicellulose matrix, forming hollow prismatic cells. The radial density gradient of
fibres and the hollovtube shape contribute to bamboo's flexural rigidity, which is comparable

to the structural complexity observed in palm. Adapted with permission®fr@@opyright ©

2014, Nature Publishing Group.

The compositional gradients in FGMs can be precisely engineered to impart

tailored multifunctional properties, rendering them highly desirable for a wide
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range of applications, including biomedical implants, aerospace engineering
and energy absorption systéfhs

FGMs are particularly advantageous in biological and structural applications,
offering enhanced functionality in comparison to traditional shegl®ponent

or compositematerials. Their heterogeneous mechanical properties enable
them to replicate the microstructural characteristics of biological ti%sTiéss
capability is garnering increasing attention in the field of TERM, where the
fabrication of scaffolds, bone implants, artificial muscles, and complex organ
structures with compositional gradients is of great importance for the
enhancement of cell pliferation and the promotion of tissue groftiRecent
advancements in 3D printing technologies have surpassdumitetions of
singlephase materials. The advent of additive manufactu(igl) has
enabled the realisation of multiphase structures with internal variations, a
process known as Functionally Graded Additive Manufacturing (FGAM)
This method involves a layday-layer fabrication process that enables precise
spatial modulation of material properties, allowing to produce gradient

structures with specific functionaliti®®s

The concept of FGMs with compositional gradients is closely related to the

droplet size modulation observed in emulsions produced through microfluidic

devices®. As with FGMs,microfluidic flow rates can be precisely calibrated

to generate porosity gradients in emulsions, thereby enhancing the structural
and functional characteristics of the resulting materials. Both approaches
facilitate the fabrication of advanced, bespokeucitires with tailored

functionalities for a range of applications.
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1.4.1 Production and control of microfluidic O/W emulsions via 3D
bioprinting

Emulsions are dispersions composed of at least two immiscible liquids, where
one phase is dispersed as fine droplets within the®tiicrofluidic devices

offer the ability to generate monodisperse droplet emulsions within the
microchannels of chips, facilitating the production of porous materials by
removing the internal phagFigure 1.9).
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Figure 1.8 Experimental method for the preparation of O/W emulsion. The process involves
the generation of a suspension of solid particles in a liquid, followed by the incorporation of
oil droplets into an immiscible liquid to form o/w emulsions. Examples of SEAYés of the

resulting polymer scaffolds are shown. Adapted with permission®frad@opyright © 2021,
RSC.

Typically, the immiscible phases (commonly aqueous and organic) flow
through separate microfluidic channels before converging at a constriction
point. In oitin-water (O/W) emulsions, the organic phase is dispersed within
the aqueous phase, producing densely packed droplets at thé®o@tethe
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other hand, in waten-oil (W/O) emulsions, the water is dispersed in the
organic phasé.

Droplet formation at the constriction in microfluidic devices is driven by
pressure differentiald When the pressure at the constriction is lower than that
within the droplet, the phases are drawn towards the narrowing. By precisely
controlling the phases flow rates during the 3D bioprinting process, droplet
size can reach a critical threshold, atettpoint the pressure at the constriction
exceeds the internal droplet pressure, leading to spontaneous droplet
detachment. As the liquid moves towards the outlet, it thins with increasing
pressur&. The dispersed phase in an emulsion can occupy a substantial
portion of the total volume, with the maximum packing density of droplets
determined by the volume fraction of the dispersed ph@sé. When G
exceeds a critical limit({ = 0.74%), spherical droplets begin to deform into a
polyhedral arrangement. An increase in theeduces the thickness of the
continuous phase film surrounding the droplets. Achieving an opfimsl
essential for balancing porosity and mechanical stability in the resulting
matrices. A loweli results in fewer interconnections with reduced diameter,
negatively impacting cellular proliferation within scaffolels However,
emulsions are thermodynamically unstable systems that tend to degrade over
time. The main mechanisms responsible for instability are i) coaleséande
i) Ostwald ripening’. In coalescence, dispersed droplets merge, forming a
continuous organic phase on the emulsion suffac@n the other hand,
Ostwald ripening refers to the growth of larger droplets at the expense of
smaller one¥. To counteract these effects, surfactants are used to stabilise
emulsions by lowering the interfacial tension between oil and water. Although
surfactants delay degradation, they do not entirely prevent this phen@mena
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As previously discussed, the precise tuning of microfluidic flow rates allows
for the modulation of droplet size, enabling the customisation of droplet
dimensions to suit the desired material structure. This control facilitates the
assembly of constructsithr droplet gradients, which, upon removal of the
dispersed phase, result in porosity gradieNtstwithstanding these advances,
considerable obstacles persist in the fabrication of FGAMs, which continue to
impede their development. A significant challengs the use of O/W
emulsions, but the presence of the organic phase compromises the FGMs
biocompatibility, rendering them suboptimal for supporting cellular viaBility
The transition to fullypiocompatible watem-water (W/W) emulsions would
provide a solution to this limitation, thus enhancing their suitability for

biomedical applications.

1.4.2 Biocompatible W/W emulsions to overcome limitations of O/W

systems

Biphasic W/W emulsions, alsanown as Aqueous TwBhase Systems
(ATPS), are formed in aqueous solutions of at least two hydrophilic yet
incompatible moleculd&8(Figure 1.9).

S i SEe e = e o) LA o
polymer/polymer polymer/salt salt/salt or ionic polyelectrolyte
ATPS ATPS liquid/salt ATPS complex (PEC)

Figure 1.9 An overview of various types of ATPS with wateater interfaces. a)

polymer/polymer ATPS, such a®lyethylene glycolPEG/dextran. b) polymer/salt ATPS,
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like PEG and magnesium sulfate. c) salt/salt or ionic liquid/salt ATPS, such as Iihliomade

and lithium bis(trifluoromethanesulfonyl)imide. d) associative ATPS, involving
polyelectrolyte complexes made of polyanions and polycations in equilibrium with a pelymer
lean phase. Examples of polyanions and polycations are providagted with permission
from®L. Copyright © 2023, RSC.

These systems typically consist of two polymers (e.g., PEG, d&i?par a
polymer and a salt like phosph#tesulfaté® or citraté®. In ATPS, the
dissolution of hydrophilic polymers of high molecular weight in water at
appropriate concentrations results in phase separation due to the repulsive
interactions between the polymers, which overcome the entropy of fixing

At lower polymer concentrations, the solution remains monophasic; however,
as the concentration increases, spontaneous phase separation occurs. The
resulting system is comprised of two distinct phases: one phase is enriched

with one polymer, while the otheontains the second polyrf®r

The phase separation is influenced by a number of factors, including pH,
temperature, molecular weight and ionic strefgthVhen subjected to
agitation, biphasic systems form emulsions that are thermodynamically
unstable due to the excess free energy generated by the interfacial tension
between dispersed droplets. The emulsions tend to aggregate as the system
strives to minimis surface aré4 It is noteworthy that the interfacial tension

in W/W emulsions is markedly lower than in O/W emulsions, with a range of
10“to 108 N/m®. This is up to 1000 times lower than that observed at typical
O/W interface®. The considerable low interfacial tension presents a

substantial challenge for stabilising these emulsions, rendering them

45



susceptible to coalescence unless external stabilisation techniques are
employed.

Despite the capacity of ATPS systems to replicate porous and complex tissue
like structures, they encounter challenges in directing specific stem cell
differentiation, such as osteogenesis. To address this problem, an ultrasound
(US)based technology would be ideal to enhance bone regeneration and
osteogenic differentiation with thenaiof regenerating complex functional

tissues.

1.5 Introduction to LIPUS: emerging technology to engineer

functional tissues in regenerative medicine

Low-intensity pulsed ultrasound (LIPUS) consists of sound waves with a
characteristic frequency greater than 20 kHz. Recently, LIPUS stimulation has
been used as a namvasive method for therapeutic applications in
regenerative medicif® Notably, LIPUS has been used for the clinical
treatment of a wide range of skeletal pathologies such as osteodtthritis
tendinitis?, carpal tunnel syndrom® fracture healint, but also ischemic
stroké®, obesity®, hepatic insufficiency, and other conditions.

Novel LIPUSbased applications are coming to the fore to guide the
stimulation of cellular compartments as well as to probe the mechanical
properties of biomaterials. LIPUS waves have been found to selectively
influence cell fate, conditioning their behaviour and ultimately their
functionality?®. In particular, LIPUS has demonstrated the ability to influence

cell morphology through the application of mechanical pressure fields,
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consequently activating specific cellular pathways and altering gene
expressioff 101,

To date, the underlying mechanisms of LIPUS are not fully understood.
However, a number of studies have shown that following LHPES:d
stimulation of cells, a series of biochemical events are triggered at the
molecular level driving cell proliferationdaesion, migration, differentiation

and the production of ECNP% More specifically, LIPUS has been
demonstrated to foster the release of a gradient of cytokines, growth factors

and adhesion molecules that enhance the homing of’%ells

Among the most promising applications of LIPUS is the modulation of the
physical properties of biomaterials, such as cell membrane permeability, for
enhanced drug delivery and more. Notably, LIPUS can modulate the release
kinetics of molecules from spedafbiopolymers and this approach has been
shown to be effective in delivering chemotherapeutics to tumours without
damaging the surrounding healthy tissfed IPUS has also been harnessed

to induce cell differentiation to repair a variety of tissieéects. In a number

of studies, the use of specific LIPUS parameters including frequency ranging
from 17 1.5 MHz, intensity between 30100 mW/cn? and duty cyclgDC)
between 5% and 50%, has been reported to direct the differentiation of stem

cells towards skelet®, chondrogeni®®, and adiposé® lineages.

1.5.1 LIPUS for therapeutic applications

Typically, the majority of minor injuries are able to heal on their own in a short
period of time, while major defects and damaged tissues require specific
a7



treatment!®. Several therapeutic technologies have been proposed to
regenerate damaged tissues, including the use of LfPUgready used for
diagnostic imaging, US was introduced as a medical treatment in the’®.950s
Further clinical investigation¥ resulted in the approval of the use of
EXOGEN (Ultrasound Bone Healing System) in 1994 by the U.S. Food and
Drug Administration (FDA). This approach used an ultrasonic beam directly
focused on the specific defect of interest, in order to accelerate ghe re
process of a lesion such as a fractured bone tsdtere broadly, therapeutic

US has been classified into higitensity focusedltrasoundHIFU, 100 and
10000 W/cm 113 and LIPUS (0.03 0.1 W/cnt 1%, HIFU is employed for
disrupting diseased tissues and ablating tumbumss well as for lithotripsy
(treatment of kidney stoné$y. Kidney stones arselectively disintegrated due

to cavitation triggered by HIFU waves, without affecting the surrounding
tissuest’. On the other hand, LIPUS is mostly applied for the regeneration and
healing of bone fractur® but at the same time to also treat conditions such
as obesit$118 hepatic failur®’ or even brain injur*®*?% Althougha number

of studie$?? 124 have used acoustic intensities of about1l80 mwW/cm?2 and
frequencies between 1 and 1.5 MHz in LIPUS applications, it is important to
note that this is not a rigid definition. Various studies have reported effective
LIPUS applications with parameters ddesthis rang&> 1?2 Therefore, while

this thesis will focus on the commonly used parameter range, LIPUS can be
applied effectively under different conditions depending on the specific
medical application and desired therapeutic outcdireas been previously
demonstrated that LIPUS is ablestonulatetheactivehealing of bone defects
both in animal models and in clinical studf@s*%via the means ahechanical

stimulation produced by ultrasonic wavedone defect healing has been

48



observed to occur with a 40% reduction in healing time and has been associated
with increased osteogenic activity, protein synthesis and cell
proliferationt®”13t Heckman and cworkers reported a 2@inute LIPUS
treatment that demonstrated a 38% acceleration in the healing of fresh
fractured2 while Nolte and colleagues demonstrated a 86% improvement in
pseudoarthrostd® The LIPUS parameterssed including frequencyDC,

energy and intensity*35 may vary depending on the therapeutic applications.
Thus, the selection of parameter values is essential to determine the mode of
transmission of the ultrasonic waves through the tissues and to obtain specific
biological respons€es®. A brief introduction to basic concepts relating to

LIPUS parameters and corresponding properties is therefore provided below.

1.5.2 Biological effects of LIPUS stimuli on cells

LIPUS has demonstrated significant effects on varioeltular processes,
particularly in SSCs. Notably, LIPUS has been reported to impart a pressure
field onto living cells, mechanically stimulating and triggering a series of
signalling cascades ultimately altering gene expression and resulting in
specific potein synthesi$?!l! SSCs are multipotent stromal cells with
trilineage potential, which are able to differentiate into bone, cartilage or fat
cells®® 37 thus assisting in tissue regenerat@ruliferation and differentiation
of mesenchymal stromal cellMEC9 following LIPUS stimulation has been
previously demonstratét#3 Although studies have attempted to explore the
precise mechanisms by which LIPUS exertsdffects, these are only partially
understoodA reported effect of LIPUS is the generation of a local gradient of
cytokines, growth factors and adhesion molecules, which is postulated to
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facilitate the homing of SS&%This cascade of events is directly connected to
initial stages of inflammatory response following bone injimgeed, during

the inflammatory phase of the healing proé®sscytokines (such as
interleukin6 (IL-6)) and growth factors (such as stromal-citived factor 1
(SDF1)) released from the damagtasdsue, facilitate attraction of skeletal
precursors to the injury site, consequently initiating the bone regeneration
proces§" 141142 Eyrthermore, a significant influence over cell adhesion has
been shown for LIPUS stimulation via signalling proteins such as integrins and
fioronecting*®. LIPUS is also able to trigger the release of adenosine
triphosphate (ATP) within the extracellular space following the opening of
connexin 43 (Cx43) channels on the plasma membrane, with consequent
intracellular of C&" deposit$**. There is considerable evidence that different
parameters of LIPUS can guide SSCs towards different cellular tdrgéts
LIPUS drives osteogenic differentiation by increasing gene expression of
collagen type | alpha 1 chain (COL1Al), collagen type X alpha 1 chain
(COLXA1), osteocalein (OCN), osteopontin (OPN), osteoprotegerin (OPG),
osterix (OSX), alkaline phosphatase (ALP), and bone morphogenetic protein
2 (BMP-2)111%0 |n contrast, when stimulated with chondrogenic media,
humanbone marrow stromal cell3BMSCs) exposed to LIPUS have been
shown to overexpress transcription factor S®XS0OX9), collagen type Il
alpha 1 chain (COL2A1), aggrecan (ACAN), and tissue inhibitor of
metalloproteinases 2 (TIMP2§14614% |n neuronal regeneration, LIPUS
increases the expression of brderived neurotrophic factor (BDNF) by
activatingnuclear factokappalight-chainenhancer of activated B ce(NF-

aB) via thetropomyosinrelated kinase Bhosphoinositide -Binase/protein
kinase B (TrkB/PI3K/Akt) and C&'/calmodulindependent protein kinase
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(CaMK) signalling pathways$®. Moreover, in the process of adipogenesis,
LIPUS stimulation increases the expression adfipogenic peroxisome
proliferatoractivated receptor gammd@&RAR21) and adiponectin(APN)
genes in adipose stem célfs while in hepatocytes it activates the Viat/
catenin signalling pathway, increasing the expressionUdétoprotein
(UFP/AFP), cytokeratin 18 (CK18), albumin (ALB) and glycot@énin
contrast, there is a lack of data evaluating effects on nervous tissue, where
LIPUS is known to increase neurotrophic factors throfmgal adhesion
kinaseéxtracellular signategulated kinase 1/ZFAK/ERK1/2) signaling
pathway®3 (Figure 1.10).

LIPUS-induced stem cells

upregulation of gene
expression

==
@ @

BONE COL1A1, COL10AT, OCN, OPN, OPG,
OSX, ALE BMP-2, RUNX2

CARTILAGE  SOX9, COLZAT, ACAN, TIMP2, CTX-ll

BRAIN BDNF, NF-B
FAT PPAR+y1, APN, AcH3, AcH4, HDACT
LIVER aFP, CK18, ALB, SDF-1a, CXCR4

Figure 1.1Q Effects of stimulation with LIPUS on stem cells: upregulation of gene expression
in various tissues. LIPUS promotes osteogenic differentiation by increasing gene expression
of COL1A1, COL10A1, OCN, OPN, OPG, OSX, ALP, BMR and RUNX2. In chondrogenic
differentiation, SSCs exposed to LIPUS overexpress SOX9, COL2A1, ACAN, TIMP2, and
CTX-Il. In the context of neuronal regeneration, LIPUS increases BDNF expression by
activating NFaB via the TrkB/PI3K/Akt and CaMK signalling pathways. Furthermore, in the
process of adipogenesis, stimulation with LIPUS increases the expression of the adipogeni
genes PPAR1, APN, AcH3, AcH4, and HDAC1, while in hepatocytes it activates thePA/nt/
catenin signalling pathway, increasing the expressiotFdf, CK18, ALB, SDF1U and
CXCRA4.
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The biological mechanisms related to osteogenic differentiation are the most
widely understood and investigated, and it is acceptieat LIPUS further
promotes osteogenesis via the Ras homolog family member A (RhoA) protein,
which activates the Rhassociated protein kinase (ROCKancer Osaka
thyroid oncogen@&dmour progression locus 2 (Cot/Tpk&)itogenactivated
protein kinase (MAPK) ERK signaling pathway®14915#1%  This in turn
phosphorylates Cot/Tpl2 kinases, which is regulated by ERK/MAPK
signal$®®. In addition, ERK/MAPK signalling, together with PI3K/Akt is
activated by LIPUS, resulting in increased proliferation of MSE&°
(Figure 1.11).

/ N / N\ /Regulation of \
/' Triggeringof \ /Phosphorylation| / Stimulationof | / Activation of \ [ proliferation, (‘ ‘

| integrinsand | | activates | ERK/MAPK | \ PI3K/Akt | | migrationand |

Plezo1 channel \ Rho/ROCK ; / signaling pathways d.fferennanon
J 2 3 4. . Q
LIPUS STIMULATION

Extracellular fluid

L J
Cytokines

= 2» Rho ——» ROCK ——3—» ERK/MAPK
= GENE ;
> FAK —4-—» PI3K > Akt m EXPRESSION ;
_REGULATION _/
Cytoplasm

Figure 1.11 Effects of LIPUS on cells. The mechanical stimulus provided by LIPUS triggers
mechanoreceptors such as integrins, which mediate cell migratiorellass the Piezol ion
channel, which allows Cainflux and activates mammalian target of rapamycin (mTOR)
signalling pathways. Subsequently, phosphorylation of signalling proteins occurs, activating
Rho/ROCK, which consequently stimulates ERK/MAPK signaling. Other signaling pathways
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may be activated, including PI3K/Akt. These pathways regulate different cellular functions

such as viability, proliferation, adhesion, migration and differentiation.

IntracellularCa"* deposition is also increased as a result of LIPUS exposure. It
has recently been reportatlat the osteogenic differentiation process in
stimulated SSCs occurs by activating voltagpendent C4 ion channels
(VGCC)'®L, Briefly, mechanical stimulation depolarises the cell membrane
causing activation of type VGCC to regulat€a* influx into cells. L-VGCC

are activated by physical coupling of the,dal subunit of the receptor

(DHPR) to the receptor (RyR) on the endoplasmic reticulum of‘8ells

1.5.3 LIPUS effects on bone tissues

Bone defects are routinely treated using autologous tissue. However, major
skeletal defects can bemporarily filled with custom metal implants. Due to

the lack of biodegradability, mechanical mismatch and insufficient quality,
research has focused over the last two decades on novel strategies for the repair
of bone defect§3. LIPUS has been proposed as a functional method to
promote bone growth in clinical practi¢&s stimulating osteogenesis and

accelerating bone healitfg

In recent years, a number of authors have focused on LHS& bone
regeneration, botlim vivo andin vitro. HBMSCs are widely used for this
purpose due to their capacity for mwdirectional differentiationCostaet
al.}*” reported on the stimulation of HBMSCs with 20 min/day LIPUS

treatmentsin this study, LIPUS has been found to be effective in promoting
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bone growthn vitro. The researchers hypothesized that LIPUS would enhance
the ability of HMSCs to differentiate into bone cells, as demonstrated by cell
viability and proteomic analysis. The results showed that LIPUS induced
differentiation through specific signalling patays (such as RhoA/ROCK)
and gene expression (COL1A1, ALP, OCN, Rrelated transcription factor

2 (RUNX2), BMR2, MAPK1/6, OPN). Overall, these findings suggest that
LIPUS may be able to improve the osteogenic commitment of HMSCs and
enhance differentiation in the presence of factors that mimic the bone
microenvironmenit’. Wei and colleagué® reported an enhancement of SDF

1 and CXC chemokine receptor type 4 (CXCR4)HBMSCs. LIPUS
treatment using 30 mW/drinduced cell migration at the fracture site to
promote the repair process. An additional study confirmed that LIPUS played
a key role in cell migration. The use of a FAK inhibitor and ERK1/2
demonstrated reduced migration of MSCs that was induced by LIPUS
stimulatiort®’. In a further work®8 LIPUS wavesvere found able taffect the
osteogenic differentiation of BMSCs. Researchers focused on the variation of
selected ultrasonic parameters, including £ (varied between 280%).

