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Abstract

Engineering spherical-based porous metamaterials in a cost-effective manner
with controlled architecture across multiple length scales remains a central
challenge in advanced additive manufacturing, including in biofabrication.
Conventional scaffold fabrication methods typically rely on stochastic
templating strategies that can only ensure limited control over pore size
distribution, spatial organization, and compositional gradients, making it
difficult to replicate the structural complexity of hierarchical biological
materials. To overcome these limitations, this doctoral thesis presents a
microfluidic-assisted 3D printing platform for the on-demand fabrication of

porous functionally graded biomaterials.

A microfluidic flow-focusing droplet generator was designed to generate
highly monodisperse emulsions that determine the resulting pore architecture.
By precisely regulating the flow rates of the continuous and dispersed phases,
droplet size was finely tuned, enabling controlled pore-size distributions in the
resulting materials. Building on this concept, the droplet generator was
integrated with an extrusion-based 3D printing system, allowing the direct
deposition of emulsion-based inks into predefined architecture, enabling
simultaneous control over macroscopic scaffold geometry and microscopic
pore architecture while accommodating relatively low-viscosity material inks.
Beyond hydrogel systems, the platform's versatility was further demonstrated
by the fabrication of porous ceramic constructs via templated printing,
followed by sintering, preserving the designed pore architecture. Finally, the
system was expanded by integrating a passive microfluidic micromixer, which
enables real-time modulation of the matrix composition during extrusion,

enabling the fabrication of functionally graded soft biomaterials with spatially



controlled physicochemical and mechanical properties within a single printing

process.

Together, these technological developments establish a microfluidic-
integrated manufacturing strategy capable of programming porosity,
composition, and architecture within a single fabrication workflow, enabling
structural control from microscale pore templating to macroscale scaffold
design and providing a scalable route to the fabrication of hierarchical,
functionally graded porous materials for future biomedical applications.



Streszczenie

Inzynieria metamateriatdow porowatych opartych na strukturach sferycznych,
w sposob ekonomiczny oraz z kontrolowang architekturg w wielu skalach
dhlugosci, pozostaje jednym z glownych wyzwan w zaawansowanym
wytwarzaniu addytywnym, w tym w biofabrykacji. Konwencjonalne metody
wytwarzania rusztowan zazwyczaj opieraja si¢ na stochastycznych strategiach
tworzenia szablonow, ktére zapewniaja jedynie ograniczong kontrol¢ nad
rozktadem wielko$ci porow, organizacja przestrzenng oraz gradientami
sktadu, co utrudnia odtworzenie zlozonej struktury hierarchicznych
materialdow biologicznych. Aby przezwyciezy¢ te ograniczenia, niniejsza
rozprawa doktorska przedstawia platform¢ druku 3D wspomagang
mikrofluidyka do wytwarzania na zadanie porowatych biomateriatOw

funkcjonalnie gradientowych.

Zaprojektowano mikrofluidyczny generator kropli typu flow-focusing, zdolny
do generowania wysoce monodyspersyjnych emulsji, ktore determinuja
powstajaca architekture porow. Poprzez precyzyjna regulacje natgzen
przeptywu fazy ciaglej 1 rozproszonej wielkos¢ kropli byla doktadnie
dostrajana, co wumozliwialo kontrolg rozkltadu wielkosci poréw w
otrzymywanych materiatach. W oparciu o t¢ koncepcje generator kropli zostat
zintegrowany z systemem druku 3D opartym na ekstruzji, umozliwiajac
bezposrednie osadzanie tuszy emulsyjnych w zdefiniowanej architekturze
oraz jednoczesng kontrole makroskopowej geometrii rusztowania i
mikroskopowej architektury porow, przy jednoczesnym umozliwieniu
przetwarzania materiatdw o stosunkowo niskiej lepkosci. Poza systemami
hydrozelowymi, wszechstronno$¢ platformy zostata dodatkowo wykazana

poprzez wytwarzanie porowatych struktur ceramicznych metoda druku



templowanego, a nastgpnie ich spiekania, z zachowaniem zaprojektowane;j
architektury porow. Na koniec system zostal rozszerzony poprzez integracje
pasywnego mikrofluidycznego miksera, ktory umozliwia modulacj¢ sktadu
matrycy w czasie rzeczywistym podczas ekstruzji, co pozwala na wytwarzanie
migkkich biomateriatow funkcjonalnie gradientowych o przestrzennie
kontrolowanych wtasciwosciach fizykochemicznych 1 mechanicznych w

ramach jednego procesu druku.

Wszystkie te rozwigzania technologiczne skladaja si¢ na zintegrowang
mikrofluidycznie strategie¢ wytwarzania, zdolng do programowania
porowato$ci, skladu 1 architektury w ramach jednego procesu
technologicznego, umozliwiajac kontrole strukturalng od tworzenia
szablonow poréw w skali mikro po projektowanie rusztowan w skali makro
oraz zapewniajac skalowalng droge do wytwarzania hierarchicznych,
porowatych materiatow funkcjonalnie gradientowych dla przysztych

zastosowan biomedycznych.
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Chapter 1 - Introduction

1.1.The importance of being porous

Porous materials are everywhere around us, spread across natural and
engineered environments®. Natural systems such as bone, wood, coral reefs,
and plant tissues exhibit interconnected pore networks whose architecture is
tightly coupled to function. In these contexts, porosity serves as an optimized
design parameter rather than a structural imperfection, enabling integration of
mechanical performance with mass transport and biological activity. These
architectures are not random; instead, they arise through prolonged
optimization processes that reconcile structural efficiency, transport
capability, and functional robustness?. Relying on these principles, materials
scientists have engineered porous materials that replicate aspects of similar
multifunctional behavior. Hence, porous architecture attracts significant
attention for applications such as acoustic damping, filtration, thermal
insulation, catalysis, and biomedical technologies®**. The outstanding
challenge, nevertheless, is the rational control of both composition and the
three-dimensional pore-network architecture, such that structural, transport,

and functional properties can be tailored in a predictable manner.
1.1.1. From Natural Porosity to Engineered Systems

Natural porous materials provide some of the most sophisticated examples of
functional architecture. Bone, wood, coral, sponges, and plant tissues exhibit
interconnected pore networks that enable the transport of fluids, nutrients, and
signaling molecules while maintaining mechanical stability®. Skeletal tissues,

for example, demonstrate how high porosity can coexist with significant load-
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bearing capability, challenging the traditional engineering assumption that
density and strength are directly correlated®’. A defining characteristic of
natural porous structures is their hierarchical organization across multiple
length scales, from nanoscale molecular arrangements to macroscopic
architectures (Figure 1.1)%°. Each structural level fulfills a distinct function:
molecular interactions at the nanoscale, cellular accommodation and fluid
transport at the microscale, and mechanical support at the macroscale. The
integration of these levels generates emergent properties that cannot be
reproduced by homogeneous architecture. These principles establish hierarchy
and gradation as fundamental design rules for advanced biomaterials.
Moreover, natural porous systems are characterized by gradual spatial
transitions rather than abrupt interfaces. Such smooth transitions minimize
stress concentration and enhance durability. Therefore, gradient-based design
emerges as a fundamental principle to ensure mechanical continuity and

functional robustness across interfaces’.

When translated into synthetic systems, these hierarchical and graded porous
architectures acquire particular relevance in contexts where materials can
operate within complex and dynamic environments. In biological tissues, for
instance, porosity governs not only structural behavior but also transport
phenomena and cellular organization. The ability to reproduce such multiscale
and graded features, therefore, represents a critical step toward engineering
materials intended to interact with living systems in a controlled and

functional manner.
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diatom peacock feather human bone sea sponge rock

Figure 1.1 Overview of natural porous materials organized across length scales from nano-
to macro-dimensions based on their characteristic features. Scanning Electron Microscopy
(SEM) or optical microscopy (OM) images of the structures are shown from left to right:
diatom, peacock feather, human bone, sea sponge, and rock. Insets highlight spinodoid
architectures with similar topologies, including columnar, lamellar, cubic, and isotropic forms.
Image adapted from 8.