Cell viability of the stimulatetHBMSCs was similar between the differ&t
evaluated but higher in comparison to the unstimulated control. Gene
evaluation indicated that after two weeks, LIPUS increased the expression of
the most welknown osteogenic markers, including integrin betgCD29),
CD44 antigen, ALP, COL1A1, and OCN.

The abovementioned studies have shown how stem cells treated with LIPUS
can be guided towards osteogenic differentiation by modulating a number of
ultrasonic parameters. The described technology represents a promising
breakthrough therapy for fracture e#pand bone regeneration.
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Although this thesis has mainly focused on LIPUS use for TE, it is important
to recognise that the available literature on LIPUS in these specific areas is
currently limited. However, the most advanced and current US techniques and
applications provide aaluable insight into the future potential of LIPUS. The
applications discussed in this chapter aim to fill these gaps and pave the way
for the integration of existing knowledge with future applications of LIPUS.
The US technologies discussed below haveranas potential to be adapted

and optimised for exploitation with LIPUS.

1.5.4 US for tissue engineering: US and 3D bioprinting

The combination of US and bioprinting may have the potential to be used in
the manufacture abiomimetic tissues for clinical, diagnostic and research
level applications. U&ssisted bioprinting (UAB) is a 3D biofabrication
approach that uses US waves to preferentially organize cells within 3D
bioprinted constructs and to mimic the mienechitectwal characteristics of
native tissue$®’. The accurate alignment of cells and extracellular
constituents is crucial for their biological functionalf Hence, a system able
to combine acoustic manipulation during cell printing represents a critical
improvement in TERMA number ofstudies have recently investigated how
to spatially manipulate cells following 3D scaffold fabrication to simulate
highly complex and organised tissues. Sriphutkiatl!’! tested acoustic
stimulation of cells during 3D bioprinting using a specific structural vibration
mode of the device. Using C2C12 cells stimulated with an US frequency of
871 kHz, the authors succeeded in focusing the cells on the central part of the
3D bioprinted construct to mimic the structure of a capilldnya further
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work!’® the combinationof ultrasonic bulkacousticwaves (BAW) and
bioprinting allowed a similar cellular manipulation: a multilayer construct of
the knee meniscus was printed with a circumferential organisatibnneén
adiposederived stem cell$hASC), recreating a scalable biomimetic tissue.
The authors evaluated the effect of varying the US frequency (between 0.7 and
2 MHz), the signal source voltage amplitudes from 200 to 400 mV-joeak
peak (pp), the viscosity of the alginateased bioink, and the timing of cell
alignment. Results revealed a decrease in the space between adjacent cell
arrays with increasing US frequency. Furthermore, higher amplitudes, lower
bioink viscosities and increasedgaiment time resulted in a decrease in array
width. UAB demonstrated the ability to obtain a custmade aligned knee

construct for generating patiespecific architectural patterns of tissue.

Very recently, a groundbreaking use of US was demonstrated by Kuang and
colleague¥’?, applying a USdriven material ink polymerisation coupled with

3D axis motion. Deepenetration acoustic volumetric printing (DAVP)
represents a remarkable advancement in 3D bioprinting. DAVP overcomes
light-guided polymerisation techniques, which areitieah by the optical
properties of the materials, but rather focuses the energy of fogtisesdund
(FUS) deep into the substrate to crbsk the printing ink with high accuracy.
Using viscoelastic inks based on PE@, poly(N-isopropyl acrylamide)
(PNIPAmM) and ammonium persulfate (APS) as a thermal initiator, the
engineered formulation is able toattiate the acoustic wave flow, ensuring a
uniform temperature distribution and a fast, deep curing. The 3D FUS printer
demonstrated ultrasonic wave penetration depth of up to 295.2 mm, in contrast

to the limited penetration of only 0.48 mm of light at 408. This technology
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allows printing to depths of centimetres through biological tissue, opening

opportunities for future application in minimally invasive medicine.

Although the synergistic potential of US and 3D bioprinting is still poorly
explored, the combination of these platforms holds promise to revolutionise
the biofabrication paradigm. Due to their exceptional characteristics, US waves
could be used not onlyllowing material deposition, but also during 3D
printing to obtain complex biological structures with active properties.

1.5.5 Future prospects and current challenges in the clinical application
of LIPUS

The multifaceted applications of LIPUS in medicine egttabilitation, as well

as its crucial role in stimulating biological tissues and promoting regeneration,
emphasise the clinical relevance of this technology. Theima@sive nature

of ultrasonic waves makes it a milestone in medical diagnostics, prgvidin
valuable information on the structure and function of human tissues. Among
tissuespecific applications, LIPUS has demonstrated effectiveness in not only
in bone regeneration, but also in osteochondral tissue interface repair, neural
regeneration and guthse TE. Moreover, other emerging areas of application
include acoustofluidics manipulation of cells for TE and the integration with
bioprinting technologies, to guide the spatial organisation of cells into-three

dimensional constructs for customised tesgabrication.

Looking ahead, the future possibilities in the synergistic use of 3D bioprinting

and LIPUS are promising. The integration of LIPUS during the bioprinting

process, from bioink deposition to construct polymerisation, could generate
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complex biological structures with active properties. In particular, recent
studies®®’ have shown how microfluidic technologies integrated with
biological 3D printing can lead to transformative developments in personalised
medicine. The easy customisation of microfluidic printing devices can lead to
the simple integration gbiezoelectric PZT) elements, enabling the precise
fabrication of microfibres creating complex, biomimetic human tissues with

LIPUS-driven functional properties.

The application of LIPUS in TE is promising, but has several limitations that
may not be underestimated. LIPUS can penetrate deeply into tissues, but
precise control of the effects is not easy due to several parameters involved,
including frequency, inteiity andDC. Tuning the parameters to achieve the
desired therapeutic effect can vary significantly between different tissue
types . In addition, LIPUS provides a relatively wemlechanical stimulation
compared to the forces typically required for bone regeneration. This may limit
its potential to stimulate appropriate bone healing in cases of severe bone
injury’™®. Moreover, the mechanical forces applied by LIPUS are often
modulated through external inputs to enhance its benefits, such as
microbubblegMBSs), targeted biomaterials, and culture media supported by
specific factors. This makes LIPUS a technology that may not be powerful
enough to be used aldfig!>17® As mentioned throughout the introduction of
this thesis, the precise molecular and cellular mechanisms by which LIPUS
exert their effects are not fully understood. This results in challenges in fine

tuning LIPUS protocols for clinical use.

Ongoing interdisciplinary research and technological innovations, together

with a more pervasive understanding of the underlying mechanisms of action,
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may pave the way for the use of LIPUS in personalised and effective healthcare
solutions. The continued exploration of the influence of LIPUS on various
tissues and the adjusting of protocols for specific applications will contribute

to the possible futuradoption in clinical contexts for the benefit of patient.
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Chapter 27 Aim of the PhD thesis

This doctoral thesis aims to develop advanced technologies and methodologies
for stem cell differentiation and biomaterial patterning using a novel 3D
microfluidic bioprinting platform. The researdhere presenteéddresses
significant challenges inTE, demonstratinga progressive evolution of
techniques that continually enhance both the functionality and
biocompatibility of the developed biomaterials. At the core of this work is the
engineering of innovative biomatersaland 3D bioprinting approaches
desigied to direct stem cell growth and differentiation. Each stage of the
project has delivered methodical enhancements that have extended the
boundaries of curreriik strategies.

The research proposes a unique methodology for the fabrication of porous
functionally graded scaffolds by the means of a microfluadisisted 3D
bioprinting technique Ghapter 3). This technique us®/W emulsions to
control the formation of graded pores, essential for mimicking the architecture
of natural tissues. By finining parameters such as pore size and distribution
during the printing process, the scaffolds are designed to offer a supportive
emvronment for cell growth. However, despite the ability to create-well
defined and highly controlled porous structures, the materials initially used
were derived from O/W emulsions, rendering them only partially
biocompatible. As a result, while the struetuproperties of these graded
scaffolds were promising, their limited biocompatibility posed significant

constraints for longerm biomedical applications.
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To overcome these limitations, the next phase of the research introduces an
approach based oW/W emulsions, which replaces the oil component with
fully biocompatible materialsGhapter 4). This innovation allows for the
creation of biomaterials with precise and easily tunable porosity, that not only
provide a suitable environment for cell proliferation but also enable the precise
patterning of multiple cell types. The ability to modulgte density and
distribution plays a critical role in influencing Wwadifferent cell types grow

and organise within the scaffold, allowing for enhanced control over cellular
architecture. However, while these materials successfully fostered cell growth
within the porous structures, they did not actively induce specifio st
differentiation, a crucial requirement for regenerating complex functional

tissues.

To address this challenge, the research incorporates a novel 3D bioprinting
microfluidic device capable of stimulating stem cells and driving them toward
osteogenic differentiatiorChapter 5). This system utilises LIPUS integrated
into the bioprinting process, allowing for the simultaneous fabrication of
biocompatible scaffolds and the activation of cellular differentiation pathways.
By combining precise control over the spatial arrangemepbmsity with
targeted LIPUSstimuli that promote osteogenesibe scaffolds not only
support cell proliferation but also guide the cells toward specific functional
outcomes. This represents a significant advancement in the development of
biomaterials for tissue regeneration, with a particular emphasis on the context
of skeletalTE.
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The presented thesis is the result of different research projects already

published or in submission. In particular:

1 Chapter 1is readapted frorthe publishedeview articlen Ultrasound
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https://doi.org/10.1016/j.ultrasmedbio.2024.08.016
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Chapter 371 Microfluidic 3D printing of emulsion
ink for engineering porous functionally graded

materials

3.1Introduction

FGMs represent a new frontier in material science and engineering. Unlike
homogeneous materials, FGMs encompass along a single direction a gradation
in composition and/or microstructure to optimally regulate the local physio
chemical and mechanical propertiesdemand’’. In the last two decades, the
potential of FGMs habecome increasingly evident as scientists disclosed the
relationship between the structure and the function of natural materials. From
a limited number of biopolymers and biominerals, rathascombined
essential building blocksinto materials endowed with exceptional
biomechanical and physiological properties, vastly surpassing those of the

component materials taken singulaffy

The key to such performances is their graded structural organisation.
Depending on the function performed, natural materials integrate different
classes of gradients into a complex structural hierarchy involving the local
arrangement of (i) units charadted by chemical/constituent gradients, (ii)
building blocks with a spatial distribution of cellular, fibrous, tubular units,
(iii) structural units such as lamellas, fibrils, grains of varying dimensions
down to thenanometrédevel, (iv) orientations oftsuctural building units (e.g.,
successive dispositions of layers with different orientations of compoh@nts)

(v) gradient interfaces (e.g., junctions), or (vi) integration of multiple gradients.
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Biomedical science and bioengineering recently benefited considerably from
FGMs by recapitulating the graded motif present in human tissues, implants
with graded mechanical and physiological properties closely matching those
of their natural counterparts ogld facilitate tissue regeneration or
reconstruction. Examples of human tissues embodying porous and/or
compositional gradients are bone and cartfi#fg&ignificant efforts have been
spent to reproduce the zonal bone porosity consisting of a dense peripheral area
(cortical bone) that supports the load and mechanical stresses and an inner,
highly porous zone (trabecular bone) supporting osteoconduction an
vascularisation. Gradients and pore size distributions in biomaterials can be
paired with noruniform chemical compositions. Indeed, cartilage exhibits a
chemical gradient profile perpendicular to its external surface. The region close
to the articular bnecartilage junction is rich in collagen and
glycosaminoglycans facilitating the lubrification of the joint and the absorption

of mechanical shocks, while the zone in contact witlderlying bone is
mineralised to induce the growth of beimeming cells. Crucially, the ability

to mimic multiple gradients has been found to pivotal to foster the development

of a mature osteochondral interface.

However, the fabrication of such gradients in scaffolding materials
remains a key challenge. To date, the manufacturing strategies enabling FGM
synthesis can be grouped into two categories: (i) conventional and (ii)
advanced processing methods. An exampiethe first category is the
Afconstructive processingo, whi ch denot e
components in specific sequences. For instance, a porogen can be used to
create porous layers of different pore densities, and then these"tagess
glued together to obtain the desired FGM. Other conventional approaches,
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such as selfoaming followed by pyrolyst$! or centrifugatio®®?, were used

to fabricate scaffolds with continuous gradients. However, traditional methods
allow scarce control over the gradient obtained. An advance route to fabricate
FGMs involves the use of AM platforms. AM technologies have the potential
to manufactte FGMs with various graded patterns. In particular, extrasion
based AM technologies employing muitbzzles demonstrated remarkable
versatility in integrating, within the same construct, regions of different
compositions and porous textut&s®, This technology has been prevalently
applied to thermoplastic and ceramic inks. Currently, hydrogel preeursor
based inks are far less adaptable in the fabrication of objects with complex
overall geometry, such as those bearing concave surfaces andnguggha

structures, and at the same time, encompassing multiple type of gradients.

In this article, we present an innovative microfluidic assi&dprinting
strategy based on the deposition of an O/W emulsion in a suspending medium
which enables the manufacturing of complex 3D hydrogel architectures
integrating multiple zones of diffent densities and compositions regardless

of the viscoelasticity degree of the ink.

3.2 Materials and methods
3.2.1 Materials

Dextran (fromLeuconostocspp., Mr ~ 70000), gelatin (from porcine skin,

Type A), HA (nanopowder, <200 nm particlsize), dimethyl sulfoxide

(DMSO), glycidyl methacrylate (GMA), methacrylic anhydrid®A),

cyclohexane ( 0968, Zhyjoxy4-fi-hydroxgethoxy2- F
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methylpropiophenone (Irgacure 2959), fluorescent yetiogen latex beads

(aminemodified polystyrene), hydrochloric acid (HCI), tin chloride (SHCI
phosphate buffered saline (PBS) and Hank
were purchased from Sigma Aldrich-Ddmethylaminopyridine (DMAP,

99%) and APS were obtained by Acros Organics and Fluka, respectively.

Agarose was purchased from Carbosynth.
3.2.2 Synthesis of DextraMethacrylate

Dextranmethacrylate (DexMA) was synthesised following a previously
published protocdf®. Dextran (10 g) was dissolved in DMSO (90 ml) in a
beaker. After the DMAP (2 g) dissolution in DMSO, a calculated amount of
GMA (4 ml, approximately 50% of the moles @éxtran repeating units) was
added. The mixture was allowed to react in the dark at room tempefture
under mild stirring (10@ound per minuteRPM)) for 48 hours. The reaction
was stopped by adding an equimolar amount of HCI to neutralise DMAP. The
solution was transferred into a dialysis tubmokecular weight cut-off
(MWCO) = 1 kDa) and dialysed for five days against deionised wWaxer)

unt i | reaching nominal conductivity (18
solution was frozen-80 °C), freezadried andthen stored at 4 °C before use.
The quantitative analysis of tldegree okubstitution(DS) was performed by

proton nuclearmagneticresonancepectroscopy*H-NMR).
3.2.3Synthesis of Gelatiklethacryloy!

Gelatinmethacryloy(GelMA) was produced following a procedure published
elsewher&’. Gelatin (10 g) was dissolved at 10% (w/v) in PBS (100 ml) at
50°C.MA (0.8 ml per gram of gelatin) was then added to the gelatin solution
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dropwise under vigorous stirring (500 RPM), and the mixture was allowed to
react for three h. The GelMA solution was dialysed at 50 °C adavatising

2 kDa cutoff dialysis tubes for five days until the nominal conductivity of

water is reached (18 zq c80yC),freezenal | vy,

dried and stored at 4 °C until use.
3.2.4 Supporting bath for 3D printing

The supporting bath was prepared following an established pro¢&dure
Briefly, 0.5 g of agarose was dispersed in 100 mDW{, reaching a final
concentration of 0.5% wi/v. The agarose was autoclaved (121 °C, 20 min, slow
discharge) and the warm solution was placed under constant stirring (700

RPM) for 12 hours. Agarose fluiglel was stored at until use.
3.2.5 Fabrication of polycarbonate microfluidic chip

The flow-focusing microfluidic chip was manufactured from polycarbonate
sheets with the following characteristic dimensions: dispersed and continuous
phase inlet = 250 em; orifice width
channel s de p tinyg nozzletdugfled o the outketr channel = 25G.
The microfluidic chips were fabricated using a procedure reported
previously®. Briefly, polycarbonate sheets 5 mm in thickness were engraved
using acomputersed numerical control (CNC) milling machine (MSG402,
ErgWind Poland). The sheets were sonicated in isopropanol for 30 minutes,
sealed with a 130 °C hot press again for 30 minutes and finally allowed to cool
slowly tort. In addition, to protect the channels from the organic inner phase,
the microfluidic chip was modified with an ethanditOH ) solution of SnGl

(20% w/w), as reported in a procedure described in the litet&ftumiéhe
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reaction mixture was then infused into the microchannels for 2 h (at 28)ml h
at a controlled temperature of 60 °C. Finally, the chip was washedwith

before use.
3.2.6 Microfluidic emulsion

The O/W emulsions were produced using a flimeusing chip, wherein an
organic phase (cyclohexane) was dispersed within an aqueous phase, (20% w/v
DexMA + 15% w/v Pluronic F68 + 1% w/v Irgacure 2959). Irgacure 2959
was used as radical photoinitiator to promote ttrosdinking between
methacrylated biopolymers (i.e. DexMA and GelMA) chains in the external
phase. The flow focusing chip was used to generate a series of emulsions where
the flow rates of the two phases were finely adjusted using microfluidic pumps

(neMESYS, Cetoni GmbH) to control the size of the resulting droplets.

The organic and aqueous phases were filtered through a 1.2 um pore syringe
filter (Sartorius) before being loaded into two 1 ml syringes (BD Medical) to
prevent clogging of the micrchannels. The whole experiment was carried out

in low light to avoid prerature crosdinking of the radical initiators. The total
flow rate of the two phases was set
were printed with a di s)inehesage02p8h as e

3.2.7 Image analysis (FastCAM) and emulsion characterisation

The generation of emulsions was observed with a-sjged camera (Photron
FASTCAM Mini UX) at 500 fps, through a microscope (Z&i€3bserver.Z1)
at a magnification of 5x. The recorded videos were used for image analysis.

Dropletsipr oduced at different db)$pweeer sed
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analysed with the Particle Analyze function (ImageJ) to extract characteristic
features (areas, diameters).

3.28 Emulsion 3D printing of cylindrical porous scaffolds and complex

geometries

The emulsion suspensions were printed using a custade 3D bioprinter.

The 3D bioprinter was equipped with three microfluidic pumps (neMESYS,
Cetoni GmbH) programmed and controlled using Qmix software (Qmix
Elements). The linear axis system arranged @ardesian configuration and
controlled by a motor (Micos) were used to deliver, in 3D the emulsion fibres.
To standardise the 3D printing process and compare the gradient emulsion
printing, 3D cylinders were designed using CAD software Fusion 360
(Autodesk) and printed in agarose flugkl bath. Four types of scaffolds were
selected for density gradient printing: three with an axial gradient (2, 4 and
alternate layers) and one with a radial gradient. Fdmeensional structures

that resulted impossible toe printed in air, with an ovdrang >45°, were
printed with porous fibres in agarose flgdl with a print speed of 3.3 mm/s
(F200). The complex geometries were downloaded from Thingiverse
repository. The stereo lithography interface formafSTL) to G-code
conversion programme Slic3r was then used to slice the models with a 0.2 mm
slice thickness. A Script function code was designed to generate multiple
porosities in a single geometry automatically. The programmed code was used
to regulate the mrofluidic pumps according to requirement flow rates. Thus,
the different dispersed phase volume fractions were generated by automatic
pump control. Fluorescent dye was added to the hydrogels to better visualise
the printed geometries.
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3.2.9 Scaffolds cros$inking and purification

After printing the emulsions inside the agarose supporting bath, the external
phase of the samples was crisked underaUM amp (& = 365
minutes. The constructs were retrieved from the agarosedalidising a
spatula and directly soaked @MSO solution to remove the internal organic
phase (cyclohexane). The purification procedure consisted of washing with
DMSO multiple times for three days and with distilled water until the nominal
conductibility was achieved. Finally, the cyclohexdiree samples were
frozen at-80 °C and then freezdried.

3.2.10 Scanning Electron Microscopy

Scaffold lyophilised structures were examined Bganning electron
microscopy $EM) (HR-FESEM, AURIGA Zeiss model) operating at 1.50 kV.
Prior to analysis, sectioned cylinders were applied on aluminium stubs using
adhesive carbon tape. Samples were metallised with a chromium plasma to

increase the conductivity of the scaffolds and imaaje5x magnification.
3.2.11 Microcomputed Tomography

To evaluate the microscopic inner structure of 3D printed scaffolds by means
of microcomputed tomographynfcro-CT), purified scaffolds were partially
dehydrated in a 50:50 (v/v) watEtOH solution and then soaked tén
sunflower oil to improve radiographic contrast. The acquisition was conducted
using an Xradia MicroXCH#00 with the following parameters: 40 kV voltage,

10 W power, 0.18° rotation step in an angle interval of 184°. Scanning was

carried out art (25 °C) and atmospheric pressure. 3D recreation of printed
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samples was executed with ImageJ software using the 3D Viewer plugin from
a stack of 2D crossectional images.

3.2.12 Optical coherence microscopy

Morphological characterization of 3D FGM structure in hydrate conditions

was performed using higtesolutionoptical coherencenicroscopy(OCM)°2,

A customdesigned spectral OCM system utilized a commercial femtosecond

laser (Fusion Femtolasers, Austria) with 130 nm full bandwidth (resulting in

an axi al resolution of 2.2 em) and 795 nn
The Michelson interferonter configuration used a fibdrased beam splitter

with a 75/25 splitting ratio. The light reflected from the sample was combined

with light reflected from the mirror in the reference arm, and the resulting

i nterference signal wds 20d8opsdard!|l withe a
camera spectrometer (Co8a800, Wasatch Photonics, USA).

A 4x microscope objective (Olympus Plan Fluorite, NA = 0.13, WD = 17.3
mm) was used for sample illumination. The pupil was illuminated with a 6 mm
(1/ e2) Gaussian beam, |l eading to a | ater g
par ameter f ~ leOw@s ilimnatedTwhtle an s\eerage optical
power of 0.5 mW. Lateral laser beam scanning was accomplished using a pair
of galvo scanners (Thorlabs I nc., USA). 32
an area of 1.0 mm x 1.0 mm x 1 mm were acquired with a peity of
1024 x 1024x 2048 pixels for X, Y andaXes, respectively. Imaging depth
limited by the light penetration and multiple scattering was evaluated to be 800
e m. Speci fic s t desigded ail bab\BEW,s emdbledv the e
monitoring of a scanning protocol, coordination of camera and scanners, and
data processing, including such steps as spectrometer calibration, numerical
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dispersion compensation, and spectral shaping. Data analysis allowed the

volumetric recreation of the fine structure of investigated porous materials.
3.2.13Bright-field imaging

The morphological structure of the laid emulsion fibres was investigated using

a laser scanning confocal microscope (Olympus 1X83). Imaged fibres with
fluorescently labelled disperse phase were visible using brightfield imaging,

with fluorescent signal varying along the imaging direction. Prior to printing,

the external phase was labelled with fluorescent yelowe e n | atxex beads
~4 70 #mnAd0%=nmp-The printing was carried out in-eng thick agarose

fluid gel within a 700 ¢l vol ume chamber

analysed for printing fidelity.

The analysis was performed on Aaurified scaffolds: porous cylinders were
obtained, crossinked, collected from the supporting bath and then washed
with DW to remove agarose fluigel residues. The acquired images were
stitched together with ImageJ software using the Grid/Collection stitching

function.
3.2.14Rheological measurements of emulsion inks

Rheological properties of the agarose figel, the continuous phase solution
(DexMA + Pluronic F68) and the resulting emulsions at various dispersed
phase vol ume02;08;04;i0.6;0.3; 0.8) tvere analysed using

a rotational rheometer (Anton Paar MCR 302) at 25 °C equipped with a cone
plate geometry (25 mm diameter, 1° cone angle). The shear viscosity behaviour

of the samples was assessed by applying a shariom 1 to 100°S.
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3.2.15Mechanical testing of 3printed emulsion scaffolds

The mechanical properties of the scaffolds were investigated by compression
experiments conducted on hydrated samples at a controlled temperature of 25
°C. Density gradient scaffolds and control samples with single volume

f r actg=00®s0.3;(0; 0.6; 0.7) (diameter: 7 mm; height: 7 mm) were
dipped in DW, gauged with a digital calliper and fitted between two
compression plates of a universal tensile tester (dynamic mechanical analyser
(DMA) Q800, TA Instrument, New Castle, DE, United States). Theoadel

force was 0.001 N. The compressive strain was applied at a rate of 2.5% min
The unload phase was performed at a rate of 5%!niline scaffolds were

then compression tested to 30% strain, while the sstesim curve for the
loadunl oad cycle was recorded. Youngbds mooc
slope of the initial quadinear section of the stressrain profile related to the

region of strain ranging from 0 to 5% of deformation.
3.2.161n vitro degradation test

Scaffoldsin vitro degradation was studied to evaluate the sample weight loss
after incubating at 37 °C. The purified hydrogels were soaked in HBSS
solution for 24 hours and then collected, dried and weidived The scaffolds

were dipped in 1 ml of HBSS solution and incubated at 37 °C for 14 days, with
HBSS changed every three days. Samples were collected, dried and weighed
(W) at specific time points. The weight percentage loss was calculated as

follows:

GO Q& GQPQEQ prm (3.1)
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3.2.17 Mass swelling ratio

Studies were carried out on DexMA hydrogels to investigate the mass swelling
ratio. The scaffolds were weighed beforeinga) and aftercrosslinking
(minitial,to) to obtain their initial wet mass. The samples (n=3) were frdeed

to determine their dry mass o). The value of thactual macromer fraction

was determined as follows:

&*oﬁm&iémmm&oneér (3.2)
A further three samples were incubated for 24 hours in HBSS at 37 °C to allow
swelling. After 24 hours, the samples were weighedwd®) and then
lyophilised and weighed (). The mass swelling ratio (q) was subsequently

evaluated using Equation.g83'°%

n —— (33

The experiment was replicated for all four types of scaffolds fabricated in this

work (2, 4, alternate layers and radial FGMs).

3.2.18 Statistical analysis

The statistical analysis wasarried out using GraphPad Prism (Graph Pad
Software I nc., L a-Pearsdn hoamalityGeAt)was uggtdgost i no
evaluate the variations in the data. Either-ormy ANOVA or two way

ANOVA were used to determine the differences between groups. Sainel

(n) is reported within figure captions. Significantly different data were

identified as p < 0.05.
75



3.3 Results and Discussion

3.3.1 Exploring operational ranges and rheological properties of

microfluidic emulsion inks

In the last decade, microfluidic devices have been extensively demonstrated to
be ideal platforms for the production of tailored template. foams and
emulsionsl for the synthesis of porous materials, generally characterised by
either crystalline (i.e. highly monodisperse pores) or pore graded
structuré®®18%.193 At the same time, the advent of 3D printing technologies has
prompted a disruption in the manufacturing sector, both at the industrial and
academic levels. Such revolution is propelled by the numerous advantages
introduced by rapid prototyping technolegj including fast and flexible
design, high accessibility and catectiveness, mukimaterial deposition and
minimal waste. Therefore, it is expected that the development of microfluidic
assisted 3D printing strategiésbearing both the advantages tbese two
technologie$ could enable the synthesis of porous FGMs with unprecedented
architectures and physihemical propertie84 1,

An effective way to produce porous materials with hierarchical porous
structures is based on the use of biphasic inks (emulsion, foams, dispersions).
Thus, the employment of biphasic inks in 3D printing has consisted in the
preliminary formation of the entgion/foam, its loading in a cartridge or
reservoir followed by depositiot?’. To date, this route has been explored to a
limited extent, mainly due to the inherent problems of processability of
biphasic inks. For instance, in the case of extrubised 3D printing
strategies, biphasic inks must exhibit a highly pseudoplasticvioeimato

guarantee both good extrudability and shape retention upon deposition. This
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requirement, in turn, introduces two sets of problems. Firstly, the rheological
requirements greatly limit the operational ranges in terms of external phase
composition and volume fraction of the dispersed phase. Indeed, it is well
known that the rheologiad properties of emulsions/foams are a complex
function of the latter two parameters. Lastly, the rheological properties of the
ink cannot be predictedl priori, thus requiring extensive and tinaensuming
testing before printing. Therefore, decouplingtiweological behaviour of the
biphasic ink from its printability would allow to address both limits, opening

new routegauge for the synthesis of unprecedented porous FGMs.

A similar technology capable of altering the fluid prior to deposition is the in
air microfluidic platform. In seminal studies, Visser and-wearkers®
demonstrated the ability of the continuous phase to encapsulate the internal
phase during the travel of the two liquid jets in air. However, a major condition
of such a method is that the droplet encapsulation must occur above a specific
distance from théeposition plane. As a consequence, the impact occurs at a
relatively highspeed compromising the ultimate resolution. On the contrary,
the direct printing of a®/W emulsion in a suspending medium described in
this article reduces the perturbance of #Hieadydeposited structure by
allowing the microfluidic chigproduced emulsion to be deposited almost in
touch with the substrate, stimulating the fabrication of geometrically complex
structures with a variety of patterned porosities. The microfkadasted 3D
deposition of emulsion inks relies on operational ranges where an O/W
emulsion can be prepared continuously and reproducible within the chip
(Figure 3.1).
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(3]

Emulsion deposition DexMA UV Retrival from Removal off the Purified scaffold
in agarose fluid-gel cross-linking agarose fluid-gel internal phase

Figure 3.1 Sequence of steps illustrating the process of scaffold fabrication and purification.

Herein we introduce a novdlow-focusing microfluidic printing headff¢

MPH) capable of fabricating FGM@-igure 3.2a) while finely tuning the (i
chemical composition, (ii) density and, to some extent, (iii) the local porous
architecture in a continuous or discontinuous manner along the depth or radius
of the construct. The operational range of the deviseMPiH was
preliminarily explored using single continuous (DexMA/Pluronic F68) and
dispersed phase (cyclohexane). Several flow rates of the input phe&@s (5
pL/min) were initially tested to identify the ranges where an O/W emulsion
could be produced in a stable manner. The total flow ratieeofmulsion ink

(20 pL/min) was found to offer a steady overall emulsion production rate
granting accessible ranges of droplet siEesfie) and volume fractions of the

di spersed phase (G) of wutmost i mportance
the local porosity. As reported iRigure 3.2b, emulsions with a range of
volume fractions of the dispersed phase between 0.2 and 0.8 can be produced
by maintaining constant the emulsion ink flow rate while regulating the flow
rates of the two immiscible phasascordingly. Notably, an increase in the

dispersed phase flow rate was found to be correlated with an increase in droplet
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di ameter and dispersed phase volume frac
versa(Figure 3.2c,d)in accordance with previously reported finditfysAfter

determining the operational ranges, we performed a thorough rheological
characterisation of the external phase (DexMA/Pluronic F68) and the resulting

emul sion inks. The change in rYyarescosity (
shown in Figure 3.2e. While the emulsion precursor solution of

DexMA/Pluronic F68 behaves as a Newtonian fluid, the emulsion inks exhibit

an increasing pseudoplastic behaviour as the volume of the organic phase rises.

These results can be explained in terms of an increabe tbtal interfacial

area, a known feature governing the flow behaviour of concentrated

emulsion$®.

To enable the decoupling of the printability of emulsion inks from their
rheological behaviour, we formulated an agarose fluid gel to be used during
3D printing as a temporary support medium. Agarose has been recognised as
a supporting selhealing materia demonstrating a fluidjel behaviour with
rapid recovery of its elastic properties when exposed to high8h892

The agarose fluigiel exhibited more pronounced pseudoplastic behaviour
compared to emulsion inks. Interestingly, optical micrographs revealed a
slurry-like nature of the agarose flugkl. Moreover, rheological tests revealed
the pseudglastic behaviou of the supporting medium due to the close
interaction of spiky microparticles=igure 3.2f) which could be partially
displaced upon the nozzle depositing the FGMs wiigining their original
position to lock the structure in place.
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Figure 3.2. Operational range exploration for emulsion ink production. a) Schematics of the
ff-MPH used to generate functionally graded O/W emulsions (values of characteristic
dimensions of the microfluidic device are reported in the experimental section). b)
Microfluidic production of the emulsions at different volume fractions of the dispersed phase
(0.2 < G4 < 0,8). c¢c,d) Droplet size distributions
(right) measured for the chardcersdtiendf theadaroses of (. e
fluid-gel, emulsion inks and DexMA continuous phase. f) (left) Micrograph of the agarose

fluid-gel diluted 1:100 revealing its slurry nature: spiky hydrogel microparticles homogeneous
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in size can be appreciated. (right) Stability of emulsion ink in agarosedéliduring and
after 3D printing. Scale bars: (a,b) 300 &m, (f)
by oneway ANOVA. Mean + S.D. n=50, ****p<0.0001.

3.3.2Emulsion ink printing in an agarose fluid-gel

The agarose fluigel is acting as a supporting material. Due to its viscoelastic
properties, the emulsion generated inside the microfluidic chip is deposited and
kept in place within the gel, as already showifrigure 3.3a. Emulsion inks

were 3D printed using a custom 3D printer equipped WAiMPH. The spatial
deposition of O/W emulsions generated withtMiPH was finely synced with

the extrusion of the emulsion ink. The final deposited emulsion was able to
form a fibre casisting of an outer phase ergileg the droplets preventing
external diffusion into the supporting gdtigure 3.3 demonstrates the
printing of a single layer, confirming the ability ofMMPH adjustments to
compensate for the system dead volume. Emulsions were directly deposited in
the agarose fluigiel and croséinked under UVA light. Interestingly,
cyclohexane dnglets tended to cluster within laid struts upon deposition in the
support medium, eventually forming long threads of adjacent drdpigisre

3.30). The purification protocol consists of a webtablished, effective
procedurepreviously reported®?%2, The use of an aprotic polar solvent
miscible with the internal, organic phase (cyclohexane) and water (e.g. DMSO,
dimethylformamide(DMF)) is pivotal for the complete removal of the oll
phase. Initially, cyclohexane is extracted thoroughly with DMSO, followed by
dialysisagainst distilled water, to reach a conductivity matching the one of the
distilled water. Previous studies have been found to obtained materials that

resulted biocompatible and sustained the J@r culture of celf$C,
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To demonstrate the printability of emulsion inks, cylinders with four
architectures endowing local changes in material density were fabricated.
Three discontinuous FGM structures with one (2 layers) or multiple (4 layers
and alternate) interfaces were fahted. A fourth FGM architecture was
printed continuously along the radial ag#sgure 3.3c) to prove the ability of

the fEMPH system to generate complex functionally graded patterns.

XYZ gantry
system =

= o
R
Functlonally graded
&» emulsions d

Bright Field

Porous FGMs

Figure 3.3 3D printing of porous FGMs. a) Schematics of the 3D printing setup used to

generate and 3D print emulsion inks. b) (top) Laser scanning confocal microscopy (LSCM)

micrographs showing droplet size and organisation within single deposited struts andiffere

values of (. (bott om)zX2l 4, alterriate ayers)\al (rAdial) pr i nt ed si r
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crosssectional layers for easier appreciation of internal FGM structure. c) Porous cylinders
characterised by discontinuous (2 layers, 4 layers, alternate) and continuous (radial) FGM
architectures. Scale bars: b) 500 mm, ¢) 7 mm.

SEM analysis was used tonfirm that printed droplets preserved the ability

to cluster upon deposition in 3D, i ndepe
(Figure 3.4a). This phenomenon was most likely driven by a buoyancy effect

that forced the lighter cyclohexane droplets upwards, facilitating their mutual

approach. Nevertheless, this effect resulted overall negligible and the

deposition process unhampered. Followihg trosdinking, cylinders were

purified by removing the internal organic phase. 3D printed FGMs underwent

an initial dharacterisation to assess their mechanical propéfigsre 3.4b,c).
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Figure 3.4 Morphological characterisation of 3D printed porous FGMs. a) SEM images of

the porous FGMs. -S)k aVa&r ibatrison 3®f0 ¥onundds modul i
characterised by a single porosity and in the manufactured porous FGMs. d) Weight loss and

e) swelling ratio of FGMs. Onay ANOVA assessed statistical significance. Mean + S.D.

n=3, *p<0.05, **p<0.01, **p<0.001.
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The stressstrain behaviour of singleorosity samplesHigure 3.5a) mirrored

the value of a: denser samples displ ayec
corresponding curves were moved to the higher stress end. All-stiraiss

traces, i n particular G = 0.2, 0. 3, cons
region within~ 7 % strain followed by a steeper trend. The first linear portion

of the curve reflected the elastic response of the material pores due to elastic

pore wall def ormation and was wused to ca
second section (> 7% strain) is mistly the result of pore buckling and bulk

gel deformation. Pore deformation and buckling dominates the mechanical
behaviour of hi gher Figure8.4tnhpel €Yso u(nig.bes. nbo.d6u,l i
of the constant G4 samples are reported. N
the Youngbés modulus of the samples prepar

a modulus below the detection levels of our DMA apparatus.

The Youngds modul i were determined from
region of the stress vs strain curvEgy(ire 3.5a,b). Graded samples exhibit a
behaviour distinct from constant density
0.3, 0.7,Figure 3.%b) shows three regions of different slope. The first one

extending up te- 5 % strain refers to the elastic response of the lower density

l ayer (G = 0.7) followed by pore wall buc
more steeply. The slope of this part is higher than the first linear slope
suggesting that t0.8)emayd be mrespomsibld farysech (4 =

behaviour.
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Figure 3.5 Compression mechanical characterisation of 3D printed porous FGMs.- Stress

strain plots: a) control homogeneous samples prepared with a single porosity value and b)
FGM samples.

The curve referring to four layers sample is characterised by a smooth slope
variation with no discernible transition between deformation regimes.
Evidently, the pore volumes of the layers in direct contact are so close that their
deformations are couple@s a result, the foulayers sample exhibits a trace

with a gradually changing stress as a function of strain.

The printed FGMs are relatively soft hydrogel, thus affected by degradation
and swelling when submerged in aqueous environments, two parameters of
great importance for various applications. To evaluate the weight loss of the
printed FGMs over time, a iday in vitro degradation test in HBSS at 37°C
was performed. Resul{&igure 3.4d) demonstratedhe stability of the 3D
printed FGMsin vitro in physiological conditions an aspect of fundamental
importance for the potential use of these material&&RM. The test revealed

a more pronounced weight loss in the alternate and radial FGMs with respect

to the 2 or 4-layers structures (p<0.0Eigure 3.4d). Ultimately, we measured

86



the mass swelling ratio (q) for the printed FG#sgure 3.4e). The stiffness

of the crosdinked emulsions must be sufficiently high to allow the retention

of a specific hierarchical shape p@sinting. As previously reported, DexMA

hydrogels show a swelling behaviour inversely proportional to the DS of
methacrylicfunctionalities of DexMA%2%4 In our study, DexMAi which

was characterised by a DS of 35%howed limited swelling, in agreement

with previous studi€€?2%5 Moreover, the mass swelling ratio was found to be

influenced by the dispersed phase volume fraction. The results of this work

supported the observation of Bjerregaard anavotker£®, which reported

t hat emul sions with elevated G have a hi
emul si ons with small a. Foll owing purifi
fidelity, we performed a thorough morphological characterisation by means of

micro-CT ard OCM. While the first enables the scan of the whole sample

volume in a dehydrated or seaehydrated state, OCM allows capturing the

actual 3D FGM structure in hydrate conditions.

The results reported iRigure 3.6 describe the high spatie¢solution of the
internal architecture of 3D printed FGM structures, thus confirming the ability
of the novel ffMPH printing platform to deposit higresolution FGMs in 3D.
Volumetric acquisitions captured by means of OCM revealed regions of
interconnead pores separated by dense polymer areas, depending on the
printed architecture. As expected, regions characterised by high porosities (i.e.
low density) also exhibited larger pores with respect to low porosity (i.e. high
density) zones. Interestingly, dial constructs were found to preserve the
blueprint architecture clearly indicating the superior ability of otvIfH

system to precisely pattern FGM in 3D.
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Figure 3.6. Internal topographic analysis via mie@X and OCM. Threedimensional
reconstruction of porous FGMs from an image stack acquired by 4@iEraHorizontal
sections of the scaffold acquired by OCM. For each FGM, a spatial porosity analysis was
estimated from micr&T volumetric reconstruction. Scale bars: §3drsi Alternatei 4
layers) 300 mm, (Radial) 500 mm.

3.3.33D Printing complex FGM architectures in agarose fluidgel

3D printing soft materials such as hydrogels into complex shapes has been
proven challenging, particularly with inks that fall below specific viscoelastic
properties needed for extrusibased deposition. This issue is enhanced in the
case of biphasic inkswhere the porogen phase further introduces an
impediment to the 3D deposition of the ink, possibly leading to structural
collapse. Thus, soft media with thixotropic behaviour (e.g. gel&ieform
reversible embedding of suspendedhydrogels (FRESH)?°’, Laponit&®,

agaros®? have been proposed as supporting baths allowing the physical
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confinement of material inks during printing, while providing temporary
reinforcement before crosslinkiffgHerein, we use an agarelsased fluidgel
support bath to enable the 3D printing of arbitrarily complex architecies.
deposited FGMs with fMPH to print architectures with overhanging
geometries with angles over 4%Figure 3.7a), such as gyroid, inverted
pyramid, sphere, helix and stepladder (&@égure 3.8 for other complex

geometries).

Figure 3.7. a) 3D printing of complex architectures in flugkl. Various exemplary complex

3D structures 3D printed in agarose fhgdl: gyroid cylinder, inverted pyramid, sphere, helix
and stairs. b) 3D printing of complex FGM architectures in flygtl Density gradint complex

3D geometries printed using a fluorescent dye in the continuous phase: green signal
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corresponds to more dense areas (low porosity) while light green and pale signals show less

dense zones (high porosity). Scale bars: a) 5 mm, b) 10 mm.