1.1.2. Functionally Graded Porous Materials

In the 80s, a significant advancement in materials engineering was achieved
through the introduction of compositional and micro-architectural gradients
within a single material system?°. By varying properties such as composition,
porosity, or pore size along at least one spatial direction, researchers
developed what are now known as functionally graded materials (FGMSs)
(Figure 1.2)°. FGMs were originally conceived in Japan to meet the
demanding requirements of aerospace applications!*'2 where materials
needed to combine high thermal resistance on the external surface with
superior mechanical toughness internally, for instance, in thermal barrier
coatings for space vehicles. Since then, significant effort has been devoted to
exploring the potential of this class of materials from a manufacturing and

materials modeling perspective.
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Dicrete/Discontinuous FGMs with interface Continuous FGMs with no interface

2 >
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Position Position
Composition Gradient Orientation Gradient Fraction Gradient

Figure 1.2 Functionally graded materials (FGMs) exhibiting different types of gradients. Top:
schematic representation of discrete/discontinuous FGMs with distinct interfaces and
continuous FGMs with smooth property variation. Bottom: examples of gradient types,
including composition gradient, orientation gradient, and fraction gradient.

The emergence of FGMs marked a conceptual shift from homogeneous
material design toward spatially programmed functionality?3. Despite
significant advances in controlling pore morphology and microstructure, most
early engineered porous materials remained macroscopically homogeneous,
exhibiting uniform properties throughout the construct. Inspired by natural
paradigms, the engineering of porous materials has evolved substantially over
the last century. The growing demand for high-performance porous materials
in both industry and the biomedical field has driven the development of
synthetic systems. Porous materials now span a wide range of chemistries,
including polymers, ceramics, metals, and composites'®. In engineered
materials, functional properties depend not only on the intrinsic characteristics
of the base material, but also on the 3D arrangement of the pore network.
Critical parameters include pore size and distribution, interconnectivity (open
vs. closed cells), spatial arrangement, and overall porosity (Figure 1.3).

Controlling these interdependent variables is essential, as different
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combinations of porosity, composition, and architecture can yield competing
effects on mechanical strength, mass transport, and biological response’*. The
complexity arising from these coupled parameters has motivated the
development of advanced manufacturing strategies capable of tailoring both
material formulation and porous microarchitecture with high precision'®>*7,
The emergence of FGMs introduced the possibility of embedding spatial
heterogeneity directly into the material architecture, thereby enabling
position-dependent functionality within a single integrated system?é.

Figure 1.3 Porosity and interconnections within the scaffold. Porous scaffold with (left)
dimensions of the pores in red and (right) dimensions of the interconnections in green.

Among FGMs, a specific subclass has emerged: porous functionally graded
materials (pFGMs)'®. These materials integrate controlled porosity with
spatial gradients in composition or mechanical properties, enabling a closer
emulation of the structural complexity found in native biological tissues. By
combining compositional and microarchitectural gradients within a single
construct, pFGMs expand the design space, enabling the development of
materials with highly tailored, potentially unprecedented structural and

functional properties.

28



While initially developed for structural and thermal applications, the intrinsic
ability of pFGMs to couple mechanical modulation with controlled transport
properties has progressively attracted attention in fields characterized by
spatial heterogeneity and multifunctional requirements. This is particularly
evident in the biomedical field?®?!, where porous functional graded scaffolds
offer a strategy to reconcile mechanical compatibility, stress distribution, and
biochemical transport within a single construct. Their graded architecture can
facilitate improved mechanical compatibility with host tissues, promote more
uniform stress distribution, and support controlled transport or release of
bioactive molecules. Such features make them attractive candidates for the

regeneration of complex tissues and organs.

Despite their significant potential, the fabrication of pFGMs, remains
challenging. Manufacturing processes are often complex and costly, and
achieving precise control over critical parameters, such as density, pore size,
and material distribution, remains difficult?2. Various fabrication techniques
have been explored for pFGM production, including centrifugal casting®,
sedimentation, spark plasma sintering?, and, more recently, multiphase fluid-
based approaches and rapid prototyping technologies, which have
demonstrated promising results®2?®. However, further advancements are
required to enable scalable, reproducible, and finely tunable manufacturing

strategies.
1.2.Microfluidic Approaches for the Fabrication of Porous FGMs

The fabrication of porous materials through multiphase fluid templating has
been widely explored due to its versatility and relatively simple processing

routes?’~?°, Conventional strategies such as polymerized high internal phase
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emulsions (polyHIPEs)*® and gas foaming®! techniques have demonstrated the
feasibility of producing highly porous structures with high throughput and
broad material compatibility. In these approaches, pore formation relies on the
generation of droplets or bubbles®® within a continuous phase, which are
subsequently solidified, while the dispersed phase serves as a sacrificial
template. However, droplet and bubble formation in bulk systems is typically
governed by mechanical stirring or by uncontrolled nucleation. As a
consequence, the size of the dispersed domains cannot be precisely controlled,
leading to broad pore-size distributions and a random spatial organization in
the final material®>. Such structural heterogeneity can negatively affect
mechanical reliability, transport properties, and, more critically, the possibility
of engineering spatially defined porosity gradients. The lack of deterministic
control over droplet size and arrangement, therefore, represents a major
limitation in the design of pFGMs, where microstructural precision is

essential®*.

To overcome these limitations, increasing attention has been directed toward
microscale fluid manipulation strategies. In this context, microfluidics has
emerged as a powerful platform for engineering multiphase systems with
unprecedented accuracy®®. Microfluidics refers to the manipulation of fluids
within channels with dimensions typically ranging from tens to hundreds of
micrometers®®. At this scale, fluid behavior is dominated by laminar flow, and
transport phenomena such as diffusion, interfacial tension, and viscous forces
are highly controllable. Beyond droplet generation, microfluidic systems also
enable precise control over fluid mixing at the microscale. Due to the laminar
flow regime that dominates microchannels, fluids tend to flow in parallel
streams with limited spontaneous mixing®’. To enhance interfacial contact

between phases, passive microfluidic mixers are often employed®. These
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devices rely on geometrical features, such as serpentine channels, staggered
herringbone structures, or split-and-recombine architectures®”-*, to promote
chaotic advection and accelerate mixing by repeatedly stretching and folding
fluid interfaces. Controlled microfluidic mixing is particularly relevant when
multiple precursor solutions must be combined with spatial or temporal
precision. In the context of FGM, this capability enables the dynamic
modulation of material composition during processing®. In parallel with
compositional control, microfluidic platforms also provide precise regulation
of droplet formation through different microchannel geometries, such as T-
junction®t, flow-focusing®?, and co-flow configurations*®® (Figure 1.4),
enabling accurate control over droplet size, uniformity, and spatial
distribution. The generation of highly monodisperse droplets is particularly
relevant for porous material fabrication, as each droplet serves as a template
for pore formation. As a result, microfluidic systems enable the creation of
scaffolds with spherical pore architectures, characterized by well-defined size,
uniformity, and isotropy. This templating strategy provides a level of
structural control that is difficult to achieve with conventional bulk
emulsification methods, where droplet size distributions are typically broader

and less predictable.
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Figure 1.4 Overview of the three most widely used microfluidic droplet generator geometries:
T-junction, flow-focusing, and co-flow. Top: schematic illustrations of droplet formation
mechanisms. Bottom: corresponding experimental images, highlighting differences in droplet
breakup and flow regimes.

Unlike bulk emulsification, where droplet formation results from turbulent
mixing, microfluidic systems enable the controlled interaction of immiscible
phases, typically aqueous and organic, within channels under well-defined
hydrodynamic regimes, allowing architecture to be programmed rather than
statistically distributed**. In addition to mixing control, microfluidic platforms
enable deterministic droplet generation. Droplet size can be precisely tuned by
regulating flow rate, typically achieving diameters in the 10-1000 um range
and a polydispersity index below 5%%*. Pore templating thus transitions from

a statistical outcome to a programmable process.

The dispersed phase volume fraction (¢), defined as the volumetric ratio
between the dispersed phase and the total emulsion volume, plays a crucial
role in determining droplet packing density and, consequently, the resulting
pore architecture. As ¢ increases, droplets become densely packed; above the

close-packing threshold (¢ = 0.74 for monodisperse spheres®), droplets
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deform into polyhedral geometries, reducing the thickness of the continuous
phase films separating adjacent droplets. The value of ¢, therefore, plays a
crucial role in determining the final pore architecture after removal of the
dispersed phase, directly influencing porosity, interconnectivity, and
mechanical stability. Lower ¢ values lead to fewer and narrower
interconnections, which may hinder cellular infiltration and proliferation
within scaffold structures. Despite their structural advantages, emulsions are
thermodynamically unstable systems. Instability mechanisms such as
coalescence*®, which droplets merge to form larger domains, and Ostwald
ripening®’, in which larger droplets grow at the expense of smaller ones, can
compromise droplet uniformity over time. Surfactants are commonly
employed to reduce interfacial tension and kinetically stabilize the system,
although they cannot entirely prevent long-term degradation®®. Among the
different emulsion types, oil-in-water (O/W) emulsions are particularly
relevant for the fabrication of porous scaffolds*®*°. In O/W systems, the
organic phase is dispersed within an aqueous continuous phase. These systems
are especially attractive in microfluidic regimes due to their higher interfacial
tension, which enables robust droplet formation and enhanced size control“.
Furthermore, the presence of an organic dispersed phase allows the processing
of hydrophobic polymers and facilitates solidification strategies such as
solvent evaporation or photo-crosslinking, resulting in mechanically stable
porous matrices. However, incorporating an organic dispersed phase may raise
compatibility concerns in biological contexts, as residual solvents, unreacted
monomers, or surfactants can affect cytocompatibility and compromise

structural integrity if not properly removed®.

The precise tuning of microfluidic flow parameters enables the fabrication of

monodisperse, bi-disperse, or continuously graded droplet assemblies, which,
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upon removal of the dispersed phase, yield controlled pore-size distributions
and porosity gradients suitable for the production of pFGMs'®. While
microfluidics enables precise control over microscale pore templating and
compositional modulation, it does not inherently define the global three-
dimensional geometry of the final construct. Droplet organization at the
microscale does not automatically translate into architected macroscale
structures. Consequently, the fabrication of pFGMs requires integration
between microfluidic material control and complementary manufacturing

strategies capable of defining spatial architecture at the construct level.

1.3.Digital Manufacturing Strategies for pFGMs

While microfluidic systems enable precise control over droplet generation and
resulting microscale pore architecture, they do not inherently provide control
over the overall three-dimensional geometry of the resulting construct. The
fabrication of pFGMs, therefore, requires an additional strategy capable of
defining macroscopic shape, spatial organization, and architectural hierarchy.
In this context, digital manufacturing, particularly additive manufacturing
(AM), represents a complementary and enabling technology®’. AM has
revolutionized the fabrication of complex 3D structures by translating digitally
defined architecture into physical constructs with high spatial fidelity®. By
building structures in a layer-by-layer process, AM offers unprecedented
control over geometry, internal architecture, and material distribution. These
capabilities are particularly valuable in the context of pFGMSs, where spatial
modulation of porosity, composition, and mechanical properties must be

precisely engineered rather than approximated.
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The integration of computer-aided design (CAD)**** and computational
modeling (Figure 1.5) with process parameter control enables the rational
design of architectures tailored to specific mechanical and biological
requirements. Structural features such as infill density, pore architecture, and
gradient transitions can be systematically programmed and reproducibly
fabricated, ensuring consistency between the digital model and the physical

construct.

Digital design and modeling Final manufacturing and product realization

Ly
Th

._.:: < '\\
) [ j/\
Design and Mﬁ::ﬂ:,:ﬁm‘i’:ga/ Additive Post- Final
Modelling Description Manufacturing Processing Product

Figure 1.5 Schematic representation of the manufacturing workflow, from digital design and
material definition to AM, post-processing, and final product realization.

1.3.1. AM Techniques for pFGMs

From a technological point of view, AM systems — as the name suggests —
have introduced the innovative concept of building objects by adding
successive layers of material, in contrast with conventional subtractive
manufacturing processes such as milling, turning, drilling, or grinding®. This
paradigm shift enables the fabrication of 3D complex architectures — with
almost no design limits — that could not be produced using traditional

manufacturing techniques.
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Unlike subtractive processes, AM provides precise control over internal
architecture and spatial material distribution, which is particularly
advantageous for pFGM design®. Among the broad spectrum of AM
technologies, four modalities have gained prominence for the fabrication of
porous and architected materials: fused deposition modeling (FDM)%’,
precision extrusion deposition (PED)%, stereolithography (SLA)*°, and
selective laser sintering (SLS)® (Figure 1.6). However, these technologies
differ substantially in terms of resolution, material compatibility, processing
constraints, and suitability for graded porous architectures. A critical
comparison is therefore necessary when evaluating their relevance for pFGM
fabrication. FDM and PED rely on the extrusion of thermoplastic polymers or
highly filled pastes through a heated nozzle, enabling straightforward
fabrication of lattices, infill structures, and deterministic pore architectures.
Nevertheless, their resolution is typically limited by nozzle diameter and
filament spreading, and gradient implementation often remains stepwise rather
than continuous. SLA, based on photopolymerization of liquid resins, enables
high resolution and smooth surface definition but is restricted to photocurable
systems and may present challenges when processing multiphase or highly
loaded formulations. SLS employs laser-induced sintering of polymeric or
composite powders, producing mechanically robust structures with tunable
microporosity, although powder handling and thermal gradients introduce

process complexities and limit control over compositional gradients.
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Figure 1.6 Representative AM techniques for scaffold fabrication FDM, PED, SLS, and SLA.
Each technique relies on distinct material processing mechanisms, including thermoplastic
extrusion, direct ink writing, powder sintering, and photo-induced polymerization,
respectively.

From a structural perspective, these techniques allow the fabrication of
scaffolds with predefined lattice geometries, controlled interconnectivity, and
anisotropic architectures. Such control is essential for tailoring mechanical
stiffness, permeability, and mass transport behavior in porous systems.
However, most of these methods primarily control architected
macroporosity®® and provide limited intrinsic capability to couple pore
templating at the microscale with spatially graded composition within a single

continuous process.

Despite these advantages, no single additive manufacturing technique
currently provides a “one-for-all” solution for the fabrication of trabecular-
like porous architectures, simultaneously enabling full control over structural
resolution, material composition, and spatial organization within a single
process®. Light-based approaches, including advanced volumetric®® and two-
photon polymerization techniques®*, represent the state of the art in terms of
resolution and geometric complexity. However, their application remains
constrained by limited multi-material capability, high equipment costs, and

reduced throughput, particularly when scaling to larger constructs®®. Among
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AM techniques, extrusion-based strategies are particularly versatile and
accessible platforms for fabricating pFGMs®. In extrusion-based processes,
material is continuously deposited through a nozzle under controlled pressure,
forming filaments that stabilize after deposition. The final architecture is
defined by toolpath design, extrusion parameters, and inter-filament spacing.
Although typically characterized by lower resolution compared to SLA,
extrusion-based approaches offer broader material compatibility and greater
flexibility in processing viscous, composite, and multiphase formulations.
This versatility enables the processing of thermoplastic polymers, hydrogels,
ceramic pastes, composites, and highly filled suspensions. For pFGMs that
require spatial control over composition and architecture within a single
process, extrusion-based systems therefore represent a particularly versatile

platform.