Figure 3.8 3D printing of complex FGM architectures in flegebl. a) Various exemplary
complex 3D structures 3D printed in agarose figéd: chess knight and pawn, sorting hat, St.
Peterdés dome, DNA helix and a reproduction of a

Noticeably, all architectures were accurately reproduced, including the

overhanging details that could otherwise be impossible to print directly in the
air, demonstrating the extensive control over material density and porosity
achieved via microfluidic bioprinting ¢dnology. Additionally, to prove that

the architectural complexity does not affect our capacity to control local

sample porosity during 3D printing precisely, we fabricated FGM structures
where the external phase was fluorescently labéReglire 3.7b) to provide

immediate visual feedback of the local sample density (the higher the
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fluorescent signal, the lower the local porosity). It has been previously reported
that layered and FGM structures can be fabricated using a sophisticated valve
based flowfocusing microfluidic devicE€* However, such system presents
inherent limitations. Being made gfolydimethylsloxane (PDMS), the
processable materials are mostly restricted to water soluble
polymers/monomers. Moreover, the use of organic pHasesh as organic
solvents, hydrophobic monomers, or polymer solutiorssnot recommended

due to the rapid PDMS swelling. This issur turn, makes impossible the
generation of emulsion templates for the synthesis of porous materials. Here,
we have produced very sophisticated gradient strestelyingon the use of

a basic flowfocusing chip.The possibility to modulate matrix composition
widely broadens the possibility of manufacturing FGMs with unique physical
chemical properties such as tailored mechanical, swelling or cell adhesion
properties, among otherBor instancewe demonstrated that continuous
phase consisting of GelMBehaved similarlyo the composition witbexMA
(Figure 3.9), allowing the engineering of hierarchical FGMs with tuneable

volume fractions.
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Figure 39. Operational range exploration for GelMA emulsion ink production. a)
Microfluidic production of the cyclohexaria-GelMA emulsions at different volume fractions
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of the dispersed phase (0.Zi< 0,8). b) Droplet size distributions measured for the selected
values of(i. Scale bars: (a) 200m. Statistical significances were assessed byvane
ANOVA. Mean * S.D. n=50, ****p<0.0001.

Notably, the development of multhaterial deposition has been extensively
exploited for the replication of physiological structures in engineered
tissued®®. To investigate the ability of the-WPH system to pattern multiple
FGMs, we used DexMA, DexMA loaded with nanohydroxyapatite (DexMA
nHA) and GelMA as continuous phagéggure 3.10a).
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Figure 3.10. Printing gradient mix of multiple materials. a) (left) Mtitilet chip during
alternating printing of GelMA or DexMA/nHA and DexMA emulsions. (right) Alternating
scaffolds following crosdinking and extraction from the support baflexMA/GelMA FGMs
(top-right) and DexMA/nHA FGMs (bottornight). To differentiate DexMA from GelMA,
labelled DexMA with rhodamine was used. b) Density gradient complex structures printed
using labelled DexMA with fluorescein (in yellow) and labelled DexMihwhodamine (in
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red): pawn chess (alternate), inverted pyramid (alternate), horse chess (4 layers), stairs (4
layers). Dark green/pink signal corresponds to more dense areas (low porosity), while light
green/pink and pale signals show less dense zones (high porositgenerating the
DexMA/nHA multiple materials structure by producing a Jalikes fibre within the
microfluidic channels. Scale bars: 300 um. d) Replicating an osteochondral scaffold to mimic

the repair of a cartilagbone interface defect.

Multiple materials were used in combination withMPH to produce
homogeneous matrices with discontinuous FGM architectures. By precisely
syncing the supply of the two different continuous solutions and the dispersed
phase with the 3D motion, one can des priori and then build FGMs where

the local porosity and chemical composition can be precisely tuned. Recent
studies have fabricated muliyered scaffolds via rapid prototyping
techniques forTERM applicationg®’2%%211  For instance, Liuet al2%®
manufactured functionally graded-tayered GelMA/nHA hydrogels to mimic

the different osteochondral zones by using an extresased multhozzle 3D
printing strategy. Thus, to confirm the control over alternating extrudable
materials in more complexhitectures, we 3D printed intricate geometries
with pronouncedverhanging(Figure 3.10b). In all cases, the 3D printing
accuracy was elevated with precise patterning ofdefened density zones
according to the blueprints. Furthermore, alternatingtiras of DexMA and
DexMA-nHA were printed in agarose flugel by mixing the two materials
directly in the output channel of theMPH (Figure 3.10c).

The stackable layers produced hierarchical structures with different physico

chemical and mechanical properties, demonstrating the ability to pattern

different porous materials within the same structure. Harnessing 3D printing
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technology, we demonstrated the ability to match a pasieatific
osteochondral defect by replicating an implant at the interface between bone
and cartilage by modulating a discontinuous architec(ergure 3.10d).
Notably, the inclusion of nHA represents a favourable filler for an FGM ink

that could be further exploited for bone regenerationTa&RM purposes$'

3.4 Conclusiors

To date, the fabrication of complex hierarchical FGM constructs is
challenging, considering the requirement for specific viscoelastic properties of
material inks and due to the collapsing of structures during 3D printing. In this
work, we pioneered the usaf a novel microfluidieassisted 3D printing
process to generate functionally graded hydrogel porous materials harnessing
low-viscosity biopolymeric solutions (DexMA, GelMA, nHA). We have
demonstrated that by using an agarose {fjgtl as a temporary supgt
material, one can effectively decouple the rheological behaviour of the
emulsion inks produced in the microfluidic device from their printability. This
advantage translates into wider operational ranges and, as a direct
consequence, into a more flex@abtesign of FGMs in terms of material
composition and achievable material densities. Additionally, the use of an
agarose fluiegel support bath allowed the fabrication of highly complex
hydrogel architectures. FGM structures were printed both in disconsrand
continuous approaches demonstrating significant integrity, mechanical
stability and shapédelity postprinting. Notably, the high control and
reproducibility over emulsion ink production offered by the microfluidic

printing head enabled the unpeglented fabrication of soft FGMs consistent
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with the blueprint models. Finally, we have demonstrated that-malterial
FGM structures can be fabricated with otMPH by patterning complex
structures with tuneable materials and pore denéitpgether, our results
highlight the synergistic approach of microfluidissisted printing and
suspension manufacturing for patterning complex FGM systems with

controllable geometries, porosity and density gradients.
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Chapter 4 17 Aqueous two-phase bioinks for
discrete packing and anisotropic guidance of 3D

bioprinted cells

4.1 Introduction

ATPS are liquidiquid partitioning systems mainly used for separating,
purifying, and enriching biomolecules such as proteins, viruses, and
enzyme$'®. These systems are typically engineered from two vaateble
components, such as polymers, salts, alcohols or ionic liquids, which are mixed
in water at sufficient concentrations, leading to the formation of two
immiscible aqueous phagés Due to the incompatibility between the
components, the mixture separates into two distinct, vbateed
compartments. Each phase predominantly contains one of the materials,
creating an ideal environment for various bioseparation proé&sssmmon
phaseforming agents include polymers like PEG and def&dh or a
combination of PEG and salts like phospPffatsulfaté®, or citrat&®. The phase
separation is driven by thermodynamic forces, where the enthalpic interactions
between the polymers and water molecules lead to the formation of two distinct
agueous phases. The process balances the enthalpy and entropy of the system,
resultingin immiscible liquid compartmert¥.

Nowadays, the use of ATPS could represent an emerging strategy in TERM
due to their extraordinary ability to reproduce functional tissue substitutes with
complex architectures. Indeed, ATPS can be modulated in concentrations to

form elaborate interfaces @patterns, which enable the spatial organisation of
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cells and biomolecules. This level of control is essential to replicate natural
native tissue environments and new models for tissue regenétation
Moreover, their aqueous system allows ATPS to demonstrate biocompatible
properties for biological applications. In fact, ATPS systems have been found
able to support cell viability, proliferation and differentiation of living ¢éfis
Among recent applications, ATPS have been used to develop new bioinks in
3D bioprinting*®. The watetbased inks provide precise deposition of cells and
biomaterials, enabling the creation of complex tissue structures and
maintaining high cell viability. In addition, the ability of ATPS to
compartmentalise cells and organic components into indist
microenvironments allows for the assembly of unique opportunities for
mimicking the heterogeneous architecture of tis€el combination with

3D bioprinting techniques, complex tissue constructs can be built up layer by
layer, facilitating the creation of multellular tissues. The synergy between
ATPS and 3D bioprinting has enormous potential to advance tspmefic
regeneration by enabling the precise spatial arrangement of different cell types,
which is critical for functional tissue restoration. The tuneable properties of 3D
printing facilitate the control of droplet arrangement, which is essential for
fabricating saffolds to mimic the ECM of tissue$'®. Due to their
biocompatibility and o#free nature, ATPS encapsulate cells within stable
microdroplets formed by the immiscible aqueous phases, preserving their
functionality and integrity during encapsulatiéh Moreover, ATPS play a

key role in controlled and localised delivery systems of therapeutic agents.
This application exploits the spontaneous phase separation of ATPS to

encapsulate and target drugs, proteins or bioactive molecules. Indeed, the low
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surface tension between the two aqueous phases allows for controlled diffusion
and release of the therapy over t#ie

However, replicating biocompatible ATPS systems is often challenging and
associated with a number admplications. The achievement of coherent and
homogeneous droplet sizes is limited by low interfacial tension between the
aqueous phases constituting the biphasic system. The instability of the
dispersed phase within the continuous phase results in-anifenm droplet
distribution, which can compromise the reproducibility of ATPS syst€ms
Furthermore, one of the most common methods of generating ATPS systems
is via microfluidics. Unlike traditional W/O or O/W emulsiéfs droplet
generation in microfluidic systems has to overcome the barrier of insufficient
surface tension between the wateter phases. External forces such as
mechanical vibratiort$®, pressure regulatdrs, acoustic actuatiGi®, and
electrehydrodynamic perturbatiof® are used to achieve the rupture of the
internal phase into defined droplets instead of long dispersed phase flows.
Although effective, these techniques add complexity and cost to the process

and are not always easily reproducible.

In this research work, we present a simple approach to create a new class of
ATPS biomaterial inks, specifically designed fBERM applications. The
system was prepared by mixing two biomaterials: GelMA and alginic acid, in

a salt solution of sodium chloride (NaCl) at varying concentratio36 (G/L)

(Figure 4.1). We have demonstrated the compartmentalisation of GelMA
within continuous alginate phase for W/W emulsion formation. The ability to
precisely tune the size of the dispersed phase was influenced by the regulation
of NaCl concentrations, providing flexiltif for controlling cell behaviour
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with 3D bioprinting. Building on this, we have demonstrated the application
of the ATPS inks in guiding the proliferation and function of a variety of cell
types, including lung cancer, myoblasts, osteosarcomaH&MSCs This

new ATPS composite offers a promising platform for the creation of complex
tissue architectures with microscale precision, increasing the potential for
engineering tissue substitutes with high biological functionality.

Sheat (cross-linker)
Core ( )

NaCl (g/b)
L 3]
[ J
Printhead §§ :
_E i °
= i H ®
) # H
caCl ) s Glycerol :
soliti;n N ,// solution Fibre
GelMA5%+ \)
Alginate 4% i
bioink W
g
ﬁ GelMA
Alginate

NaCl - Droplet diameter — G@M

Figure 4.1 Rational of ATPS inks bioprinting. (left) The microfluidic printhead is connected
to a 3D bioprinting system to fabricate the ATPS fibres. In the upper inlets flow (i) a glycerol
wash solution and (ii) the Cagtrosslink solution. In the lower inlets flow one or two
different bioinks, in this case the bioink based on GelMA 5% and Alginate 4%. (right) The

size of the ATPS droplets varies with increasing NaCl concentration (g/L). (bottom) Within
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the ATPS hydrogel, cell organisation varies with droplet size, which in turn depends on NaCl
concentration. From left to right, cells become increasingly elongated and organised within the
GelMA droplets.

4.2 Materials and methods
4.2 .1Materials

Gelatin from porcine skin(~300 g Bloom, Type A)PBS, HBSS, 42-
Hydroxyethyl)piperazind-ethanesulfonic acid (HEPES), MA, N-
Hydroxysuccinimide (NHS), Mydroxysulfosuccinimide sodium (suifo
NHS), N(3-DimethylaminopropybN Nithylcarbodiimide hydrochloride
(EDC), DMF, NacCl, Calcium chloride (Caf}| Glycerol, Rhodamine B,
Fluorescein  5(6)sothiocyanate  (FITC), Tris(2;Bipyridyl)dichloro
ruthenium(ll) hexahydrate (Ru), Sodium persulfate (SPS), Alginate Lyase,
Coll agenase D, Dul bec c o NjshighiMglutaosé i e d Eagl
(DMEM), Minimum Essentil Medium Eaglei Alpha modification (MEM),
L-Glutamine, PenicillisStreptomycin, Fetal bovine serurmonUSA origin
(FBS), TrypsiREDTA solution (1x), b-Glycerophosphate disodium salt
hydrate B-GP), 2PhosphelL-ascorbic acid trisodium salt (AA2P),
Dexamethasone, Formaldehyde solution (37 % in water), Hitdt100,
Bovine Serum Al b u rDiamidinoZ-pBehyindole 4 Nj, 6
dihydrochloride (DAPI), Naphtol AS/X Phosphate Alkaline, Fast Violet
Salt, 3,4Dihydroxy-9,10-dioxo-2-anthracenesulfonic acid sodium Itsa
(Alizarin Red S), Ammonium hydroxide solution (25%), Lysozime and Protein
Quantification KitRapidwere purchased from Sigma Aldrich. CalcéiM,
cell-permeant dye), Propidium lodide, Goat &Rébbit IgG (H+L) Cross
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Adsorbed Secondary Antibody Alexa FluoE 488, Goat antMouse 1gG
(H+L) Highly CrossAdsorbed Secondary Antibody Alexa FIUOE 594,
RUNX2 Recombinant Polyclonal Antibody, BMP Monoclonal Antibody,
Osteopontin Monoclonal Antibody, Alexa Flior488 Phalloidin, CellPath
OCT Embedding Matrix an@iRIzol Reagentvere obtained by ThermoFisher
Scientific. Alginate (Protanal® GP 1740), EtOH, SYLGARDL84 Silicone
Elastomer Kit (PDMS) and Invicta 907 was purchased from FMC BioPolymer,
Carlo Erba (Italy), Dow an®imas Engineering (Italy) systems, respectively.
Recombinant Human Vascular Endothelial Growth Faétqrh VEGFA)

wasobtained by ImmunoTools (Germany).
4.2.2Synthesis of Gelatin Methacryloyl

GelMA was produced following a procedure published elsevtfe@elatin

was dissolved at 10% wi/v in PBS at a controlled temperature of 50 °C. After
1 h, MA (0.8 g per gram gelatin) was added, and the reaction stopped after 3
h. The solution was then transferred to 1 kDaaftitlialysis tubes and tHeW

(187 q cmt) was changed twice daily for 5 days. Finally, the GelMA obtained
was frozen {80 °C), lyophilised (LyoQuest, Teslar, Italy) and stored in the

fridge at 4 °C until further use.
4.2.3Synthesis of GelatiMethacryloytRhodamine B

GelMA-Rhodamine B was synthesised as previously deséfbdgriefly,
GelMA-Rhodamine B was obtained by dissolving 1 g of GelMA in 20 ml of
DW at 50 °C and reacting with 1 ml of activating solution for 24 h in the dark.
The activating solution was prepared by dissolving 0.01g Rhodamine B,
0.012g NHS and 0.02g EDI@ 1 ml DMF and keeping it stirring for 4 h st
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The solution was then transferred into 1 kDaaffitdialysis tubes and DW
was changed twice daily for 5 days. The GelRfaodamine B product was
then frozen {80 °C), freezalried and stored in the refrigerator at 4 °C and in

the dark until use.
4.2.4Alginate purification

The purification process of alginate was described in a previous>3fork
Briefly, a 2% wi/v aqueous solution of alginate was prepared and then poured
into excess EtOH. The precipitate obtained was vacuum filtered and washed
thoroughly with clean EtOH. The cleaned precipitate was then allowed to dry
and resuspended in 2% w/v DWfter filtering the solution (0.2m), it was
transferred into dialysis tubes with 1 kDa-ofitand dialysed initially in a 0.1

M NaCl solution for two days (changes twice a day) and then in DW for 3 days
(changes twice a day). The purified solutioradjusted to pH 7.5, filtered
again, frozen-(80°C), lyophilised and kept in the fridge at 4 °C until use.

4.25 Synthesis of AlginatEITC

Synthesis of alginatEITC was performed according to a previous protdéol
Specifically, 0.96 g of purified alginate was dissolved in 150 ml of PBS (pH
7.5). Subsequently, 0.054 g EDC and 0.06 g sNitS were added to the
solution and left to stir for 2 h. Following, 0.09 g FITC was added and the
reaction was left stirring ithe dark for 24 h. Free, unreacted fluorophore was
removed by extensive dialysis with 1 kDa-ofit dialysis tubes. Washes were
performed once with DW at 4 C for 24
then a subsequent six washes in DW for 24 h eache Pwmcfied, the pH of
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the solution was adjusted to 7.5, frozen& °C, freezalried and finally
stored in the dark at 4 C wuntil required.

4.2 .6Fabrication of microfluidic chip:

The microfluidic chip was manufactured in PDMS with the following
characteristic dimensions: 100 um biomaterial phase channel; 200 pm CacCl
(0.33 M in 80% glycerol) and glycerol (80% in water) channel; 300 um output
channel. The microfluidic chip was fabricated using the following procedure.
Using a CAD software (Autodesk Fusion 360), a microfluidic printhead mould
was designed containing thegative of the designed geometry. The STL file
was processed using a 3D editor (NAUTA®+) and 3D slicing software
(FICTOR®). Using an SLA printer (XFAB 3500SD, DWS, Italy), the
photocurable resin mould (Invicta 907) was obtained. The mould obtained was
washed extensively in EtOH, polymerised in an UV oven (MeccatroniCore BB
Cure; 10 min., 20 °C, power 100%) and lefttlre oven at 80 °C overnight.
Once the mould was ready, PDMS was poured into it (10:1 ratio of base
component to curing agent) and left for 2 h at 70 °C. The PDMS was then
removed from the mould, the access ports to the inner channels were created
with a 15 mm puncher and the two halves were bonded by plasma treatment

for 2 minutes. Finally, the chip was washed with DW before use.
4.2.7ATPS preparation

ATPS materials were produced by mixing different concentrations of GelMA
(3-5-7 %), alginate (4 %), Ru (1 mM) and SPS (10 mM) in an agueous
solution based on different concentrations of NaGl 90- 18 - 27 - 36 g/L)

and HEPES (25 mM)T@able 4.1). For ATPSs preparation with fluorescent
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biomaterials, the same methodology was used, but using GBIM&amine

B and alginatd=ITC instead of GelMA and alginate, respectively. The solution
was left to stir at 300 rounds per minute (RPM) at 50 °C for 3 h. Ru/SPS were
used as radical photoinitiatoto promote chemical creaking between the
GelMA chains and were added to the solution only a few minutes before
printing the ATPS. The prormed emulsion was flowed into the microfluidic
chip via the control of microfluidic pumps (neMESYS, Cetomnl@). Prior

to printing, the phases were filtered with a 1.2 um syringe filter (Sartorius) and
then loaded into 3 ml syringes (Fisher Scientific) to avoid clogging within the
channels. The entire experiment was conducted in the absence of light to avoid
ealy radical activation of GeIMA. The total phase flow was set atl6@in™*

(30¢l min - biomaterial phase; 38 min™ - CaCk phase).

Table 4.1 Formulation composition of ATPS inks.

Name GelMA  Ajginate NaCl HEPES
(% Wiv) (% wiv) (/L) (mM)

NO 5 4 0 25
N9 5 4 9 25
N18 5 4 18 25
N27 5 4 27 25
N36 5 4 36 25

G3N9 3 4 9 25

G7N9 7 4 9 25
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4.2.8Image analysis and ATPS characterisation

The size of the droplets generated and obtained at the various NacCl

concentrations of the ATPSwvas observed inside the microfluidic chip with a

high-speed camera (Photron FASTCAM Mini UX) at 500 fps, and with the aid

of a microscope (ZeissObserver.Z1) at a magnification of 5x. Videos were

recorded during the flow of the ATPS phase within the microchannels, and the

droplets were analysed witheh A Anal yse Particl esbo func
determinate their diameter. Further, with laser scanning confocal microscope

(Olympus IX83), the porosities of the printed scaffolds were studied at

increasing NaCl concentrations. Due to the autofluorescence afdgimate

(405 nm¥%2 the external and continuous phase of the samples was observed.

Using the function AAnalyse Particleso (
percentage area occupied by GelMA droplets. The percentage fraction of the

area occupied by the internal phasas calculated using the following

equation:

Ol QB GOOME ¢———— p I T (4.1)

4.2 9ATPS scaffolds 3D printing

The ATPS phase was printed using a custoate 3D bioprintéf®. The
printer consists of three microfluidic pumps (neMESYS, Cetoni GmbH)
regulated by Qmix Elements software. The axial system is organised in a
cartesian configuration and regulated by a motor (Micos) so that the fibres are
deposited during printing. Usingg MATLAB software, a gcode of a lattice
scaffold with dimensions of 8mm x 8mm, 20 layers in théirction and a
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gap of 100 um between each layer was realised. Scaffold printing was
performed by deposition on a lmmck glass slide, with the aid of the
microfluidic printhead, which allowed instantaneous reticulation of the fibres
due to ionic crostinking between lginate and CaGl(Figure 4.1). Different
types of scaffolds were realised: lattice grids of various concentrations of
GelMA (317 51 7 %), alginate (4 %), Ru (1 mM) and SPS (10 mM) in NaCl
(9 g/L) and HEPES (25 mM), and additional scaffolds of GelMA (5 %)
alginate (4 %), Ru (1 mM) and SPS (10 mM) in different concentrations of
NaCl (01 97 1871 2771 36 g/L) and HEPES (25 mM). 3D printing was carried
out in the dark to avoid premature crdis&king of the structures and grids were
printed at a speed of ZBmm s' (F800).