From a structural perspective, extrusion-based printing enables control over
pore size, porosity, interconnectivity, and anisotropy through parameters such
as nozzle diameter, extrusion rate, layer height, and filament spacing®’. This
allows the fabrication of hierarchical porous structures with tailored
mechanical and transport properties. Despite this high degree of control over
macroscopic architecture, the regulation of pore structure at the microscale
remains limited®®®, In many cases, porosity arises from filament spacing or
process-induced effects, resulting in architectures that are not fully
programmable in terms of pore size, shape, and spatial distribution®’. This
limitation becomes particularly relevant in applications requiring precise
control over both composition and pore architecture across multiple length
scales'®®, From a processing perspective, extrusion-based technologies
generally operate under relatively mild conditions’® compared to high-energy
AM techniques, i.e. SLS, STL, PED and, FDM. They often avoid intense
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radiation and can operate at moderate or near-room temperatures, which is
advantageous for temperature-sensitive materials and systems incorporating

bioactive components.

However, conventional extrusion-based printing imposes strict rheological
requirements on printable formulations. To ensure filament stability and shape
fidelity upon deposition in air, materials must exhibit sufficiently high
viscosity, shear-thinning behavior, or rapid solidification kinetics™*. This
requirement can restrict the range of printable multiphase systems and
compromise the preservation of microscale structures generated upstream,
particularly in emulsion-based formulations. To overcome this limitation,
support bath printing strategies’>’® have been developed, enabling material
deposition within a yield-stress support medium. In this approach, the
surrounding support matrix, typically based on agarose or granular hydrogel,
temporarily stabilizes the extruded filament during layer-by-layer fabrication.
By mechanically confining the deposited filament, the support bath decouples
structural fidelity from strict rheological constraints, enabling the processing
of low-viscosity, multiphase, or weakly crosslinked formulations that would

otherwise collapse.

39



Syringe

Figure 1.7 Embedded 3D printing of hydrogel structures within FRESH support bath. a)
Schematic illustration of the printing process at room temperature (22 °C), followed by release
of the printed construct at physiological temperature (37 °C). b) Representative images of
printed hydrogel structures demonstrating shape fidelity and structural integrity after printing
and release. Scale bars, b) 1 cm. Image adapted from 72

The introduction of extrusion-based AM combined with a microfluidic
printhead enables controlled multiphase droplet generation prior to filament
deposition, facilitates the preservation of engineered droplet architectures
during extrusion, and allows multiscale integration between microscale pore
templating and macroscale construct definition. The incorporation of a support

bath further ensures filament stabilization during 3D construct formation.

Such integration establishes a robust manufacturing microfluidic-assisted
extrusion platform capable of fabricating pFGMs with deterministic structural
and compositional control, consistent with the design requirements of a
porous, functionally graded biomaterial scaffold.
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1.4.Microfluidics-enhanced Extrusion-based 3D printing for

Reproducible, Scalable, and Customizable pFGM

While extrusion-based AM enables precise control over scaffold geometry, its
ability to regulate pore architecture at the microscale remains inherently
limited®'%, as porosity is largely governed by filament spacing and process-
dependent factors®®®’, leading to irregular pore geometries and limited control

over size distribution and interconnectivity.

In contrast, integrating microfluidic droplet generation with extrusion-based
3D printing introduces a new level of control over pore formation. By
templating the structure with monodisperse droplets, it becomes possible to
engineer spherical pore architectures with well-defined size, uniformity, and
spatial distribution. When combined with programmable deposition strategies,
such systems enable the fabrication of spherical-based porous metamaterials,
in which both microstructural and macroscopic features can be precisely
tailored. Beyond structural control, integrating microfluidics with AM also
offers significant advantages in process reliability and manufacturing
consistency. Digital manufacturing addresses critical translational challenges
related to reproducibility and scalability’. The digital nature of the fabrication
process enables standardized protocols, parameter optimization, and data-
driven refinement of scaffold designs. This reproducibility is particularly
important in biomedical applications, where batch-to-batch variability can

significantly impact biological outcomes.
Furthermore, digital manufacturing offers a pathway toward patient-specific

and application-driven solutions’”®. By integrating imaging data,

computational modeling, and fabrication, constructs can be customized to
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match defect geometries or targeted functional gradients. When combined
with microfluidic strategies for precise material formulation and gradient
generation, digital manufacturing bridges the gap between microscale material
control and macroscale structural complexity. This integration ultimately
enables the realization of advanced porous functionally graded biomaterials

for regenerative applications (Figure 1.8).

3D microfluidic N Microfluidic processing
printer A

3D tissue model

Figure 1.8 Conceptual illustration of a microfluidic-integrated 3D bioprinting platform. A
microfluidic printhead enables in-line control over material composition and droplet
formation (e.g., mixing, filtering, droplet generation), while the extrusion-based printing
system deposits the resulting bioink into predefined architectures. This integration allows
simultaneous control over microscale features and macroscale geometry, enabling the
fabrication of structurally complex and functionally graded constructs.

1.5.Biomedical Applications of Porous Functionally Graded

Biomaterials

pFGMs are particularly well suited for biomedical applications characterized by
spatially heterogeneous tissue environments’. Many biological tissues exhibit
gradual transitions in composition, structure, and mechanical properties rather than
sharp interfaces. Replicating these gradients is essential to restoring physiological

function, ensuring mechanical compatibility, and promoting long-term integration™.
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Within the broader field of tissue engineering and regenerative medicine, significant
efforts have been devoted to developing strategies to restore or replace damaged
tissues through the combined use of biomaterials, cells, and biochemical cues’
(Figure 1.9). In this framework, biomaterial scaffolds serve as temporary three-
dimensional templates that support cellular attachment, proliferation, and
differentiation while guiding the formation of new tissue’. The scaffold architecture
plays a critical role in regulating key biological processes such as nutrient diffusion,
waste removal, vascularization, and extracellular matrix deposition®. An effective
scaffold must therefore simultaneously satisfy multiple design requirements,
including biocompatibility, appropriate mechanical properties, and a porous
architecture that allows cell infiltration and mass transport. However, many native
tissues exhibit hierarchical organization and gradual transitions in structure and
composition, making it difficult to reproduce their functional behavior using
homogeneous materials. As a consequence, conventional scaffolds with uniform
properties often fail to replicate the spatial complexity of physiological
environments’. In this context, pFGMs provide a promising strategy to better mimic
the heterogeneity of biological tissues. The combination of controlled porosity and
spatially graded composition enables the design of scaffolds that simultaneously
address mechanical support, mass transport, and biological signaling. In this
framework, extrusion-based AM integrated with microfluidic material control
provides the architectural freedom and compositional tunability required to engineer
continuous or stepwise gradients within a single construct®'. Among the various
clinical targets, bone and osteochondral tissues represent paradigmatic examples in
which structural hierarchy and property gradients are fundamental to mechanical

performance and biological activity.
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Figure 1.9 Overview of the tissue engineering paradigm. The process includes a) cell
isolation, b) in vitro expansion, c) seeding within a three-dimensional porous scaffold, d)
bioactivation through the incorporation of bioactive cues, e¢) formation of a functional
bioactive construct, and f) implantation to support tissue regeneration.

1.5.1. pFGMs for Bone Tissue Engineering

Bone is a hierarchical, anisotropic, and dynamic tissue that combines structural load-
bearing capacity with metabolic and regenerative functions®#2, At the macroscopic
scale, cortical bone provides stiffness and structural integrity, while trabecular bone
exhibits high porosity and facilitates metabolic exchange®® (Figure 1.10). At
smaller scales, mineralized collagen fibrils and lamellar organization contribute to

mechanical resilience and toughness.

Scaffolds intended for bone tissue engineering must therefore satisfy multiple, and
sometimes competing, requirements®85. First, they must provide sufficient
mechanical stability to withstand physiological loads, particularly in load-bearing

applications. Second, they must exhibit interconnected porosity to promote
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vascularization, nutrient diffusion, and waste removal. Third, they should support cell
adhesion, proliferation, and differentiation, ultimately enabling matrix deposition and
remodeling.

Porosity plays a central role in balancing these functions. High porosity enhances
mass transport and tissue ingrowth but reduces mechanical stiffness, whereas lower
porosity increases mechanical strength but may hinder biological integration®?®’,
Functionally graded designs offer a solution by spatially modulating porosity and
composition: regions requiring higher mechanical support can be denser and stiffer,
while areas intended for rapid bone ingrowth can exhibit larger, more interconnected
pores. In this way, pFGMs provide a structural strategy for reconciling mechanical

integrity with biological functionality within a single construct®,

Cortical Bone

Trabecular Bone

Figure 1.10 Schematic representation of the femur highlighting the hierarchical organization
of bone tissue, characterized by dense cortical bone (left) and porous trabecular bone (right),
which exhibit distinct structural and mechanical properties.
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1.5.2. pFGMs for Interfacial Tissue Regeneration

The osteochondral interface represents a quintessential example of a naturally graded
system®. It consists of a continuous transition from soft, viscoelastic cartilage to stiff,
mineralized subchondral bone. This transition is characterized by progressive
changes in extracellular matrix composition, mineral content, water content, and
mechanical modulus. Cartilage is primarily composed of collagen type Il and
proteoglycans, providing compressive resistance and shock absorption®. In contrast,
subchondral bone® contains a high mineralized matrix fraction, resulting in
significantly higher stiffness and strength. Between these regions lies a calcified
cartilage layer that functions as an interfacial transition zone, bridging cartilage and
subchondral bone. In the absence of such gradation, a sharp modulus mismatch would
concentrate stresses and compromise interfacial stability. The native gradient
mitigates this mechanical discontinuity, enabling smooth stress transfer, mechanical
compatibility, and coordinated biological function. The osteochondral interface,
therefore, represents not only a clinical challenge but also a stringent benchmark for
evaluating the ability of engineered materials to reproduce continuous mechanical

and compositional gradients (Figure 1.11).
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Figure 1.11 Schematic representation of the osteochondral unit highlighting microstructural
and compositional gradients across cartilage and subchondral bone regions.

In this context, porous graded biomaterials offer a promising strategy to address the
structural and biological complexity of interfacial tissues®?%. By integrating spatial
variations in porosity, composition, and stiffness within a single construct, these
systems aim to mimic native tissue gradients and promote region-specific biological
responses. A graded scaffold may incorporate a cartilage-mimetic region
characterized by higher water content, lower stiffness, and enhanced permeability,
which progressively transitions into a mineralized, mechanically reinforced bone-like
region. Tailored porosity across the construct supports chondrogenesis in the
superficial layers and osteogenesis in the deeper regions, while reducing stress
discontinuities at the interface. The realization of such architectures requires
coordinated control over both material formulation and structural design.
Microfluidic strategies enable tunable multiphase formulations and pore templating,
while extrusion-based AM provides spatially controlled deposition and architectural

design at the construct level®. By adjusting material formulation, fiber spacing, and
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layer-by-layer deposition parameters, continuous or stepwise gradients can be
reproducibly implemented within a single scaffold.

Despite the advances described above, several challenges continue to limit the
widespread clinical translation of porous functionally graded biomaterials. Precise
control over gradient continuity and reproducibility remains difficult, particularly
when coupling variations in porosity, composition, and mechanical properties within
a single construct. Small variations in processing parameters can significantly affect
pore morphology and spatial material distribution. Moreover, the integration between
microscale material regulation and macroscale architectural control is not yet fully
optimized, limiting functional predictability. Addressing these limitations requires a
systematic, interdisciplinary approach that bridges material design, microstructural
control, and digital fabrication strategies. The experimental work presented in this
thesis is developed within this framework, with the objective of establishing an
integrated, reproducible platform for the fabrication of porous, functionally graded

biomaterials targeting bone regeneration and tissue interfaces.

1.6.Scope and Structure of the Thesis

1.6.1. Research Objectives and Hypotheses

The objective of this doctoral thesis is to develop a microfluidic-integrated
AM platform for the controlled fabrication of architected porous materials
with spatially tunable porosity and composition. By integrating microfluidic
droplet generation with extrusion-based 3D printing, the proposed strategy
enables programmable regulation of spherical pore formation and material
composition during fabrication. This work is grounded in the premise that
advanced porous materials with predictable structural and functional
properties require precise spatial control over pore architecture and

composition across multiple length scales. Many natural materials, including
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bone tissue, exhibit hierarchical porous architectures and compositional
gradients that contribute to their exceptional mechanical and transport
properties. Replicating such bioinspired structural complexity through
synthetic manufacturing remains challenging. Conventional fabrication
approaches often rely on stochastic templating strategies (e.g., bulk
emulsification, gas foaming, or particulate leaching), which provide limited
control over pore size distribution, spatial organization, and compositional
gradients. In contrast, microfluidic technologies enable highly controlled
multiphase flows and monodisperse droplets, allowing precise regulation of
droplet size and generation dynamics. The central hypothesis of this work is
that deterministic control of droplet generation and ink composition during
AM enables the fabrication of porous materials with predictable structural and
functional properties. Real-time modulation of droplet generation and ink
composition is expected to yield architected materials with predictable pore-
size distributions, spatially defined density variations, and compositional
gradients. Compared with conventional fabrication methods, such control may
improve structural predictability, mechanical reliability, and transport
properties. The primary contribution of this thesis is the development of a
microfluidic-assisted AM strategy enabling deterministic control over pore
architecture and material composition during fabrication. Preliminary cell
studies are included as a proof-of-concept demonstration of the potential
applicability of the fabricated architectures in biologically relevant

environments.

More specifically, this thesis tests the hypothesis through three research
milestones. First, a microfluidic-assisted emulsion printing strategy is
established to control pore formation at the microscale. Flow-focusing devices

are used to generate monodisperse O/W emulsions with tunable droplet size
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and dispersed phase volume fraction. These droplets serve as sacrificial
templates for pore formation, yielding a spherical, highly controllable pore
architecture. By integrating the microfluidic chip directly with an extrusion
system and printing into a supporting bath, the rheological constraints
traditionally associated with polymeric inks are decoupled from printability.
This approach enables the fabrication of porous hydrogel constructs with
controlled pore-size distributions, spatially modulated porosity, and both
discontinuous and continuous density gradients. The emphasis of this stage
lies in defining operational windows, ensuring process stability, and
correlating emulsion parameters with resulting mechanical and structural
properties (Chapter 2). Building upon the architectural control established in
soft hydrogel systems, the second phase of the work translates these design
principles to ceramic-based materials for the fabrication of mechanically
robust porous scaffolds. Here, extrusion-based AM is employed to engineer
hierarchical porous ceramic architectures suitable for load-bearing
applications. Particular attention is devoted to the relationship between
processing parameters, pore architecture, and mechanical performance, as
well as to the adaptation of printing strategies to formulations suitable for
sintering. While bone regeneration provides the application framework, the
core contribution lies in developing a manufacturing route for architected
porous ceramics with controlled structural integrity and predictable
mechanical response (Chapter 3). Hence, the third technological
advancement addresses compositional gradient control. A passive, highly-
efficient microfluidic micromixer is integrated upstream of a flow-focusing
junction, enabling the dynamic combination of multiple continuous-phase inks
prior to droplet generation and extrusion. This configuration enables smooth,
programmable compositional transitions during printing, extending the

platform from density grading to true multimaterial gradient fabrication.
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Quantitative evaluation of mixing efficiency, synchronization between flow
modulation and spatial deposition, and simultaneous control of porosity and
chemistry are systematically investigated. Preliminary biological assessments
are included to demonstrate that spatial modulation of composition translates
into localized functional responses; however, the primary contribution
remains the development of a microfluidic printhead capable of real-time

gradient engineering (Chapter 4).