4.2.10Scaffolds crosslinking

After printing the ATPS lattices and preliminary reticulation between alginate
and CaCl, the samples were cured under visiligdt for 10 min. Scaffolds
were crossdinked with CaC} solution (0.33 M in NaCl (9 g/L) in HEPES (25
mM)) for a further 10 min. Using a spatula, the grids were transferred to-a well
plate (VWR® Multiwell Cell Culture Plates, VWR, ltaly) and kept in HBSS.
For selected analyses, the samples were subsequeniiy fin the freezer (

80 °C) and then lyophilised.

4.2.11Selective dissolution

A selective dissolution of both GelMA and alginate was carried out. For the
selective dissolution of GelMA, following the printing of scaffolds (without
the inclusion of Ru and SPS as photosslinking agents), only the alginate
was reticulated by CaglThe constructs were then immersed in HBSS and
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incubated at 37 °C for 3 h for solution release of the chemicallycrass
linked GelMA. For the selective dissolution of alginate, following regular
physical crossinking of the alginate with Caglnd chemical curing of the
GelMA with visible light, the 3D printed samples were immersed overnight in
a PBSbased solution with an alginate lyase concentration of 0.33 mdoml|

selective alginate removal.
4.2.12Scanning Electron Microscopy

Freezedried printed scaffold constructs (nrporous NO and porous N36) were
inspected by SEM (HFESEM, AURIGA Zeiss model) working at 1.50 kV.
The samples were first cut in half, then placed on aluminium stubs and
metallised with a chromium plasma to anbe their conductivity. Images were

taken at the following magnifications: 100600xi 1000x.
4.2.130ptical coherence microscopy

To assess the difference in porosity of the printed ATPS constructs, extreme
conditions (NO and N36) were evaluated by O&MThe instrument (Thorlab

OCT 4) has a central wavelength of 880 nm and a sensitivity of 106 dB. A 4x
objective was used to observe the ATPS samples and 3D images were acquired
at 1024 x 1024 x 2048 pixels for the X, Y and Z axes with an imaging depth
of 800 pm.

4.2.14Confocal imaging

The internal and external structure of the printed ATPS were studied using a
confocal laser scanning microscope. Prior to printing, GeRfdddamine B
and alginateFITC were included in the different ATPS formulations. The
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scaffolds were then 3D printed, crds¥ked, washed in HBSS and transferred
into p-Slide 8 Well (BIDI) for microscopic observation. A 559 nm laser was
used for the observation of the phase of GelRi#odamine B, and a 473 nm

laser for the outer phase of algin&d C. The acquired images were processed

with ImageJ software.
4.2.15Rheological measurements of emulsion inks

The rheological properties of the different ATPS formulations were analysed

with a rotational rheometer (Anton Paar MCR 302) at 25 °C and 37 °C fitted

with a coneplate geometry (25 mm diameter, 1° cone angle). The shear

viscosity behaviour of the ATPS solutions was evaluated by performing a share
rate from 1 to 9000

4.2.16Mechanical testing of 3D printed emulsion scaffolds

The mechanical properties of the ATPS construct were performed using a
DHR-2 controlled stress rotational Rheometer (TA Instruments, Waters)
equipped with a parallel plate geometry with a diameter of 20 mm and a Peltier

plate system to constantly contrbkbtsystem temperature kept at 23 °C. The
instrument was calibrated in DMA mode for uniaxial compression testing to
determine storage (G6) and | oss (Gbdd)
were preloaded at 0.4 N and frequency sweep tests were performexe i

range of 0.1 to 1 Hz at a constant displacement between 20 andh 50
depending on the LVR of the different hydrogels. Mean curve and standard

deviation were obtained by measuring three samples for each composition.
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4.2.17In vitro degradation test

A degradation test wgserformed on both samples in which chemical curing
of GelMA and ionic reticulation of alginate occurred, and on samples in which
only ionic crosdinking of alginate occurred. The scaffolds were incubated for
7 days at 37°C immersed in HBSS. Prior to weighthe samples were taken,

dried and weighed at specific time points (daylG 3 - 7).
4.2.18Swelling strands

NO and N36 scaffolds were printed and the variation in fibre dimension after 0

- 12 and 24 h was evaluated. The samples were printed and crosslinked both

chemically (GelMA with Ru/SPS) and physically (alginate with GaQlhe

fibres were observed using an inverted microscope (AX10, Zeiss, Germany)

with a 20x objective and the images were taken with an integrated camera

(Axi ocam 305 colour, Zei sisneaGarmanypolUdsi
fibre diameters were maa®d at different time points.

4.2.19Cell culture

The A549 human lung carcinoma epitheli&k cell line, C2C12 mouse pre

myoblast cell line and MG63 humasteosarcoma cell line were obtained from

ATCC (USA). The cell lines were cultured with DMEM culture medium

supplemented with 10% FBS, 100 U Penicillin, 0.1 mg stfeptomycin and

2 mM L-glutamine. The cells were thawed, plated on 75task (Corning®,

NY, USA) at a concentration of 3x36ells/flask and the medium was changed

twice a week. HBMSCsvere donated by Umberto | Hospital (Rome) and in

accordance with the Declaration of Helsinki and its later amendments and

approved on June 22, 2023 by theitnsbnal Review Board (Department of
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Molecular Medicine, Sapienza University of Rome, ItaWpMSCs were
cultured withUMEM culture medium supplemented with 10% FBS, 100 U
Penicillin, 0.1 mg mt streptomycin and 2 mM4glutamine. The cells were
thawed, plated on 182 éflask (Corning®, NY, USA) at a concentration of
5x1C cells/flask and the medium was changed twice a week. All cells were
incubated at controlled temperature and humidity (37 °G 526).

4.2.203D Bioprinting

For ATPSbioinks printing, all biomaterials, solutions and printheads were
previously sterilised. Sterilisation was performed bynd@ UV cycles of the
powders, filtration (0.22 pm syringe filter, ReliaPEepVWR) of the solutions

and flushing EtOH first and PBS later inside the channelspfmgng, all

cells used (A549, C2C12, MG63, HBMSCs) were detached (10 minutes, 37
°C, 5% CQ) with TrypsinEDTA (1x) at 8690 % confluence. The obtained
cells pellet was resuspended in 30 pl of culture medium andidineaterial
(including Ru/SPS as photoinitiators) was added and mixed well prior to
loading the bioink. The final cell concentration within the biomaterial was 5
million ml. Both the biomaterial, the creiaking solution (CaGl0.33 M in

80% glycerol) and washing solution (80% glycerol) were loaded into 3 sterile
syringes of 3 ml each (Fisherbrand Fisher Scientific) and printing was
performed in the absence of light to avoid premature dnolsisg of the
GelMA during scaffold fabrication. All struates were deposited at the
following speeds: biomaterial 30 pl i crosslinking solution 30 pl mf;
washing solution 30 pl il The obtained scaffolds were exposed to visible
light (10 minutes) and then to 0.33 M Caé&lution (10 minutes) for chemical
and physical crosknking. The grids containing A549, C2C12 and MG63 cell
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lines were cultured in DMEM, while those containing HBMSCs were cultured
in UMEM. For the samples containing HBMSCs in which the trend of
osteogenic differentiation was studied, the following osteogenic factors were
added to theOMEM culture medium: AA2P (100 puM)p-GP (10 mM),

dexamethasone (10 nM).
4.2.21Cell viability

To performthe Live/Deadassay,0.4 ug mit of Calceinand 0.2 ug mi?t of
Propidiumlodide were addedto a desiredvolume of FBSfree media.The
solutionwasthenaddedontop of thescaffolds previouslywashedvith HBSS,
until completecoverage.The sampleswere incubatedin the dark for 30
minutes(37 °C; 5% CO,). Subsequentlythe scaffoldswerewashedhricein
HBSS and analysedwith a confocal laser scanningmicroscope(Olympus

IX83). Cell viability wasquantitativelyevaluatedy ImageJoftwareanalysis.
4.2.22Immunofluorescence

The scaffoldsmaintainedin culture were fixed with 4% paraformaldehyde
(PFA). Afterwards thesamplesvereincubatedn 0.1%Triton X-100andthen
immersedn 1% BSA to block autofluorescencef the biomaterialsFor both
the first immunofluorescencdlF) including RUNX2 and BMP-2 and the
secondncluding CollagenandOPN, the scaffoldswerestainedwith 1% BSA
containingthe primary antibodieganti-Rabbiti 4 pg ml; ant-Mousei 2 ug
mlt) overnightat 4 °C in the dark. The constructsverethenstainedwith 1%
BSA containingthe secondanantibodiesFor IF including RUNX2-BMP-2:
RUNX2 antibody(5 pg mit), BMP-2 antibody (5 pg mt) andDAPI (1:1000).
For IF including Collagenl-OPN Collagen1 antibody (2 pg mit), OPN
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antibody 2 pg ml?) and DAPI (1:1000). For staining exclusively with
AlexaFluoE 488 phalloidin and DAPI, immediately after the
autofluorescencklockingstep thesamplesvereleft in thedarkwith 1% BSA
containingAlexaFluolE 488 phalloidin (1:40) and DAPI (1:1000).Finally,
the scaffolds were observedwith a 40x objective under a laser scanning

confocalmicroscope.
4.2.23Alkaline Phosphatase staining

Scaffolds were first removed from the culture media and then washed twice in
HBSS, followed by wash in 95% EtOH and rinse in HBSS. After removing the
solution and allowing thesamples to dry, a HBSIgased solution with
Naphthol ASMX Phosphate Alkaline Solution and Fast Red Violet LB Salt
was added on top of the constructs to full cover. After incubating (37 °C) 60
minutes in the dark, the samples were washed three times wiSSHB
visualised using an inverted microscope with a 20x objective and the images

were taken with an integrated camera.
4.2.24 Alizarin Red S staining

Stainingwith Alizarin Red S solution was carried out on ATPS scaffolds.
Constructswverefirst removedfrom the culture medium,washedwith HBSS
andthenfixed for 1 h in 4% PFA in HBSS.Subsequentlythe sampleswere
soakedn OCT embeddingmatrix at - 80 °C, thensectionedat - 20 °C with a
cryostat(Leica CM1850, Leica Biosystems)}o a thicknessof 8 um andthe
slicesweremountedon SuperFrosgjlassslides(Epredid& SuperFrosPlus ).
The slicesobtainedwere stainedwith a previouslypreparedAlizarin Red S
solution.Briefly, 3.5g of Alizarin RedS weredissolvedin 150mI| DW. The
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pH wasadjustedo 4.1-4.3 using0.5%ammoniumhydroxideandthe volume
wasfinally broughtto 250ml by monitoringthe pH. Theslicesweresoakedn
Alizarin RedS solutionfor 1 hour,thenwashedwvith DW andvisualisedwith

aninvertedmicroscope.
4.2.25Quantitative reverse transcription polymerase chain reaction

The expressiorof specificgenesrelatedto osteogenidifferentiation(Table
4.2) of HBMSCs encapsulatedn ATPS hydrogels was determined by
quantitativereversetranscriptionpolymerasechainreaction(RT-qPCR).The
sampleswerefirst degradedn a solutioncontainingl mg ml™ collagenas®
and 0.33 mg ml! alginate lyase. RNA was isolated via TRIzol Reagent,
extracted(RNeasyMini Kit, QIAGEN) and quantified using a nanodrop
spectrophotometefNanoDrop 2000c, ThermoFisherScientific). RNA was
convertedto cDNA usingthe iScriptt ¢cDNA SynthesisKit (Bio-rad). RT-
gqPCRwasperformedusingiTagE UniversalSYBR® GreenSupermix(Bio-
rad) andgeneexpressiomuantifiedusinga Real Time PCR System(Applied
BiosystemsViiA 7, ThermoFisheScientific). The cell pelletcollectedat day
0 wasusedasa control. Theexpressiorof targetedhenegelatedto osteogaic
differentiationwas calculatedby thresholdcycle (gp d8t) method,normalised

to GAPDH as housekeepingeferencegeneand reportedas fold change(2
PPty
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Table 4.2 Primer sequences used forigPCR.

Name

Primer sequences

GAPDH

OSX

RUNX-2

ALP

COLXAl

COL1A1

BSP

OCL

Forward:5 &SACAGTCAGCCGCATCTTCTT

Re v e r-sCCGTTEACTCCGACCTTCA

For wa-ATGGGGIGCTTTCACCTG

Re v e r-6GGAAAAGGGAGGGTAATC

For wa-GUAGAT&SGACCTCGGGAACC

Re v e r-6AGGCEEI CAGAGAACAAAC

Forward:5 €&GAACTCCTGACCCTTGACC

Re v e r-SGCTGTHAAGCTCGTACTGC

For wa-CACACTAGCCAACACCAAGA

Re v e r-6EGGACCAGGAGTACCTTGC

For wa-GAGTGGIGTCCCGTCTGC

Re v er-§T@CTTGEA CGGTGGGTG

For wa-CAGTTCAGAAGAGGAGG

Reverse5 GCAGCCTCAGAGTCTTCATC

For wa-GAGGARAECGAAGAGGAGG

Rev e r-6GGGTGIOGTTCTCATCCAG
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For wa-AAGAGACECAGGCGCTACCT

OCN
Re v e r-AACTCGF@ACAGTCCGGATTG
For wa-TGAAGCLCAAACACAAACAGC

BMP-2
Reverse5 AA\GCCACAATCCAGTCATTCC
For wa-GOHTTCGZAGACCTGACATCC

OPN
Rever-€ATTCAAGICCTCGCTTTCC

4.2.26Statistical analysis

Statistical analysis was performed via GraphPad Prism (Graph Pad Software
Inc., La Jolla, CA). TheéD'AgostinaPearson normality test was applied to
assess variations in the data. @vey ANOVA and tweway ANOVA were

used to evaluate differences between groups. The sample size (n) is shown in

the figure captions. Significantly different data were seteatep < 0.05.

4.3 Results and discussion

4.3.1 ATPs inks can be tuned by altering salt and dispersed phase

concentration

The tunability of ATPs inks through the manipulation of salt and dispersed
phase concentrations was investigated, focusing on how these variables
influence the size of the internal phase droplets. By examining different ATPS

formulations, we provided detad insights into the correlation between salt
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concentration, GelMA percentage and droplet size distribution. Microscopic
images of the emulsions were obtained by flowing the different ATPS
formulations through the microfluidic channel and observing them with a high
speed camera (FastCam) to assesssite of the internal phase droplets.
Consistently with previous studf@} increasing the (i) percentage of NaCl (0
-9-18-27-364g/L) and (ii) GelMA (0- 3-5-7 %) in the ATPS formulation

resulted in an increase in the diameter of the drofdtagsie 4.2).

NaCl GelMA 1
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e Diam:éters (|j;'n)
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|
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Figure 4.2 Variation of NaCl and GelMA concentrations for droplets characterisation. a)
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ATPS formulations differing in NaCl content observed by FastCaini.,ai) NO, ai iii , iv)
N9, ai v, vi) N18, ai vii, viii) N27, ai ix , x) N36. b) Droplets size distnition for different

¢) ATPS formulations differing in GelMA content observed by FastCainiii ¢ iv) G3N9, ¢
T v, vi) N9, ci vii, viii) GTN9. d) Droplets size distribution for different GelMA content: d

(at x, ci viii) 25 em. Mean + S.D. n=50.
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By removing NaCl Figures 4.2a, i ii) and GelMA Figures 4.2c, i ii) from

the ATPS formulation, no emulsion formation was observed, resulting in a
singlephase system. In contrast, different concentrations of N&iGures

4.2a, iii - X) and GelMA Figures 4.2c, iii- viii) resulted in different sizes of
GelMA droplets. Increasing the NaCl concentration, the size of the droplets
varied from an average of 12.8 um for thg/@ NaCl formulation to an average

of 52.4 um for the 3@/L NaCl formulation Table 4.3.

NaCl (g/L) 9 18 27 36

Average
_ 12.8+ 2.55 21.5+4.11 39.3+9.65 52.4+11.44
diameters (um)

Table 4.3 Diameter of droplets as salt concentration increases. Mean + S.D. n=50.

It is known that the increase in size of the droplets is due teaitieg out
effect33. As salts reduce the solubility of the polymer in solution, the less
soluble component (GelMA in this formulation) can precipitate from the
aqueous solution, forming a separate phase. Furthermore, the molecular weight
of a polymer is known to be directhroportional to its solubility, resulting in
GelMA (90 kDa molecular weight) appearing less soluble than alginate (35
kDa molecular weight) and consequently being responsible for the increase in
the volume fraction of the dispersed phase. Regarding thease in the
percentage of GelMA, a higher concentration of 7% was not tested due to the

high viscosity of the solution and the small size of the channel.

118



A nonsignificant polydispersion was observed for all ATPS formulations
studied Figures 4.2bi 4.2d). Variation in the size distribution of droplets may

be due to several factors, such as (i) the method used to prepare the emulsion,
(ii) the polarity of the solvent, (iii) mechanical alteration of the tubes connected
to the microfluidic device. The polaritf the NaCl + HEPES solution and its
miscibility with the dispersed phase can affect the size and distribution of the
droplets. Indeed, it is well established that the higher solvent polarity promotes
of droplets with a smaller diamet& Additionally, excessive agitation of
polymer solutions or prolonged heating can cause the formation of larger
droplets or the breakage of droplets already forfie@hus, we have noted
that mechanical alteration of the tube connected to the microfluidic chip can

slightly destabilise the emulsion and the formation of droplets.

4.3.2 Physical characterisation of ATPs inks demonstrated

compartmentalised internal architecture

A library of ATPS formulation was prepared to observe the effect of salting
out and the macroscopic behaviour of the emulsions. A marked increase in the
dispersed phase was observed due to a progressive increase in the lower phase
(GelMA) of the ATPS systa. In particular, it was noted that in absence of
NaCl, no ATPS formation was observed, with a similase system and a

completely transparent solution being observed within the Figli(e 4.39.
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Figure 4.3 Physical and morphological analysis of ATPSs. a) Images of the different
distributions of the alginate and GelMA phases of the ATPS systems as the salt concentration
increases. b) Brightfield confocal images of the emulsions aNdl# content increases. In
white the external alginate phase, in black the internal GelMA droplets. ¢) Confocal
fluorescence images of the ATPS emulsici). External alginate phase labelled with FITC,

c-ii) internal GelMA phase labelled with rhodamineddii) brightfield image of the emulsion,

c-iv) merged fluorescence image. d) Average of droplet diameters measured at different salt
concentrations e) Volume fraction of dispersed phase calculated for ATPS at different NaCl
concentrations. f) Average dfoplet diameters measured at different GelMA content. Scale
bars: (b) 5&m, (c) 30em. Statistical significances were assessed bywaneANOVA. Mean

+ S.D. n=50, ****p<0.0001.

In contrast, by increasing the amount of salt percentage, the system became
progressively biphasic and opaque. By confocal microscopy, the internal

structure of the ATPS was validated, observing an increase in the fraction of
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dispersed phase as the salt content incre&sgaré 4.30). The distribution of

the two phases of alginate and GelMA was clarified by labelling alginate with
FITC and GelMA with Rhodamine B. Following the formation of the ATPS,
the structure was observed by confocal microscdépgute 4.39 and the
internal distribution of GeIMARB and the external distribution of Alginate
FITC were confirmed. The size of the GelMA dropldigy(re 4.3d) the area
fraction of dispersed phasEigure 4.3¢ were found to beickctly related to

the salt content, finding a significant (p<0.0001) exponential ratio between
dispersed phase and NaCl percentage. Furthermore, the same direct and
significant (p<0.0001) proportionality was observed between the average size
of the droplés as the GelMA content increasédgure 4.3f).

These observations are coherent with previously reported behaviours in
agueous biphasic systems, where the increase in salt concentration increases
the saltingout effect, promoting phase separation and the formation of larger
droplets. With higher salt cgentration, increased interfacial tension between
phases was observed, which facilitates the coalescence of smaller droplets into
larger droplets. In addition, the higher ionic strength was shown to reduce the
electrostatic repulsion between the dropldegilitating their fusion and

contributing to the observed increase in dispersed pliase

The ATPS fibres were also evaluated for swelling up to 24 h after their
production, and a slight decrease in fibre diameter was observed after 12 h,
followed by an increase in fibre size for both formulations studigdL(®laCl

and 36g/L NaCl) (Figures 4.4ab).
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Figure 4.4 Swelling and mechanical analysis of printed ATPS fibres. a) Images of fibres
swelling at Og/L NaCl taken &) 0 hours, ai) 12 hours, aii) 24 hours and fibres at 3@/L

NaCl taken &v) 0 hours, av) 12 hours and-ai) 24 hours. b) Quantification of printed fibres
swelling at 0- 36 g/L NaCl. c) G' and G" values obtained from compression tests performed
on samples at-) 0, c¢ii) 9 and eiii) 36 g/L with and without GelMA crostinking. Scale bar:

(a) 100em. Statistical significances were assessed byvamne ANOVA. Mean + S.D. n=3,
***%n<0.0001, ***p<0.001.