Collectively, these developments establish a reproducible, scalable framework
for the manufacturing of pFGMs. The thesis advances microfluidic-assisted
AM from a droplet-generation technique to a comprehensive platform for
multiscale material design, bridging microscale emulsion physical chemistry,
mesoscale gradient control, and macroscale architectural structuring.
Ultimately, this work aims to demonstrate the feasibility and robustness of a
manufacturing strategy capable of producing architected porous materials with
deterministic control over structure and composition. While the primary
contribution lies in technological innovation and process engineering, the
developed platform is conceived to serve as a foundation for future biomedical
and tissue engineering applications, where precise spatial regulation of

porosity and material gradients is essential.
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1.6.2. Overview of the Thesis Chapters

The presented thesis is the result of different research projects already

published or in submission. In particular:

Chapter 2 is readapted from the published original article in Advanced
Materials Technologies:

Marcotulli M. et al. Microfluidic 3D Printing of Emulsion Ink for
Engineering Porous Functionally Graded Materials. Advanced
Materials  Technologies = 2201244, 1-12  (2022), doi:
10.1002/admt.202201244

Chapter 3 is based on a work under preparation:
Tirelli M.C. et al., Microfluidic-Assisted Digital Manufacturing of

Functionally Graded Porous Ceramics with Bone-Like Architecture

Chapter 4 is readapted from the published review article in Materials
Advances:

Tirelli M.C. et al., Microfluidic-mixer assisted 3D printing of
functionally graded multimaterial hydrogels for engineering complex
tissue interfaces. Materials Advances, 2026, doi:
10.1039/d5ma01130b.
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Chapter 2 - Microfluidic 3D printing of emulsion ink for

engineering porous functionally graded materials

2.1.Introduction

Over the past two decades, growing attention toward structure—function
relationships in natural materials has reinforced the importance of graded
architectures. Nature achieves remarkable biomechanical and physiological
performance by assembling a limited set of biopolymers and biominerals into
hierarchically organized systems. Through controlled spatial arrangement of
these building blocks, materials with properties far exceeding those of their
individual components are obtained®. The key factor underlying such
performance is the presence of gradients embedded within a multi-scale
structural hierarchy. Depending on their biological function, natural systems
integrate several types of gradients, including: (i) units characterized 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 the nanometers level, (iv) orientations
of structural building units (e.g., successive dispositions of layers with
different orientations of components)®, (v) gradient interfaces (e.g.,

junctions), or (vi) integration of multiple gradients.

Despite their clear relevance, the controlled fabrication of graded spherical-
based porous scaffolds remains challenging. Manufacturing strategies for
pFGMs can be broadly classified into conventional and advanced approaches.
Conventional techniques often rely on constructive assembly methods, in
which prefabricated layers with distinct properties are sequentially stacked or

bonded®. For example, porogens may be used to generate layers with varying
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pore densities, which are subsequently assembled into a composite structure®,
Alternative strategies, including centrifugation® or self-foaming followed by
pyrolysis®, have also been employed to introduce gradients. However, these
methods typically offer limited precision and restricted control over gradient
continuity and spatial resolution. AM technologies have introduced a more
versatile route for pFGM fabrication. In particular, extrusion-based systems
equipped with multiple nozzles have demonstrated the capability to deposit
distinct materials within a single construct, enabling spatial modulation of
composition and texture®1%, Such strategies have been extensively applied
to thermoplastic and ceramic systems. Conversely, hydrogel-based inks
present additional constraints. Their relatively low viscosity and limited
structural stability often restrict the fabrication of geometrically complex
architectures, especially those involving concave surfaces, overhangs, or

simultaneous integration of multiple gradients.

In this context, we introduce a microfluidic-assisted 3D printing strategy for
depositing O/W emulsions within a suspending medium. By generating the
emulsion directly within a flow-focusing microfluidic device and depositing
it onto a support bath, it is possible to fabricate complex hydrogel architectures
incorporating spatial variations in density and composition. Crucially, this
approach decouples ink rheology from structural fidelity, enabling the use of
low-viscosity precursor solutions while maintaining high geometric control

during printing.
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2.2.Materials and methods
2.2.1. Materials

Dextran (from Leuconostoc spp., Mr ~ 70000), gelatin (from porcine skin,
Type A, 300 Bloom), HA (nanopowder, <200 nm particle size), dimethyl
sulfoxide (DMSO), glycidyl methacrylate (GMA), methacrylic anhydride
(MA), cyclohexane  (>99.5%), pluronic F-68, 2-hydroxy-4'-(2-
hydroxyethoxy)-2-methylpropiophenone (Irgacure 2959), fluorescent yellow-
green latex beads (amine-modified polystyrene), hydrochloric acid (HCI),
tin(I1) chloride (SnCl2), phosphate buffered saline (PBS) and Hanks’ Balanced
Salt solution (HBSS) were purchased from Sigma Aldrich. 4-
Dimethylaminopyridine (DMAP, 99%) was obtained by Acros Organics.

Agarose was purchased from Carbosynth.
2.2.2. Synthesis of Dextran Methacrylate

Dextran methacrylate (DexMA) was synthesized following a previously
published protocol*’. Dextran (10 g) was dissolved in 90 mL of DMSO under
stirring. DMAP (2 g) was added after dissolution in DMSO, followed by the
addition of GMA (4 mL), corresponding to approximately 50% molar
substitution relative to dextran repeating units. The reaction was conducted at
room temperature (RT) under mild stirring (100 rpm) for 48 h in dark
conditions. Upon completion, an equimolar amount of HCI was introduced to
neutralize DMAP and terminate the reaction. The solution was transferred into
dialysis tubing (Molecular Weight Cut-Off (MWCQO) 1 kDa) and dialyzed
against deionized water for five days until stable conductivity (18 MQ-cm)

was reached. The purified product was frozen at —80 °C, freeze-dried, and
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stored at 4 °C. The degree of substitution (DS) was determined by “1H-NMR

spectroscopy.
2.2.3. Synthesis of Gelatin Methacryloyl

Gelatin Methacryloyl (GelMA) was prepared according to a documented
method®®, Gelatin was dissolved at 10% (w/v) in PBS at 50 °C. Methacrylic
anhydride (0.8 mL per gram of gelatin) was added dropwise under continuous
stirring (500 revolutions per minute rpm), and the reaction was allowed to
proceed for 3 h. The reaction mixture was dialyzed against deionized water at
50 °C using dialysis tubing (MWCO 1 kDa) for five days until nominal
conductivity was achieved. The resulting solution was frozen at —80 °C,

lyophilized, and stored at 4 °C.
2.2.4. Supporting bath for 3D printing

An agarose-based fluid gel was prepared as a temporary support medium
following an established procedure!®?, Briefly, agarose (0.5 g) was dispersed
in 100 mL of deionized water to obtain a 0.5% (w/v) suspension. The solution
was sterilized by autoclaving at 121 °C for 20 minutes and subsequently stirred
continuously (700 rpm) for 12 h during cooling to RT, yielding a
homogeneous fluid-gel structure. The supporting bath was stored at RT until

use.
2.2.5. Fabrication of polycarbonate microfluidic chip

The flow-focusing microfluidic chip was fabricated from 5 mm-thick
polycarbonate sheets using computerized numerical control (CNC) micro-
milling (MSG402, ErgWind, Poland). The device featured: i) Continuous and
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dispersed phase inlets: 250 um width; ii) Orifice width: 100 um; iii) Outlet
channel width: 500 um; iv) Channel depth: 100 um; v) 25G needle coupled to
outlet. After milling, substrates were sonicated in isopropanol for 30 minutes
and thermally bonded using a hot press at 130 °C for 30 minutes, followed by
controlled cooling to RT. To improve compatibility with the organic dispersed
phase, the internal microchannels were treated with a 20% (w/w) SnClz
solution in ethanol'®, The solution was infused at 20 mL/h for 2 h at 60 °C.
The device was then thoroughly rinsed with deionized water prior to use.