The swelling of the fibres was found to be higher in the fibres obtained with a
salt content of 3§/L compared to the diameters measured in the formulations
without NaCl. Porous fibres exhibit higher swelling than-ponous fibres,
which can be attributed to their larger surface area and greater ability to absorb
water. The porous structure allows ingiegly water penetration and
retention, leading to a pronounced swelling effect, as observed in other

hydrogel systems where porosity enhances fluid atisof>823° In addition,
122



the pores are presumably creating a less dense network, allowigge&ber
swelling compared to denser, rparous fibres. Ultimately, mechanical tests
were also carried out to evaluate the storage and loss modulus of scaffolds in
which both crosdinked and norcrosslinked GelMA were studiedRigure

4.49. All hydrogel samples containing GelMA showed distinction between G'
and G" values in the 1@®D0 kPa and 2Q00 kPa range respectively,
confirming the predominantly elastic response with greater stiffness values
registered for the composition agA. NaCl content. Estic and characteristic

gel behaviour was also observed in the case of Gifdé compositions at a
concentration of @/L and 9g/L NaCl. In details, the slight increase in modulus
observed for the composition containingg® salt following the removal of
GelMA may be related to the presence of homogeneously distributed porosity
in the sample. At the same time, the mechanical properties of the composition
containing no salt do not seem to be clearly affected by the presafrseace

of GelMA. In the cae of the composition containing 86- NaCl, a different
mechanical behaviour was observed following the removal of GelMA,
showing a predominantly viscous behaviour, that can be potentially
reconducted to the presence of fwwasslinked GelMA in the porosity of the

material.

4.3.3 Selective removal of ATPS phases can modulate degradation and

material release

In order to confirm the phase disposition of the APTS system, and which of

the two phases acts as a porosity templating agent, a selective dissolution of

both alginate and GelMA was performed. In the selective removal of alginate,
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the behaviour of the 3D constructs (crtisked both chemically and
physically) was observed atglL NaCl and 3@/L NaCl before and after the
use of the enzyme alginate lyaséglre 4.59.
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Figure 4.5 Selective degradation of GelMA and alginate in ATPS systems. (a) Selective
degradation of alginate into ATPS fibres. Nporous samples at@L NaCl ai) before and

ali) after incubation with alginate lyase. Porous samples gf136laCl &iii) before and av)

after alginate lyase. b) Selective degradation of GelMA in ATPS scaffolds. Confocal images
with b-i) GelMA maintenance and withi) GelMA removal. c) Degradation test performed

on samples at091 36g/L. Degradation test on samplasvhich ¢i) GelMA was chemically
crosslinked and alginate was physically reticulated and degradation test on samples in which
c-ii) GelMA was not chemically crodinked and alginate was physically reticulated. Scale
bars: (a) 10&m, (b) 25em. Statistical significances were assessed byvwme ANOVA.

Mean + S.D. n=3, ***p<0.0001.

In the case of the neporous fibres with no salt conteritigures 4.5a, ii ii),
partial degradation of the fibre but not complete collapse of the structure was
observed. This suggests that even without alginate, GelMA retains a degree of

structural integrity in noiporous fibres, playing a supporting role rather than
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being entirely dependent on the alginate matrix for stability. In contrast, in the
porous samples at 3L NaCl, the enzyme completely degraded the external
fibre structure, causing the release of GelMA droplets. This observation
highlights the role of alginate as the primary poretgtyplating agent in
porous fibres. The higher salt content favours phasaratm, leading to a
distinct porous structure in which alginate constitutes the continuous phase.
When alginate is removed, the scaffold collapsesfirming that the porous
structure is highly dependent on alginate, with GelMA present in dispersed

form that is released when the alginate matrix is degraded.

For the exclusive dissolution of GeIMAgIL salt scaffolds were produced in
which only the alginate was physically crdgsced. The sample was placed in

an incubator at 37 °C for 2 h to eliminate the chemically-crosslinked
GelMA. As a control, an equal sample was prepared but stored in &idge€

after the physical crodmking of the alginate and to prevent the GelMA from
dissolving and consequently being removed. It was noted that the scaffolding
structure following GelMA dissolution resultedorous, whereas in the
structures where GelMA was not removed, both emulsion phases were still

presentFigures 4.5b, ii ii).

A 7-dayin-vitro degradation test was further performed to assess the stability
of the scaffolds and their ability to degrade over time with both ¢nulesd

and chemically nowrosslinked GelMA as an internal emulsion phase. It was
observed that the samples in whichli&& was not chemically crosknked
degraded more rapidly compared to the structures in which GelMA was cross
linked and maintained within the scaffoldsigures 4.5c, ii ii). The result
revealed a higher stability of the crdswed strictures, thus highlighting how
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the crosdinking process significantly (p<0.0001) changes the mechanical
properties and resistance to degradation of the scaffolds. The formulation that
includes crosdinked GelMA tends to be more resistant to hydrolytic
degradation due to the densemmatk. On the other hand, as confirmed in the
work of Velasco and cavorkerg?®, noncrosslinked GelMA degrades rapidly
under physiological conditions, as lacks the stability provided by the-cross

linking network.

4.3.4 Microfluidic -assisted 3D bioprinting of ATPSs facilitate the

patterning of micro-porous structures

ATPS systems were printed with a custorade flowfocusing microfluidic
printhead. By using microchannels made to create a central flow of ATPS
biomaterial surrounded by the crdsking CaCk solution, it was possible to
deposit porous (918- 27 - 36 g/L NaCl) and norporous (/L NaCl) lattice
structures imir layer by layerKigure 4.63).

Figure 4.6 Microfluidic 3D bioprinting of ATPSs. ) Image of the microfluidic printhead

during 3D deposition of an ATPS scaffoldiipAir -printed ATPS scaffold lattice layer by

layer with detail of a single fibre irtid) brightfield and in aiv) alginate autofluorescence at
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405 nm. b) OCT images of the ATPS systems). Brinted grid image for the §/L NacCl
composition, ki) frontal fibre image, hiii) fibre sections. kiv) Printed grid image for the 36

g/L NaCl composition, {v) frontal fibre image, i) fibre sections.

To investigate the internal structure of the printed scaffolds, an OCT analysis
was performedRigure 4.6h). After producing the scaffolds without chemical
crosslinking of GelMA, the latter was dissolved overnight in an incubator for
the complete removal of the internal phase of the scaffolds. As confirmed in
previous analyses, the results showed that theppoous Og/L salt scaffolds

had a compact and homogenous internal structure, whereas ¢jfe R&Cl
scaffolds were characterised by interconnectedrimal pores. In addition,
SEM analysis was conducted to assess the internal porosity of the scaffolds.
From the acquired images, it was possible to confirm that the fibres of the
monophasic system (/L NaCl) were found homogenous and smooth in
surface, while the ATPS structure (8. NaCl) showed evident internal

interconnected porosity-{gure 4.7).
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Lattice top view

Fibre diameter

Figure 4.7. SEM characterisation of ATPS scaffolds. SEM top view images of the foeezk
fibres at i, ii) Og/L NaCl and iitiv) 36 g/L NaCl. SEM images of sections of lyophilised fibres

em, (viii) 50em. Mean + S.D. n=3.

The rheologicalproperties of GelMAAlginate ATPS were investigated in
relation to NaCl concentration (&), revealing notable effects on viscosity,
complex viscosity, and mechanical spectra. As showkigare 4.83 shear
viscosity decreased with increasingwa€, reaching a minimum at N18,
followed by a linear increase. The highest viscosity was observed at N9, driven
by the overall polymer concentration in the continuous phase, with a limited
contribution from the droplet phase due to its low volume fraction.
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Figure 4.8 Rheological properties of GelMAlginate ATPS. Viscosity (Pa s) VS (a) shear
stress (3) and (b) frequency (Hz). c) Viscosity VS NaCl concentration (% wi/v). d) ATPS

mechanical spectra i(ivpBO0 @mMearat:dO)n=3. Scal e bar:

This behaviour aligned with existing literatéffe where NaCl influenced
phase separation by shielding electrostatic repulsion between polymers,
resulting in changes idroplet size and packing density. Similar trends have
been reported for other similar hydrogel systems, where salt concentration
modulated viscosity by affecting polymsolvent interactions and phase
behaviout*’. The shear thinning behaviour observed at highesciC
concentrations, particularly in N27 and N36, was attributed to the increased
dispersed phase volume fraction, leading to more frequent droplet deformation
and interaction under shear. This finding was consistent with studies on

colloidal dispersior/d® where denser droplet phases exhibited more
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pronounced shear thinning due to droplet interactions. Furthermore, the
complex viscosity *) as a function of frequency was highlightdéigure

4.8b), showing peaks at low frequencies for N9, N18, and N36 that shifted to
higher frequencies asngei increased. This behaviour suggested that energy
storage occurred due to interfacial deformation between the droplets and the
continuous phase. Similar behaviour has been documented in biopolymer
solutions, where increasedv4c strengthened the droplet phaseflecting
enhanced energy storage capaéity

The partitioning of GelMA and alginate between the continuous and droplet
phases, as demonstrated=igure 4.8¢ mirrored literature findings on phase
separation in ATPS systefis At low NaCl concentrations, GelMA and
alginate remained predominantly in the continuous phase, while at higher
NaCl, more GelMA transitioned to the droplet phase, leading to changes in
viscosity. This behaviour has been observed in other sttRliadhiere NaCl
influenced the partitioning of macromolecules and, consequently, the
rheological properties of the system. Finally, the mechanical spe¢tiguire
4.8dfurther supported the previous findings, indicating a crossover frequency
(fc) where elastic properties dominated at lower frequencies, and-likgid
behaviour occurred at higher frequencies. AscCincreasedfc shifted to
higher values, reflecting the transition from viscolesninated to more sokd

like behaviour, which was consistent with increased droplet packing and phase

separation previously reportéd
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4.3.5 C2C12 remain viable following extrusion and preferentially spread

over dispersed phase with higher NaCl concentration

C2C12 cells were encapsulated in ATPS inks at increasing NaCl
concentrations. High viability was observed inalhditions up to 7 days of
scaffold culture, with an increase at day 7 compared to daigarés 49a, i)

confirming the biocompatible effect of NaCl inclusion.
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Figure 4.9. Cell viability of C2C12 in ATPS systems:ijaConfocal images with C2C12
labelled withCalceinto show live cells (green) and cells labelled with propidium iodide to
show dead cells (red). Quantification of cell viability in ATPS systems whigr&alMA was
crosslinked and in samples whereiig GelMA was removed. Scale bars: (a) 100 um.
Statigical significances were assessed by-tmay ANOVA. Mean + S.D. n=3, *p<0.05.
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Viability was found significantly increased (p<0.01) over 7 days of culture
(Figures 49a, ii) in the presence of GelMA. However, following GelMA
removal Figures 49a, iii) the viability was found nosignificantly consistent

over the period of 7 days. GelMA is highly biocompatible, resembling the
natural ECM. Studies have shown that cells encapsulated in GelMA exhibit
high viability, promoting cell adhesion and proliferationer time* In
contrast, the use of alginate as a biomaterial generally requires modifications
to improve cell adhesion and viabifify. The lack of these modifications in

the molecular structure of alginate chains often results in a reduced cell
viability, as was confirmed from our analyses in which alginate scaffolds were
cleaned of their internal GelMA phase. By culturing 3D bioprinteu
marking the nuclei and actin filament of the cells, the spatial arrangement and
spreading of C2C12 inside the printed ATPS were asseSggrads 410a-d).
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Figure 4.10. Spatial distribution of C2C12 in ATPS systemsx-a) Confocal images with

C2C12 labelled with DAPI to shonuclei (blue) and cells marked with phalloidin to shew f
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actin (magenta). d) Orthogonal view of imagk €ircularity analysis conducted on the
formulation ei) NaCl 0g/L with GelMA, eii) NaCl 9 g/L with GelMA, e-iii) NaCl 36 g/L

with GelMA, f-i) NaCl 0g/L without GelMA, fii) NaCl 9 g/L without GelMA and fiii)

NaCl 36g/L without GelMA. g) Cell circularity as a function of salt concentratioi). Qell
circularity for each NaCl composition within the ATPS samples is shown. The pink contour
marks samples with + GelMA, the blue contour marks samples-V@#MA. g-ii) Cell

circularity is inversely proportional to the salt concentration in the hydrogels. When the
amount of NaCl in the scaffolds is higher, the cells are more elongated. Scale bars: (c) 100
pum. Statistical significances were assessed byviap ANOVA. Mean = S.D. n=3,
****n<0.0001, ***p<0.001, **p<0.01, *p<0.05.

From confocal analysis, it can be appreciated that in the absence of GelMA as
ATPS phase, C2C12 were arranged in a relatively random pattern, with no
particular spreading within the ATPS. In contrast, 3D bioprinted structures
with chemically crosdinked GelMA, cells in the O 9 g/L systems presented

a similar spreading behaviour, with the C2C12 in tg4. NaCl material being

more located in the GelMA droplets. The distribution of C2C12 within the 36
g/L NaCl material, on the other hand, was markedlyenwiented inside the
inner phase droplets, where the cells were concentrated inside and grew along
the entire surface of the GelMA droplets. This behaviour is attributable to the
enhanced cell adhesion properties of GelMA compared to al§ihafde

RGD (Arg-Gly-Asp) sequences of GelMA favour cell organisation, creating
an interconnected network in the inner phase drdpleté/hen alginate is
more abundant in the ATPS formulation, there is reduced cell diffusion, and
cells appear to remain more rounded and isofetedhe increased salt
concentration in ATPS results in a higher phase separation between GelMA

and alginate, causing cells to localise more in GellitA regions. Circularity
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analyses performed on C2C12 within the ATPS hydrogels confirmed what was
observed by confocal analysiEdures 410e-g). In fact, the elongated cells in

the 36g/L systems showed significant circularity values tending closer to 0 (O:
noncircular- 1: circular), whereas the 09 g/L cells were more round with

higher circularity values.

To assess whether the spatial arrangement of C2C12 within the biomaterial
was a standartehaviour, DAPI was used to label the nuclei of various cell
types (A549, C2C12, MG63, HBMSCs) encapsulated both in samples in which
both emulsion materials (alginate with Ca@hd GelMA with visible light)

were crosdinked, and in samples in which cregsking occurred only for the
alginate (without GelMA)Kigure 4.11).
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Figure 4.11. Partitioning of different cell types within the various ATPS scaffold formulations.
Brightfield and confocal (merged) images representative of cells labelled with DAPI to show
the nucleus (blue) of the different cell types (A549, C2C12, MG63, HBMSCg)GafvIA
marked with rhodamine B to show the inner phase (red) of the scaffoldsSat 86 g/L. In

all cell types, images were taken both under conditions where GelMA was not chemically
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crosslinked (GelMA) and under conditions where GelMA was chemically clivded
(+GelMA). Scale bars: (a, b, c, d) 16Mm. Mean = S.D. n=3.

The latter condition was essential in order to be able to identify, depending on
the salt concentration used+9 - 36 g/L NaCl), in which of the two phases
(outer phase of alginate or inner phase of GelMA) the cells were located. The
results showed that when the salt concentration wgds BaCl, the system did

not form emulsions and the cells were arranged randomly reord
homogeneouslyln contrast, when the system formed emulsions 36 g/L
NacCl), most of the cells organised themselves within tH&M&elroplets and

to a lesser quantity in the outer alginate phase. In particular, thé 3&Cl
conditions and in larger droplets, cells were increasingly stimulated to arrange
themselves within the dispersed phase. This behaviour aligned with previous
research, suggesting that while GelMA enhanced cell adhesion and
organization due to its RGnotifs?®3, alginate offered excellent structural
support and stabili®y®, which can be further leveraged to modulate cell
behaviour. Indeed, alginate facilitated the formation of Agefined
microenvironments that promoted cellular encapsulation, protection, and
growth, particularly in higksalt conditions where phase separajppromotes

localised cell clustering.
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4.3.6 HBMSCs spreading ratio increase with higher salt dispersion in 3D

printed constructs

The functionality of HBMSCs in ATPS structures was investigated, both in
terms of cell spreading/viability and the osteogenic differentiation capacity of
the cells depending on the different salt concentrations. Following the
observation of more consistebehaviour in conditions where GelMA was
preserved and crodsimked within ATPS hydrogels, the experiments were
narrowed to only those formulations containing cilodsed GelMA (0, 9, and

36 g/L salt). Consequently, experiments on formulations withogstinked
GelMA were discontinued. In the selected scaffolds, alginate waslorked
physically, while GelMA was crodsked chemically. Initially, the viability

of the HBMSCs within hydrogels was evaluated in increasing concentration of
NaCl in ATPS,with a direct proportionality of viability at day 7 with the salt

content within the formulationg-{gure 4.12).

a i ii iii
NaCl (0 g/L) NaCl (9 g/L) NaCl (36 g/L)

Figure 4.12. Cell viability of HBMSCs incapsulated in ATPS scaffolds. a) Confocal images

100 _ = Day 1

so{ [ = Day7

D1

Cell viability (%)

D7

(R s
ORI

with HBMSCs cells labelled witiCalcein to show live cells (green) and cells labelled with
propidium iodide to show dead cells (red) for the conditionCag/L NacCl, aii) 9 g/L NaCl
and aiii) 36 g/L NaCl. b) Quantification of cell viability at day 1 and day 7 for sampleS 0
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- 36 g/L. Scale bar: (a) 100m. Statistical significances were assessed byvap ANOVA.
Mean + S.D. n=3.

The achieved results weparticularly noteworthy considering that alginate is
generally known for its lack of adhesion propefi&swvhich often resulted in
limited cell viability when used as an independent scaffold material. Despite
these limitations, the combination of alginate and GelMA in our ATPS system
produced improved cell viability under all conditions. As outlined abowe, th
GelMA and alginatédbased ATPS synergistically exploited the complementary
properties of both biomaterials: GelMA provided high cell adhesion and
promotes ceff® while alginate provided superior structural integrity and
mechanical stabili?®. This collaboration resulted in improved cell behaviour
and functionality within the composite ATPS hydrogels.

The cellular distribution of HBMSCs in ATPS hydrogefsgure 4.13a) was
then confirmed and the spreading assessed by staining of nucleiatid f
(Figure 4.13b). HBMSCs were found to preferentially concentrate within the
GelMA phase of 36g/L salt samples, colonizing the entire volume and
preferentially growing around the phase boundaries.
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Figure 4.13. Spreading and osteogenic differentiation of HBMSCs in ATPS hydrogels at
different salt concentrations. a) Microfluidic 3D bioprinting of HBMSCs ATge&ffolds. b
c-d) Confocal images with HBMSCs labelled with DAPI to show nuclei (blue) and cells
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marked with phalloidin to showdctin (green). e) RHPCR analysis of HBMSCs after 7 days

of 3D culture in basal and osteogenic media. The expression of genes associated with
osteogenic differentiation was examined to observe the effect of differentecoigdia on

ATPS scaffolds. The expression levels of OSX, RUNX2, ALP, COL1A1, OCL and OCN were
significantly higher in ATPS constructs cultured in osteogenic media at day 7 compared to
controls in basal media. fir images with HBMSCs labelled with DAPI show nuclei (blue)

and cells marked with BMR monoclonal antibody to show BMP(yellow). g)ALP staining
performed at day 1 and day 7 in samplesia®0 36 g/L NaCl treated in basal and osteogenic
medium. Scale bars: (b, f) 100 um, (g) 100 uthmm. Statistical significances were assessed

by two-way ANOVA. Mean = S.D. n=3.

To assess the capacity for osteogenic differentiation, the expression of specific
genes of HBMSCs encapsulated in ATPS hydrogels was determined-by RT
gPCR Figure 4.13e). ATPS scaffolds were maintained in culture with both
basal and osteogenic medium. A pronounced increase was observed at day 7
in the levels of the OSX, RUNX2 and ALP genes when the scaffolds were
cultured in osteogenic medium. The expression of a further géateddo
osteogenic differentiation (BMR) was observed by confocal microscopy in
ATPS scaffolds at increasing salt concentratioRggure 4.13f). Higher
expression was detected in the case of the hydrogelsgdk 3@lt when they

were cultured in osteegic medium. In particular, the GelMA droplets
appeared to stimulate and enhance the accumulation ofBMPhin the
dispersed phase. The increase in gene expression suggests that the presence of
GelMA provides an ideal microenvironment for osteogenifetghtiation.
Indeed, the presence of BMIPdemonstrates bone matrix production and

mineralisatio”®®in ATPS scaffolds.
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Finally, ALP staining revealed a substantial difference between ATPS
scaffolds treated in basal medium and osteogenic medium up to Faaye (
4.13g). In particular, at day 1 there was no particular difference in the level of
ALP expression, whereas at day 7 the difference between samples in basal
medium and samples in osteogenic medium was marked. Indeed, when treated
in osteogenic medium, ALP expeesn was notably higher, with greater
disposition and expression localised within the GelMA dropletss Téi
consistent with the expected timing of osteogenesis, in which ALP expression
increases as cells start to deposit the initial bone m2trbhe observation of

the higher ALP expression in the GelMA dropl&igher underlines the role

of GelMA as a bioactive component that increases the osteogenic potential of
the encapsulated HBMSCs.