2.2.6. Microfluidic emulsion

O/W emulsions were generated using the flow-focusing microfluidic chip.
Cyclohexane was used as the dispersed organic phase, while the continuous
aqueous phase consisted of 20% (w/v) DexMA, 15% (w/v) Pluronic F-68, and
1% (w/v) Irgacure 2959. Irgacure 2959 served as a photoinitiator to enable
crosslinking of methacrylated polymers following deposition. The whole
experiment was carried out in low light to avoid premature cross-linking of
the radical initiators. Both phases were filtered through 0.22 um syringe filters
prior to loading into 1 mL syringes to prevent channel obstruction. Emulsions
were produced under low-light conditions to avoid premature
photopolymerization. The flow-focusing chip was used to generate a series of
emulsions, with the flow rates of the two phases controlled using neMESYS
(Cetoni GmbH) microfluidic pumps. The total flow rate was maintained at 20
uL/min. Dispersed-phase volume fractions (¢D) in the range 0.2-0.8 were
achieved by adjusting the relative flow rates of continuous and dispersed

phases.
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2.2.7. Image analysis (FastCAM) and emulsion characterization

The formation of O/W emulsions within the flow-focusing chip was monitored
using a high-speed camera (Photron FASTCAM Mini UX) operating at 500
frames per second. The imaging system was coupled to an inverted optical
microscope (Zeiss Observer.Z1) equipped with a 5% objective. Recorded
videos were analyzed frame-by-frame using ImageJ software. Droplets
generated at different dispersed-phase volume fractions (¢D) were quantified
using the “Particle Analyze” function to extract droplet area and equivalent
diameter. For each condition, droplet size distributions were determined from

at least 50 measurements.

2.2.8. Emulsion 3D printing of cylindrical porous scaffolds and

complex geometries

Emulsion-based inks were deposited using a custom-built 3D printing system
integrating the flow-focusing microfluidic printing head (ff-MPH) with three
microfluidic pumps (neMESYS, Cetoni GmbH) controlled through Qmix
software (Qmix Elements). The printer operated on a Cartesian linear-axis
system driven by a motorized stage (Micos), enabling synchronized extrusion
and spatial positioning. Standard cylindrical scaffolds were designed using
Fusion 360 (Autodesk) and printed inside an agarose fluid-gel support bath to
ensure structural confinement during deposition. To evaluate gradient
fabrication capabilities, four scaffold architectures were produced: three with
axial gradients (2, 4, and alternating layers) and one with a radial gradient.
Three-dimensional structures that were impossible to print in air, with an
overhang > 45°, were printed using porous fibers in agarose fluid-gel at a print

speed of 3.3 mm/s (F200). The complex geometries were downloaded from
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the Thingiverse repository. The Slic3r programme, which converts the
stereolithography interface format (STL) to G-code, was then used to slice the
models with a 0.2 mm slice thickness. To automate the modulation of porosity
within a single construct, a custom script was implemented to dynamically
adjust pump flow rates during printing. This allowed the generation of
controlled dispersed-phase volume fractions (D) across predefined regions
of the scaffold. Fluorescent dyes were incorporated into selected hydrogel
formulations to facilitate visualization of density variations within printed

constructs.

2.2.9. Scaffolds cross-linking and purification

After deposition within the agarose support bath, printed structures were
exposed to ultraviolet (UV) irradiation (A = 365 nm) for 20 minutes to initiate
crosslinking of the external aqueous phase. Constructs were manually
retrieved from the support medium and immersed in DMSO to extract the
internal cyclohexane phase. Oil removal was achieved by repeated DMSO
washes over 3 days, followed by distilled water washes until nominal
conductivity was reached. Purified scaffolds were subsequently frozen at —80

°C and lyophilized for further characterization.

2.2.10. Scanning Electron Microscopy

Lyophilized scaffolds were sectioned and mounted onto aluminum stubs using
conductive carbon tape. Samples were sputter-coated with chromium to
enhance conductivity. Morphological analysis was performed using a high-
resolution field-emission scanning electron microscope (SEM) (HR-FESEM,
AURIGA Zeiss) operated at 1.5 kV. Images were acquired at 145x

magnification to evaluate pore morphology and internal architecture.
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2.2.11. Microcomputed Tomography

To assess the internal microstructure of 3D-printed scaffolds, microcomputed
tomography (microCT) was performed using an Xradia MicroXCT-400
system with the following parameters: 40 kV, 10 W, 0.18° rotation step over
an angle interval of 184°. Prior to scanning, purified samples were partially
dehydrated in a 50:50 (v/v) water/ethanol solution and subsequently immersed
in sunflower oil to enhance radiographic contrast. Scanning was conducted at
RT (25 °C) under atmospheric pressure. Three-dimensional reconstructions

were generated from 2D image stacks using the 3D Viewer plugin in ImageJ.

2.2.12. Optical coherence microscopy

Morphological characterization of 3D FGM structure in hydrate conditions
was performed using high-resolution optical coherence microscopy (OCM)%4,
A custom-designed spectral OCM system used a commercial femtosecond
laser (Fusion Femtolasers, Austria) with a central wavelength of 795 nm and
a 130 nm bandwidth, yielding an axial resolution of approximately 2.2 um. A
fiber-based Michelson interferometer with a 75/25 splitting ratio was used.
The light reflected from the sample was combined with light reflected from
the mirror in the reference arm, and the resulting interference signal was
recorded with a high-speed 2048-pixel line-scan camera spectrometer (Cobra-
S 800, 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, yielding a lateral resolution of 4.5 um and a
confocal parameter f ~100 um. The sample was illuminated with an average

optical power of 0.5 mW. Lateral laser beam scanning was performed using a
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pair of galvoscan scanners (Thorlabs Inc., USA). 3D volumes typically
extending over an area of 1.0 mm x 1.0 mm x 1 mm were acquired with a
pixel density of 1024 x 1024x 2048 pixels for X, Y and Z-axes, respectively.
The imaging depth, limited by light penetration and multiple scattering, was
evaluated at 800 um. Specific stand-alone software designed in LabVIEW,
enabled the monitoring of a scanning protocol, coordination of camera and
scanners, and data processing, including such steps as spectrometer
calibration, numerical dispersion compensation, and spectral shaping. Data
analysis allowed the volumetric recreation of the fine structure of investigated

porous materials.

2.2.13. Bright-field imaging

The morphological structure of the laid emulsion fibres was investigated using
a laser scanning confocal microscope (Olympus 1X83). Imaged fibres with a
fluorescently labelled disperse phase were visible under brightfield
microscopy, with the fluorescent signal varying along the imaging direction.
Prior to printing, the external phase was labelled with fluorescent yellow-
green latex beads (Aex ~470 nm e Xem ~505 nm). The printing was carried out
in a 3-mm thick agarose fluid gel within a 700 pl volume chamber. A single

fibre was deposited and analysed for printing fidelity.

The analysis was performed on non-purified scaffolds: porous cylinders were
obtained, cross-linked, collected from the supporting bath and then washed
with DW to remove agarose fluid-gel residues. The acquired images were
stitched together with ImageJ software using the Grid/Collection stitching

function.
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2.2.14. Rheological measurements of emulsion inks

Rheological measurements were performed using a rotational rheometer
(Anton Paar MCR 302) equipped with a 25 mm cone-plate geometry (1° cone
angle) at 25 °C. The following materials were characterized: agarose fluid-gel
support bath, continuous phase (DexMA + Pluronic F-68) and, emulsions at
various dispersed phase volume fractions (pp =0.2,0.3,0.4, 0.6, 0.7, 0.8). The
shear viscosity behaviour of the samples was assessed by applying a share rate
from 1 to 100 s™.