4 4 Conclusions

The development of ATPS bioinks for 3D bioprinting represents a significant
advancement in TERM. By finely tuning the composition of GelMA and
alginate, as well as the concentration of NaCl, we successfully controlled the
formation and properties of W/W ernsions. The tunable NaCl salt
concentration exerted a direct influence on the size and disposition of the
dispersed GelMA droplets within the alginate phase, thereby enabling the
fabrication of weldefined and complex structures. Notably, mechanical
anaysis demonstrated a clear relationship between salt concentration and the
mechanical properties of the scaffolds, with higher NaCl concentrations
resulting in more porous and elastic structures, which was validated by both
rheological testing and OCM. Cealhcapsulation (A549, C2C12, MG63, and
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HBMSCs) showed that the ATPS inks supported cell viability, spreading, and
differentiation over time. Most importantly, ATPS induced the agglomeration
of cells in small pockets, resulting in an effective compartmentalisation of the
3D printed fibre. In parcular, HBMSCs cultured in ATPS scaffolds exhibited
significant osteogenic differentiation, with enhanced expression of key
markers such as RUNX2 and BMPwhen cultured in osteogenic medium,

confirming the potential to guide bone tissue regeneration.

Altogether, the versatility of ATPS biomaterial inks offers a powerful tool for
engineering complex tissue architectures with microscale precision. The
ability to selectively control cell behaviour and scaffold porosity provides a
unique opportunity for @ating functional tissue substitutes, paving the way

for future clinical applications in regenerative medicine.
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Chapter 57 Development of a U&ssisted 3D
bioprinting approach to prime thelifferentiation

of skeletal stem cells

5.1 Introduction

Bone injuries and defects represent a significant global health burden, often
resulting from trauma, neoplasia and infectidn These conditions are
associated with significant morbidity, including chronic pain, functional
impairment and recurrent hospitalisation. Autologous bone grafting is the
current gold standard treatment. However, this approach is limited by donor
tissue awilability, donor site morbidity and prolonged operative tifrfes
These limitations are alleviated by a number of alternatives such as allografts
and xenografts but carry risks related to immunogenicity and pathogen
transmissiofr®. Artificial implants, while offering immediate structural
support, often demonstrate suboptimal osseointegration while being typically
prone to failuré®®. To overcome the limitations of conventional treatments,
TERM has emerged as a promising therapeutic strategy for skeletal
regeneratioff. Typical approach involves the inclusion of cells in scaffolds
fabricated with biocompatible and biodegradable materials, which are
carefully designed to mimic the mechanical and functional properties of native
tissue€®’. The scaffolds provide an optimal mieeavironment that supports

cell adhesion, proliferation and differentiation, both on the surface and within
the scaffold matris2 As cellular development progresses, the newly formed
tissue seamlessly integrates with the natural structures of the host, while the
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scaffold undergoes a controlled process of biodegradation, ultimately
providing the templating architecture for the regeneration of the human tissue.

A notable advance in this area is represented by the advent of 3D bioprinting
technology, which facilitates the precise fabrication of -eelbedded
scaffoldg®® Using syringebased or custordesigned printheads (e.g.
microfluidic printheads), 3D bioprinting enables the controlled deposition of
biomaterials and cells in wellefined patterré. The printheads can be
integrated with traditional 3D printers equipped with axial (X, y, z) syféms
or incorporated into more advanced robotic &Pfnsoffering increased
precision and flexibility for patiergpecific applications such as targeted tissue
regeneration and reconstructive surg&yThe entire 3D bioprinting process
is controlled by precise flow rates of materials and cells, ensuring extreme
accuracy®. A key advantage of TE and 3D bioprinting is the incorporation of
HBMSCs which are inherently capable of differentiating into multiple
specialised cell types, including osteoblasts, adipocytes, chondrocytes and
myocytes®”27 Indeed, by providing precise biochemical and mechanical
stimuli, HBMSCs can be directed towards osteogenic or other relevant
lineages?’199:268 enabling the fabrication of implants tailored to the specific
biological needs of the patient. This approach not only enhances
biocompatibility and reduces the risk of immune rejection, but efsbles
personalised and adaptive therapeutic intervention to address complex skeletal
defectg®®. Nevertheless, the guided differentiation protocol for HBMSCs has
not been uniquely agreed holding enormous challenges in terms of time, cell
yield and ultimate functionality. Thus, the osteogenic differentiation of
HBMSCs has been found to be signifidgrenhanced by the application of
external stimuli, such as LIPY% Indeed, LIPUS has demonstrated
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tremendougromises for the regeneration dfonetissue viaa norrinvasive
delivery of precise mechanical signals to target €€lI§hrough manipulation

of parameters such as intensity, acoustic pressure and treatméft'é®

LIPUS creates a mechanical pressure field that activates a series of molecular
processes, including the release of cytokines, growth factors and adhesion
molecules that collectively promote cell proliferation, migration and
differentiatiorf®’. Several studies have shown that LIPUS promotes osteogenic
differentiation by upregulating key bomelated genes such as COL1A1, ALP,
OCN and BMP2147.149.150.168 Fyrthermore, LIPUS has been shown to
accelerate bone healing and reduce fracture healing time by increasing protein
synthesis andECM productiot’. The osteogenic potential of LIPUS is
significantly enhanced when paired with MBs, creating a synergistic effect that
enhances HBMSCs responses and differentigfiowhen exposed to LIPUS,

MBs start to oscillate, focusing the mechanical forces on adjacent cells and
promoting cellular processé$ A library of MBs is FDAapproved for usage

in medical applications due to their ability to induce cavit&tiof{* which

can transiently permeabilise cell membranes, facilitate drug delivery and
temporarily disrupt biological barriers.

Despite advances in 3D bioprinting and LIPUS technologies, no current system
integrates these methods to provide uniform, sustained and precise stimulation
to all cells during the fabrication of a 3D bioprinted construct. The aim of the
current study is tdevelop and validate a novel microfluidic printhekiy(re
5.1) capable of delivering LIPUS during the 3D bioprinting process,
specifically targeting the osteogenic differentiation of HBMSCs. The
incorporation of MBs is intended to further enhance calltdsponsiveness to
LIPUS and facilitate more effective differentiation into bone tissue. By
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combining LIPUS with 3D bioprinting, this research aims to produce
functional, implantable scaffolds designed for osteogenic outcomes. The
results presented here demonstrate the potential of this synergistic strategy,
which provides a practical and scaklalpproach for the production of bone

tissue constructs for clinical applications in bone regeneration.
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Figure 5.1 Rational of the 3D bioprinting approach combined with LIRii&en stem cell
differentiation for skeletal tissugepair. The process illustrates the use of a microfluidic
printhead designed to drive stem cells into osteogenic differentiation via LIPUS stimulation,
enabling the creation of customisable, biodegradable 3D skeletal scaffolds. These scaffolds
are intendedor implantation to enhance bone repair and address skeletal defects, providing a
biodegradable alternative to traditional autologous bone grafts and metal implants that require

frequent surgical revision.
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5.2 Materials and methods
5.2.1Materials

Gelatin from porcine skif~300 g Bloom, Type APBS, HEPESMA, 2-(N-
Morpholino)ethanesulfonic acid MES) monohydrate, 2-aminoethyl
methacrylate hydrochloride (AEMA), -Rydroxysuccinimide (NHS)EDC,
1,2-Distearoyisn-glycera3-phosphocholine (DSPC), polyethylene glycol 40
stearate (PEG40S), NacCl, Glycerol, Lithium pheny?,4,6
trimethylbenzoylphosphinate (LAP), CollagenaseUMEM, L-Glutamine,
Penicillin-Streptomycin, FBS, TrypsiEDTA solution (1x), b-
Glycerophosphate disodium salt hydrafeGP), AA2P, Dexamethasone,
Formaldehyde solution (37 % in water), TriforX-100, BSA, DAPI, Naphtol
AS-MX Phosphate Alkaline, Fast Violet Salt, 34hydroxy-9,10-dioxo-2-
anthracenesulfonic acid sodiumts@lizarin Red S), Ammonium hydroxide
solution (25%), Latex beads (aminmeodified polystyrene, fluorescent yellew
green, 1 um) and Micro particles based on polystyrene (red fluorescent, 10 um)
were purchased from Sigma Aldrich. Calcein (AM, galmeant dye),
Propidium lodide, Goat anRabbit IgG (H+L) CrossAdsorbed Secondary
Antibody i Alexa FluoE 488, Goat antMouse IgG (H+L) Highly Cross
Adsorbed Secondary AntibodyAlexa FluoE 594, Osteopontin Monoclonal
Antibody, Osteocakin Polyclonal Antibog and TRIzol Reagentwere
obtained by ThermoFisher Scientific. EtOH, chloroform and acetone were
purchased from Carlo Erba (ltaly). Alginate (Protanal® GP 1740),
SYLGARDE 184 Silicone Elastomer Kit (PDMS) and Invicta 907 was
obtained from FMC BioPolymer, Dow and Rimas Engineering (Italy) systems,
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respectively. Agarose was purchased from Carbosynth. Perfluorobutane gas
(PFB) was obtain from F2 Chemicals.

5.22 Synthesis of Gelatin Methacryloyl

GelMA was synthesised according to a previously reportethod®. Gelatin

was dissolved in PBS at a concentration of 10% w/v and maintained at 50 °C.
After 1 hour, MA (0.8 g each gram of gelatin) was added, and the reaction was
halted after 3 hours. The solution was then placed in 1 kDa dialysis tubes, with
DW (187 q cm?) being refreshed twice a day for 5 days. The final GelMA
product was frozen a80 °C,lyophilized (LyoQuest, Teslar, Italy), and stored

at 4 °C until needed.
5.23 Synthesis of Alginate Methacrylate

Alginate Methacrylate (AlgMA) was synthesised using a previously
established protoctf. Sodium alginate was dissolved (2% wi/v) in 100 ml of
0.05 M MES buffer containing 0.5 M NaCl at pH 6.5. To activate the carboxyl
groups of the alginate, NHS (0.53 g) and EDC (1.75 g) were added to the
solution left to stir for 5 min at. Following, AEMA (0.76 g) was introduced,

and the reaction was allowed to proceed with continuous stirring at rt for 24
hours in the dark. The resulting solution was poured into 500 ml of cold
acetone to precipitate the AIgMA product. The precipitate e@lected via
vacuum filtration, washed three times with acetone, and dried under vacuum.
The dried AlgMA was rehydrated in DW to a final concentration of 1% (w/v)
and the solution was dialysed against DW using a dialysis membrane with a
cut-off of 3.5 kKDa for 3 days. After dialysis, the solution was filtered, frozen (
80°C) freezedried, and stored a20 °C for further use.
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5.24 Supporting bath for 3D bioprinting

The supporting bath was prepared according to a procedure reported
previously®. Agarose (0.5 g) was dissolved in DW (100 ml) to achieve a

concentration of 0.5% w/v. The solution was then autoclaved at 121 °C for 20
min and the solution was continuously stirred at 700 RPM for 12 hours. The

resulting fluidgel was stored at rt untiifther use.
5.25 Microbubbles manufacturing and characterisation

MBs were synthesised using a previously establighredocol with minor
modificationg”’. Briefly, DSPC and PEG40S were dissolved in chloroform at
a 9:1 molar ratio in a glass vial. Chloroform was evaporated under a chemical
fume hood overnight, resulting in the formation of a lipid film. The dried lipid
film was rehydrated with PBS to ach&¥inal concentrations of 1 mg/ml
DSPC and 0.1 mg/ml PEG40S and the lipid suspension was stirred at 75°C for
1 hour to ensure complete dissolution. Thereafter, the vial was placed on ice,
and PFB gas was introduced into the top space of the vial. Theosolds
then subjected to mechanical agitation using a tissue homogenizer (Precellys®
Evolution, Bertin Technologies) at 10,000 RPM for 45 seconds to produce
MBs. The resulting MBs were purified by three rounds of centrifugation at 300
relative centrifugaforce (RCF) for 5 min at 4°C to remove unincorporated
lipids. The size distribution and concentration of MBs were analysed using a
Multisizer 4e (Beckman Coulter). For optical analysis, MBs were diluted 1:10
in DW, and 10 pL of the sample was loaded iatbemocytometer (Bright
LineE , SigmaAldrich). Micrographs were acquired using an optical
microscope (DM500, Leica Microsystems GmbH) at 40x magnification.
|l mage analysis was performed wusing
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experiments, the suspension of MBs in PBS was diluted to the culture medium
to achieve a 50:1 MBo-cell ratio.

5.26 Fabrication of piezoelectric transducer

The ultrasonic field was generated using a 647 kHz PZT ceramic disc (PZ26,
Ferroperm, Denmark) with a diameter of 18 mm and a thickness of 3 mm. The
PZT disc was modified to allow electrical connections by using a diamond
cutter to divide its upper surfaggto two distinct sections. Silver conductive

paint (Silver Conductive Enamel, RS PRO) was applied only to one side of the
PZT discbdés thickness, creating an el ectri
separated upper surfaces and the lower surface aflisice The electrical
isolation between the two parts of the upper surface was verified using a
handheld digital multimeter (IDM72, RS PRO). Two crimped cables (JST ZH,
0.05 mn4, RS) were soldered to the separated surfaces of the PZT disc, with
one cable attached to each side of the split upper surface. The cables were then
connected to two BNC cables (Mueller Electric, Female, RS PRO) ahdrthe
cables were braided and covered with +saink tubing (RS PRO), ensuring
proper insulation and protection. The completed PZT transducer was then

connected to the ultrasonic chain for operation.
5.2.7 Fabrication of microfluidic chips

Two microfluidic separated heads were manufactured: i) spiral for cell
stimulation and ii) for printing. Both chips were made in PDMS with the
following features: i) 500 um channel, 18 mm diameter of the spiral (same
diameter as the PZT), ii) 400 um inlghtannel and a simplified version of a
Tesla mixet’® with 6 repeated units. The microfluidic moulds were designed
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using CAD software (Autodesk Fusion 360) to create a negative of the desired
geometries. The designs were exported as STL files and processed using a 3D
editor (NAUTA®) along with 3D slicing software (FICTGR The moulds

were fabricated using an SLA printer (XFAB 3500SD, DWS, ltaly) with a
photocurable resi(invicta 907). After printing, the moulds were thoroughly
washed with EtOH, cured in a UV oven (MeccatroniCore BB Cure) for 10 min
at 20 °C with 100% power, and then left overnight at 80 °C. Thereafter, PDMS
was cast into the moulds in a 10:1 ratio of dasauring agent and cured at 70

°C for 2 hours. After curing, the PDMS was carefully demoulded, and access
ports to the internal channels were created using a 1.5 mm puncher. i) The
spiral chip was bonded to a 0.17 mm thick coverslip (Banitaly) by pasma
treatment for 3 min, while ii) the two halves of the printing chip were united
by plasma treatment for 2 min. Finally, the chips were washed with DW before
use. For sterile use, first EtOH and then PBS were flowed into the microfluidic

channels, follaved by UV sterilisation (30 min) of the heads.
5.28 LIPUS exposure

The burstmode LIPUS signals were generated using an US chain consisting
of a function generator (Tektronix AFG3252C) and adBOpower amplifier
(1020L RF Power Amplifier, Acquitek). The amplified signal was then
transmitted to a 647 kHz PZT transducesulting in the conversion into sine
wave LIPUS beams. The output of the amplifier was constantly monitored with
a digital oscilloscope (Tektronix TDS2000C). The following acoustic
parameters were selected for the experiments: bursts of 647 kHz sine waves,
with varying DC (1%, 5%, 15% and 20%, corresponding to 130, 647, 2000 and
2588 cycles, respectively), andpalsed repetition periodPRP of 20 ms (1
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ms pulse duration RD)) to determine optimal conditions. The relationships
between PD, DC, and PRP were calculated as follows (equations 5.1 and 5.2):

00 —— (5.1)

06 — (5.2)

The total LIPUS exposure time during printing was 4 min, which was sufficient
for cells to traverse the entire spiral microfluidic channel. Acoustic pressures
ranged between 0.2, 0.4, 0.6, 0.8 and 1.0 Mipa qgorresponding to input
voltages of 25, 50, 79,00 and 125 V {p, and transducetriving voltages of

55, 112, 170, 227 and 288 mV, respectively. LIPUS treatment was applied
during the bioprinting process, precisely targeting the cell flow within the
spiral microfluidic channel positioned directly aleothe PZT transducer. For

2D experiments, cells were stimulated similarly to the printing process, being

collected and cultured after LIPUS exposure.
5.29 Acoustic field characterisation

The acoustic pressure field generated by the 647 kHz PZT transducer in the
stimulation seup was characterized using a fibre optic hydrophone (Precision
Acoustics, Dorchester, UK) in a water tank filled with degassed DW. Two
conditions were analysed to topise LIPUS exposure: the emitted signal
passed solely through the thickness of the glass slide (0.17 mm) before being
detected by the hydrophone, and the signal passed through both the glass slide
and the PDMS layer. The PZT was positioned at thevaier interface, with

the hydrophone placed 90° to the direction of emission of the PZT signal. To
calibrate the acoustic pressure, X, y, araxis scans were performed to
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identify the point of maximum pressure (the focal point). Measurements were
taken in the nedfield (distance between PZiydrophone of 0.2 mm),
covering an area of 20 mm x 20 mm in the glane around the focal point. In
order to measure the acoustiddienside the microfluidic device and simulate
the field inside the spiral channel as closely as possible, a PDMS chip was
prepared with a slit into which the hydrophone needle could be inserted. The
calibration was performed at a frequency of 647 kHz withiving voltage of

100 V pp (10 cycles), and the transmitting voltage response (TVR) was
extracted from the recorded signals using MATLAB R2012a (The
MathWorks, Natick, MA, USA).

5.210Microbubbles cavitation activity

MBs cavitation activity was assessed using passive cavitation detection (PCD).
A focused transducer operating at MHz (V380-SU, Olympus) was
employed as a passive receiver, positioned 10 cm away from the 647 kHz PZT
transmitter at a 45° angle to optimise signal detection from the MBs during
LIPUS stimulation. The experimental agt was placed in a water tank filled
with degassed DW, with the PZT transmitter located at thevatier interface

and the receiver immersed in the DW. The received signals were amplified by
20 dB using a 5x5x5 gain preamplifier (Panametrics, USA) and digitized with
an oscilloscope (DPO7054C¢ktronix) at a sampling frequency of 20 MHz.

To reduce background noise, the signals were filtered using a 1.8 MHz high
pass filter (EF509, Thorlabs). During each experiment, MBs suspensions at
varying dilutions (1:1, 10:1, 50:1) flowed through the spimgtrofluidic
channel using a syringe pump (Harvard Apparatus, USA) at a flow rate of 6
pl/min. The acquired signals for each pressure setting (0.2, 0.4, 0.6, 0.8, 1.0
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MPa pp) were analysed using MATLAB R2012a (The MathWorks, Natick,
MA, USA).

5.211 Biomaterial preparation

The biomaterial was prepared from a previously tested formula@ibapter

4) with minor modifications. Briefly, the biomaterial was prepared by mixing
GelMA (6.5% w/v), AlgMA (5.2% wi/v) and LAP (1.3 mM) in an aqueous
solution of NaCl (9 g/L) and HEPES (25 mM) to achieve a final concentration
in the printed scaffold of 5% w/v GelM 4% w/v AIgMA and 1 mM LAP.

The biomaterial was prepared at a higher concentration due to the dilution that
occurred in the microfluidic mixer between biomaterial and cell swiuti
during printing. The solution was stirred for 3 h at 50 °C at 200 rounds per
minute (RPM), and 10 min before printing, LAP radical photoinitiator was
added to allow chemical creisking of the GelMA and AlgMA posprinting.

Prior to bioprinting, stelisation was performed by 30 min UV cycles of the
powders and filtration (0.22 pum syringe filter, ReliaffepVWR) of the

solutions.
5.212 Cell culture and preparation

HBMSCs were obtained from Umberto | Hospital (Rome) in accordance with
the Declaration of Helsinki and its subsequent amendments, with ethical
approval granted by the Institutional Review Board (Department of Molecular
Medicine, Sapienza University of Romialy) on June 22, 2023. The cells
were cultured in a supplement8eMEM medium modified with 10% FBS,
100 U penicillin, 0.1 mg/ml streptomycin, and 2 mMglutamine and then
incubated at 37 °C in a humidified atmosphere with 5%.ior to the
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experiment, cells were thawed, seeded in 175 cm? flasks (Corning®, NY,
USA) at a density of 5xPCcells per flask and the medium was replenished
twice weekly. Once the cells reached 80% confluency, they were detached
using TrypsiREDTA (1x). The harvested cells were pelleted by centrifugation
and resuspended to a final concentration of 5.9x&0s/ml. To account for

the dilution within the microfluidic mixer during bioprinting, the cell
suspension was prepared at a higher concentration; indeed, the final
concentration of cells within the stimulated scaffold was adjusted to®3x10

cells/ml.
5.213 3D Bioprinting

The functional scaffolds were fabricated using a robotic arm (Rotrics DexArm
Reichelt, Germany). A custom LEGIased support was designed to attach
the bioprinting printhead to the robotic arm. The i) cell suspension and ii)
biomaterial phase were loaded into 3 ml syringes (FisherBrarfelsher
Scientific), with flow rates precisely controlled by two syringe pumps (Harvard
Apparatus, USA). The total flow rate was set atenin (14 €l/min i
biomaterial phase; €l/min i cells phase). The scaffold design, specified as a
cylindrical structure (7 mm diameter x 3.5 mm height) withC® um gap
between layers, was encoded htagle and executed using Rotrics Studio
software to guide the robotic arm. The bioprinting process was performed in
suspension within the agarose fluid gel supporting bath, which provided
structural support durgnthe deposition. Following the printing, the constructs
were crosdinked within the agarose gel using a 405 nm UV lamp (5 min) and
then carefully transferred to a well plate (VWR® Multiwell Cell Culture
Plates, VWR, Italy) using a spatula. The scaffal@se maintained in culture
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using either i) supplementédMEM or ii) osteogenic supplement&dVIEM.
The osteogenic medium was prepared by adding MBA2P, 10 mMb-GP
and 10 nM dexamethasone to the supplemetdeEM.

5.214 Cell viability

To conducta Live/Deadassaya solutioncontaining0.4 eg/ml of Calceinand
0.2 eg/ml of Propidium lodide was preparedin a FBS-free UMEM. This
solutionwasappliedoverthe cells (for 2D-experimentspr the scaffolds(for
3D-experiments),which had been prewashed with PBS, ensuring full
coverageln both casesthe samplesverethenincubatedor 30 min at 37 °C
and5% of COp, protectedrom light. After incubationthesamplesvererinsed
three times with PBS and examined using a confocal laser scanning
microscopgOlympusIX83) with a 20x objective.Cell viability wasanalysed
quantitativelyusingFiji software.

5.215Immunofluorescence

Thesamplekeptin culturewerefixed using4% PFA, followed by incubation
in 0.1% Triton X-100. For the IF staining (targetingOCN and OPN), the
samplesvereincubatedn the dark overnightat 4 °C in 1% BSA containing
the primary antibodieqant-Rabbitat4 ¢ g / rahtiMouseat2¢e g / niheg .
secondaryantibody staining was performedas follows: OCN antibody (2
e g/ m@PNantibody(2 € g / nmaAndDAPI (1:1000).Finally, the samples
were then analysedusing a laser scanningconfocal microscopewith a 40x

objective.
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5.216 Flow visualisation test

To visualiseflow dynamicswithin the spiral microfluidic channelandassess
thevariationunderLIPUS exposuretdifferentMBs concentrations;onfocal
laser scanningmicroscopy(Eclipse Ti2, Nikon Inc., USA) was employed.
Fluorescentyellow-green latex beads(1 um in diameter)were usedat a
concentratiorof 10 uL/mL to tracktheflow, while redfluorescenpolystyrene
microparticleg10 um in diameter)wereusedat a concentratiorof 15 pL/mL
to simulate HBMSCs. Fluorescentsolutions containingvarying MBs ratio
(1:1,10:1,50:1)wereflowed throughthe microfluidic channeWwhile applying
differentacoustiqoressure$0.2,0.4,0.6,0.8,1.0MPap-p). Imagesandvideos
werecapturedat 10x magnificationusing NIS-ElementsAR software.

5.217 Alkaline Phosphatase staining

The cultured samples were washed twice in PBS, followed by fixation in 95%
EtOH and rinse in PBS. Then, a Dvdsed solution with Naphthol ABX
Phosphate Alkaline Solution and Fast Red Violet LB Salt was applied over the
samples, followed by the incubatiah37 °C for 60 min in the dark. Thereafter,

the samples were washed three times with PBS, observed using an optical
microscope with a 20x objective, and images were captured using an integrated

camera.
5.218 Alizarin Red S staining

The sampleswerefirst washedwith PBS beforefixation with 4% PFA for 1

hour. Thereafterthe cellswerestainedfor 1 hourusinga previouslyprepared

Alizarin RedS solution.Briefly, Alizarin RedS (3.5 g) wasdissolvedin 150

ml of DW, and the pH was adjustedto 4.1-4.3 using 0.5% ammonium
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hydroxide. The final volume of the solution was broughtto 250 ml while
continuouslymonitoring the pH. Following the staining, the sampleswere
washedwith DW, and imageswere acquiredusing an optical microscope

equippedwith anintegrateccamera.
5.219 Quantitative reverse transcription polymerase chain reaction

The expressionlevels of the main genes associatedwith osteogenic
differentiation (Table 4.2) in HBMSCs were assessedising quantitative
reverse transcription polymerase chain reaction (RT-gPCR). For 2D
experimentstheculturedcellsweredetachedy TRK Lysis Buffer (QIAGEN)
anda cell pellet was obtainedfor RNA extraction.For 3D experimentsthe
hydrogelsweredegradedn a solutionof collagenas® (1 mg/ml) to produce
acell pelletandRNA extractionwascarriedout using TRIzol reagentFor all
typesof experimentsa purificationwith theRNeasyMini Kit (QIAGEN) and
guantification via a NanoDrop spectrophotometer(NanoDrop 2000c,
ThermoFider Scientific) followed. RNA was reversetranscribed into
complementaryDNA (cDNA) usingtheiScriptE ¢cDNA SynthesiKit (Bio-
Rad). RT-gPCR was performed with iTagE Universal SYBR® Green
Supermix(Bio-Rad)on a RealTime PCR System(Applied BiosystemsViiA
7, ThermoFisherScientific) to quantify gene expression.For both 2D-3D
experimentsa cell pellet from day O was usedas the control for baseline
comparison. Gene expressionwas analysed using the oo C method,
normalisedto the housekeepingeneGAPDH, and presentedsfold change

(2%®§ relativeto the controlsample.
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5.220 Computational simulation of acoustic pressure field

To optimise the stimulation model and simulate the pressure field of the
experimental setip, analyses were performed using COMSOL Multiphysics
5.5. A 3D model of the exposure 4gi was created using CAD software
(Autodesk Fusion 360). The individual cooments of the saip, including the

PZT transducer, glass slide, and PDMS, were saved as STL files and imported
i nto COMSOL for simulation. The APressur
module was employed to calculate the total acoustic pressure field, &4t a

kHz LIPUS source applied at the surface of the PZT in contact with the glass
slide. The acoustic impedance values assigned to thg sEtmponents were

13.0 MRayls for the glass slide, 1.48 MRayls for the water (to simulate the cell
suspension withithe channel), and 1.05 MRayls for the PDMS (representing
the microfluidic chip). Since precise values for the total acoustic pressure field
were not possible to obtained directly from the simulations, the results were

normalised relative to the maximunepsure.
5.221 Statistical analysis

Data analysis was carried out using GraphPad Prism software (La Jolla, CA).
The D'AgostinePearson normality test was employed to check for normal
distribution in the datasets. Differences between groups were analysed using
oneway and tweway ANOVA, depeding on the experimental setup. The
sample size (n) is indicated in the corresponding figure description. Statistical
significance was considered for p<0.05.
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5.3 Results and discussion
5.3.1Characterisation of the LIPUS field in a microfluidic system

The results of the calibrations and simulations provided a comprehensive
overview of the acoustic pressure distribution within the experimental system.
The analyses performed to calibrate the PZT at 647 kHz and to characterise the
LIPUS field yielded sigriicant results both in the presence and in the absence

of the microfluidic deviceKigure 5.2a,b.
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Figure 5.2 Acoustic characterisation of the pressure field emitted by the 647 kHz transducer.

a) Acoustic calibration setp of the PZT in the absence of PDMS. The arrows indicate
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movement in they axis around the hydrophone tip positioned at 90° to the PZT. b) Acoustic
calibration seup in the presence of PDMS. The arrows indicate movement in-yhaxis

around the hydrophone tip positioned at 90° to the PZT and within adfiseemted between

glass and PDMS:) Acoustic pressure measured in the presence of the glass slide. d) Acoustic
pressure measured inside the PDMS device. Acoustic pressure maxima in yellow, acoustic
pressure minima in blue. e) Merged version of the predgid calibration in the presence of

the glass slide and the spiral microfluidic channel. f) Merged version of the pressure field

calibration in the presence of the PDMS and the spiral microfluidic channel.

In particular, the aim was to understand whether positioning the PZT at a
minimal distance from the cells (near field, with a P@Icell distance of 0.17

mm, equivalent to the thickness of the glass) would have produced a
homogeneous acoustic field or wiher wave reflections would have caused an
inhomogeneous field. The PZT waves first passed through a 0.17 mm layer of
glass, then encountered the spiral microfluidic channel containing the cell
suspension, and finally passed through a 5 mm layer of PDM&ebe
propagating into the air. Given this layering, it was reasonable to expect
reflections along the wave path due to the acoustic impedance of thé%glass
and PDMS$® The 5mmthickness of the PDMS was specifically chosen to
minimise pos{pass reflections, as PDMS is known to have a low transmissivity
for US waves, and greater thickness would have helped to block extreme
reflectiong®l, TVR measurements in the near field (with a 0.2 mm distance
between the PZT and the hydrophone) recorded valuesBdR&/V for the

PZT with only the glass slide and1® kPa/V for the full experimental setup
(PZT, glass slide and PDMS). As shown in fhigure 5.2¢ the acoustic
pressure measured by the hydrophone without PDMS was mapped-fsom p

amplitude over an area of 20 mm x 20 mm. The region of interest corresponded
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to the spiral of the microfluidic channel to best simulate the positioning of the
HBMSCs relative to the PZT. The calibrations, both with and without PDMS,
showed a higher pressure in the central region, which gradually decreased
towards the periphery, ognto increase again in the more peripheral regions.
The peak acoustic pressure region obtained from our measurements was found
to be similar in size and shape to other models of compact microfluidic
deviced’+?®2 |n the presence of PDMEifure 5.2d), the acoustic pressure
measurements were partially incomplete due to the opening in the PDMS (as
described in Section 5.2.9 of Materials and methods) where the hydrophone
was inserted. The hydrophone needle, due to its limited length, did not allow
datato be collected over the entire area of the transducer, thus reducing the
amount of information available. As previously hypothesised, LIPUS
reflection was detected in the presence of PDMS, probably due to the acoustic
impedance of PDMS, which differs significantly from that of w&teFor the
LIPUS stimulation experiments, it was important to evaluate the effect of
pressure distribution at the liquglass interface. The 0.17 mm glass slide,
despite its acoustic impedaite allowed the minimum distance between the
PZT and the cells to be maintained without significantly affecting the

transmission of LIPUS waves.

In order to better understand the acoustic pressure distribution relative to the
microfluidic channel, a merged version of the pressure field calibration and the
spiral geometry was providedFigure 5.2e,J. From the calibrations
performed, it was possible to calculate the voltage inputs required to achieve
specific acoustic pressure values (Equation 5.3):

) 00— (5.3)



Where V is the input voltage (V), P is the selected acoustic pressure (Pa), and
TVR is the hydrophone sensitivity (Pa/V). The pressures used during the
experiments (0.2 1.0 MPa pp) is within the range commonly used for
therapeutidJS applications, making it suitable for interaction with biological
system&“. The LIPUS parameters chosen for this study were initially derived
from values previously validated in the literature. Several studies have used
centre frequencies between 0.5 MHz and 1.5 MHz to stimulate HBMSCs to
increase their osteogenic differentiatiovith acoustic pressures around 1.0
MPa pp, often in burst modé€28%287 These data, together with the
calibration of our experimental setup, guided the definition of the optimal
experimental conditions in the present work, ensuring the safety and efficacy
of the LIPUS stimuli on the cells. To compare the experimental dakaawvi
theoretical model, simulations of the total acoustic pressure field within the
experimental system were performed usi@®MSOL Multiphysics 5.5
(Figure 5.3).
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Figure 5.3 COMSOL simulations performed on the acoustic device. a) Simulated total
acoustic pressure field in the)aspiral microfluidic channel,-&) PDMS chip, aiii) 0.17 mm

thick glass slide and-i&) 647 kHz PZT disc. blpetail of the simulated total acoustic pressure
field in the spiral microfluidic channeld seen from the top (one slice)jip (slices) and b

iii) from the PDMS chip side (slice).

The simulations visualised pressure maxima (in red) alternating with minima
(in blue). The regions of highest acoustic pressure were located at the glass
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slide, which covered the entire surface of the PZT transducer. In the
experimental setip, the HBMSCs were located between the glass slide and
the PDMS, inside the microfluidic channel located exactly between these two
materials. High pressure regions weaiso observed at the microfluidic
channel. Similar to the experimental hydrophone measurements, the
simulations showed a pressure distribution characterised by nodes and
antinodes, although these variations were more pronounced in the simulations
comparedo the experimental data. However, a consistent high pressure region
was found along the surface of the microfluidic channel where cell passage and
stimulation occur. Both the experimental measurements and the simulations
indicate that the assembly of PZahd microfluidic device is capable of
generating a LIPUS field along the surface of the spiral channel without
significant distortion. Despite the presence of reflections due to the PDMS, the
experimentally measured acoustic pressure field was consistdntthe
simulated field, allowing a uniform acoustic pressure distribution for the

intended application.

5.3.2 Optimised LIPUSstimuli for enhanced osteogenidifferentiation of

HBMSCs in a 2D environment

Following the characterisation of the PZT transducer, LIPUS stimulation of

HBMSCs was initiated at an acoustic pressure of 1.0 MfPaging our custom

experimental sewp. This pressure was carefully chosen based on its

therapeutic relevané¥ and to avoid the overheating problems observed when

using the PZT at pressures higher tharll&£MPa pp. The aim of the initial

experiments was to observe the cellular response in 2D cultures without the
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use of biomaterials or bioprinting techniques. Specifically, cells were exposed
to LIPUS inside the microfluidic spiral channel and then cultured for up to 21
days. The choice of LIPUS parameters was supported by both the literature
and preliminary data &dm our own experiments. For instance, the DC was
initially set at 20%, as reported by previous studfed82%° but was later
reduced to 5% to mitigate overheating of the PZT transducer. This adjustment
was essential as prolonged use of the PZT at higher DC resulted in electrical
failures requiring frequent yeoldering. The PRP (20 ms) was chosen based on
previos studie®! to ensure compatibility with established protocols for
LIPUS stimulation.

In these experiments, HBMSCs were stimulated for a total of 4 min, which was
determined to be the maximum viable time for effective stimulation. The flow
rate of 6 el /min within the microfluidioc
Slower flow rates led taggregation of the cells, preventing them from moving
uni formly through the channel, whereas 6
minimised cell accumulation. This flow rate was particularly important as
these experiments served as a precursor to our irtersgeof LIPUS in 3D
bioprinting, which aimed to expose cells to LIPUS for a similar duration to
enhance their osteogenic potential. The overall goal was to stimulate HBMSCs
only during the bioprinting process, creating a cellular scaffold populated with
LIPUSstimulated cells that exhibited accelerated differentiation into bone
tissue without the need of pgstinting treatments. In contrast to conventional
methods where cells were stimulated for extended periods (5 to 20 minutes per
day for 7 to 21 day$)?2%, our approach focused on a single, controlled
LIPUS-exposure event right before the bioprinting process. This strategy not
only simplified the protocol of cell differentiation process, but also allowed for
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precise temporal control of LIPUS exposure. The design of our system, in
which the microfluidic spiral channel was positioned directly above the PZT
disc, ensured that all HBMSCs passing through the channel were at a constant
distance from the transducerdareceived uniform LIPUS stimulation for the
same duration. This contrasts with other studies where uneven acoustic fields
in well plate$’ (2D-stimulation) or in hydroget§® (3D-stimulation) have
resulted in inconsistent stimulation across the cell population. Calibrations of
our PZT transducer confirmed that although the acoustic field was not perfectly
homogeneous, the movement of the cells through the field during sionulat
ensured that each cell experienced both maximum and minimum pressure

points, thus equalising the overall stimulation across the population.

From the 2D experiments performed afteriggoptimisation, viability assays

and staining were performed to assess both cellular vitality and osteogenic
differentiation potential of LIPU®xposed cells compared to unstimulated
controls. Live/Dead assa¥igure 5.4) showed that LIPUS exposure did not
compromise cell integrity, as the viability of LIPt8mulated cells remained

high (91.7%+3.3) and comparable to that of unstimulated @812%+2.3) at

day 21, consistent with findings in similar studfés°’ Furthermore, the rate

of cell proliferation at day 21 in the LIPUSimulated samples was found to

be 171.8%+10.8, while the control cells exhibited a proliferation rate of

202.5%=3.6 in comparison to the initial day 1 data.
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Figure 5.4 Viability of unstimulated and LIPUStimulated HBMSCs. a) Photomicrographs

of HBMSCs in 2D cultures not exposed and exposed to LIPUS on da&l1Cells were
stained with Calcein to observe live cells (green) and propidium iodide to observe dead cells
(red). b) Quantified cell density of live and dead HBMSCs. Scale bar: (a3rB00lean +

S.D. n=3.

The differentiation of HBMSCs towards skeletal lineage was found
significantly marked by an increase inCdeposition (p<0.0001) andlLP
activity (p<0.001) by day 21 in LIPUStimulated cells, as demonstrated by
both Alizarin Red staining for Gadeposits and ALP stainingrigure 5.5).
These findings were consistent with the literature reporting increaséd Ca
depositiod®®?**and ALP expressidfi’*®in HBMSCs subjected to LIPUS

stimulation between days 7 and 21.
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Figure 5.5 Mineralisation and ALP activity of HBMSCs after rerposure and exposure to
LIPUS. a)Ca&* deposits observed at7t21 days after cell culture of nestimulated and
LIPUSstimulated HBMSCs. Images taken at both 1x and 20x magnificatn.
Mineralisation was quantified in mU/md) ALP expression observed aff121 days after cell
culture of norstimulated and LIPUStimulated HBMSCs. Images taken at both 5x and 20x
magnification.d) ALP activity was quantified in mU/mBcale bars: (a) 5 mm, 1@@n, (c)1
mm, 100em. Statistical significances were assessed byviap ANOVA. Mean = S.D. n=3,
#¥%pn<(0.0001, ***p<0.001.
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IF analysis further confirmed that at day 7, LIRstBnulated cells exhibited
higher expression of osteogenic markers such as OPI@N in line with

the findings of Wan§f*and Renn#?et al, respectivelyFigure 5.63. On day

7, the expression of OCN was found higher in the LIRt¢&ted samples than

in the controls. While the expression of OPN was less pronounced than OCN,
it was nevertheless higher in the LIPUS samples, with the lowest levels
observed in the untreatedntrols.IF was supported by quantitative analysis
using RFgPCR, which showed an upregulation of key osteogenic genes,
including RUNX2, ALP, COL1A1, BMR2, OCN and OPN, in LIPUS
stimulated cells compared to contf8ls® (Figure 5.6b). At day 7, the
expression of osteogenic genes in HBMSCs exposed to LIPUS was
significantly (p<0.05) higher compared to control cells that were not
stimulated. A study by Costa and-workers*’ confirmed that LIPUS
stimulation of HBMSCs effectively promotes osteogenic differentiaiion
vitro. This was demonstrated by gene expression analysis of the same genes
observed in our study, suggesting that LIPUS was able to enhance cellular

differentiation, partially mimicking the bone microenvironment.
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Figure 5.6 Immunofluorescence images and gene expression of controls and-tieate]
HBMSCs. a) Fluorescence images of HBMSCs after 1 and 7 days of 2D culture showing the
nucleus (blue), OCN (green) and OPN (blue) at 20x magnification. B)FROR analysis of
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HBMSCs after 1 and 7 days of 2D culture. The expression of genes associated with osteogenic
differentiation was examined to observe the effect of LIPUS stimulation. The expression levels
of (i) RUNX-2, (ii) ALP, (iii) COL1A1, (iv) BMP-2, (v) OCN and (vi) ®N were significantly

higher in samples exposed to LIPUS at day 7 compared to controls. Scale bars:gfa) 100
Statistical significances were assessed by-wag ANOVA. Mean + S.D. n=3, ***p <
0.0001, ***p<0.001, *p<0.05.

These results suggested that our LIPUS stimulation protocol, characterised by
precise control of acoustic pressure and timing, successfully promoted
HBMSCs osteogenic differentiation. The mechanical stimulation provided by
acoustic pressure likely createxh environment suitable for accelerated
differentiation into osteogenic lineages, as evidenced by both phenotypic

markers and gene expression data.

5.3.3 Microbubbles integration and oscillatory characterisation

The addition of MBs to the system was designed to enhance the cellular
response of HBMSCs during LIPUS stimulation. MBs are known to amplify
cellular activities due to their ability to oscillate and generate mechanical
effects when exposed to LIPUS wat¥s% To integrate this concept into our
established 2D model for LIPUS cellular stimulation, we introduced MBs
composed of DSPC and PEG40S, encapsulating perfluorobutane gas. The MBs
were obtained at an initial concentration of 131@Bs/ml with an average
diameter of 0.68 um Higure 5.73. After washing and filtration, the
concentration decreased to 1X1MBs/ml, while the average diameter
increased to 1.19 unfigure 5.7h). This shift in size and concentration was
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expected,as the filtration process removed Aoubble material and selectively

retained fully formed MB%®.

Figure 5.7. Visualisation and characterisation of MBs size and cavitation. a) MBs size
distribution in um ai) before washing with-&) micrographs of the MBs obtained with a 40x
objective. b) MBs size distribution in pumipafter washing with Hi) micrographs of the MBs
obtained with a 40x objective. ¢) Time domain and frequency domain obtained from PCD

measurements performed at acoustic pressures)d.2 MPa pp, ¢ii) 0.6 MPa pp and €
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