2.2.15. Mechanical testing of 3D printed emulsion scaffolds

The compressive mechanical behavior of the fabricated scaffolds was
evaluated using a dynamic mechanical analyzer (DMA Q800, TA Instruments,
New Castle, DE, United States). Tests were conducted on fully hydrated
cylindrical samples (diameter: 7 mm; height: 7 mm) at 25 °C. Density-graded
scaffolds and homogeneous control samples (¢D = 0.2, 0.3, 0.4, 0.6, 0.7) were
immersed in distilled water prior to testing. Sample dimensions were
measured using a digital caliper and specimens were positioned between
parallel compression plates. A preload force of 0.001 N was applied to ensure
contact. Compressive strain was applied at 2.5% min " up to 30% deformation.
The unloading phase was performed at 5% min™!. Stress—strain curves were
recorded for the entire loading—unloading cycle. Young’s modulus was
determined from the slope of the initial quasi-linear region corresponding to
0-5% strain.
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2.2.16. In vitro degradation test

To assess hydrolytic stability of DexMA scaffolds, scaffolds were subjected
to an in vitro degradation test in HBSS at 37 °C. Purified hydrogels were
initially incubated in HBSS for 24 h, dried, and weighed to determine the
initial dry mass (Wo). Samples were then immersed in 1 mL HBSS and
incubated at 37 °C for up to 14 days. The medium was refreshed every three
days. At predefined time points, samples were collected, dried, and weighed
(W¢). The percentage weight loss was calculated according to:

Weight remaining (%) = % x 100 (Eq. 2.1)

2.2.17. Mass swelling ratio

Studies were carried out on DexMA hydrogels to investigate the mass swelling
ratio. The scaffolds were weighed before (minitia) and after crosslinking
(minitiar,to) to obtain their initial wet mass. The samples (n = 3) were freeze-
dried to determine their dry mass (Mary,10). The value of the actual macromer

fraction was determined as follows:

. Mdry,to
actual macromer fraction = —2= (Eq. 2.2)
Minitial,to

A further three samples were incubated for 24 hours in HBSS at 37 °C to allow
swelling. After 24 hours, the samples were weighed (Msworen) and then
lyophilised and weighed (mary). The mass swelling ratio (q) was subsequently
evaluated using Equation (2.3)%:

Msw

q = Tewelien (Eq, 2.3)
dry

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

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

Statistical analysis was performed using GraphPad Prism (GraphPad Software
Inc., La Jolla, CA). Data normality was evaluated using the D’Agostino—
Pearson test. Depending on the experimental design, one-way or two-way
ANOVA was applied. Statistical significance was defined as p < 0.05. Sample
size (n) is specified within figure captions.

2.3.Results and Discussion

2.3.2. Exploring operational ranges and rheological properties of

microfluidic emulsion inks

A common strategy for fabricating porous scaffolds involves using biphasic
systems, such as emulsions or foams, which serve as sacrificial templates.
Thus, the use of biphasic inks in 3D printing has consisted of the preliminary
formation of the emulsion/foam, its loading into a cartridge or reservoir, and
subsequent deposition’®. However, this method presents intrinsic limitations.
Biphasic inks must simultaneously satisfy two competing requirements:
sufficient shear-thinning behavior to allow extrusion and adequate structural
integrity to preserve shape upon deposition. As a consequence, only a narrow
range of external phase compositions and dispersed-phase volume fractions
can be effectively processed. Moreover, the rheological behavior of
concentrated emulsions is strongly influenced by both the dispersed-phase
fraction and droplet interactions, making a priori prediction of printability

challenging and often requiring extensive empirical optimization. Decoupling
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the rheological characteristics of the biphasic ink from its printability would
therefore significantly expand the accessible operational window and enable
greater flexibility in pFGMs design. Approaches such as in-air microfluidic
deposition have demonstrated the potential to modify fluid streams
immediately prior to deposition. For instance, Visser and co-workers'®’
reported encapsulation of internal phases during the flight of liquid jets in air.
Nevertheless, this method requires droplet formation at a defined distance
from the substrate, leading to high impact velocities and potentially reducing

printing resolution.

To circumvent the resolution loss and high-impact velocities inherent in in-air
jetting, the strategy proposed here is based on the direct deposition of an O/W
emulsion generated within a flow-focusing microfluidic chip and extruded
into a supporting medium. This configuration allows the emulsion to be
deposited in close proximity to the substrate, minimizing structural
perturbations and enabling the fabrication of geometrically complex
architectures. The overall fabrication workflow is illustrated in Figure 2.1.

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

Figure 2.1 Sequence of steps illustrating the process of scaffold fabrication and purification.

The flow-focusing microfluidic printing head (ff-MPH) is designed to

generate O/W emulsions with tunable properties and directly integrate them
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into a 3D printing system (Figure 2.2a). The device enables modulation of (i)
the chemical composition of the matrix, (ii) the density of the printed material
through control of dispersed-phase volume fraction (¢), and (iii) the local
porous architecture in a continuous or discontinuous manner along the depth

or radius of the construct.

To define the operational window of the ff-MPH, preliminary experiments
were conducted using a single aqueous continuous phase (DexMA/Pluronic
F-68) and cyclohexane as the dispersed phase. Flow rates ranging from 5 to
30 puL/min were explored to identify conditions that enabled stable, continuous
O/W emulsion formation. A total flow rate of 20 uL/min was found to provide
steady droplet generation and reproducible operation, while simultaneously
offering a broad range of accessible droplet diameters (Dadroplet) and dispersed-
phase volume fractions (¢). As shown in Figure 2.2b, by maintaining the total
flow rate constant and adjusting the relative flow rates of the two immiscible
phases, emulsions with ¢ values between 0.2 and 0.8 were reproducibly
generated. Increasing the dispersed-phase flow rate resulted in both larger
droplet diameters and higher ¢ values (Figure 2.2c,d), in agreement with

previously reported behavior in flow-focusing systems*’.

Following identification of stable operating conditions, a comprehensive
rheological characterization was performed on the continuous phase and the
corresponding emulsions (Figure 2.2e). The DexMA/Pluronic F-68 precursor
solution exhibited near-Newtonian behavior within the investigated shear rate
range. In contrast, emulsion inks demonstrated progressively stronger shear-
thinning behavior as ¢ increased. This transition can be attributed to the
increase in total interfacial area and droplet—droplet interactions, which are

known to govern the flow behavior of concentrated emulsions.'®To
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effectively decouple ink rheology from printability, an agarose-based fluid-
gel was formulated as a temporary support medium. The agarose fluid-gel
exhibits self-healing and shear-thinning characteristics, allowing local
displacement during nozzle movement followed by rapid structural recovery.
The efficacy of the agarose support bath was corroborated by rheological data
indicating that the agarose fluid-gel exhibited more pronounced
pseudoplasticity than the biphasic inks, facilitating rapid shear-thinning and
structural recovery necessary for high-fidelity submerged extrusion (Figure
2.2e). Optical microscopy revealed a slurry-like microstructure, with spiky
hydrogel microparticles distributed homogeneously throughout the medium
(Figure 2.2f). During printing, these microparticles can be locally displaced
by the extruded filament and subsequently reorganize to physically confine
the deposited structure'®1%21% This mechanism ensures positional stability

of the printed pFGMs while allowing the use of low-viscosity emulsion inks.

Overall, the combination of microfluidic emulsion generation and suspension-
based deposition defines a broad and controllable operational window for the
fabrication of graded spherical-based porous FGMs with tunable density and

pore size.
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Figure 2.2 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 < ¢ <0,8). ¢,d) Droplet size distributions (left) and resulting average droplet diameters
(right) measured for the selected values of ¢. e¢) Rheological characterization of the agarose
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 in size, can be appreciated. (right) Stability of emulsion ink in agarose fluid-gel
during and after 3D printing. Scale bars: (a,b) 300 um, (f) 5 mm. Statistical significances were
assessed by one-way ANOVA. Mean + S.D. n=50, ****p<(0.0001.
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2.3.3. Emulsion ink printing in an agarose fluid-gel

The agarose fluid-gel acted as a temporary supporting medium during 3D
deposition. Owing to its viscoelastic and shear-thinning behavior, the O/W
emulsion generated within the ff-MPH could be directly extruded into the bath
and spatially confined without collapse, as schematically illustrated in Figure
2.3a. The emulsion filament, once deposited, remained immobilized within
the support matrix, which rapidly recovered its structure after local shear
induced by nozzle movement. Emulsion inks were printed using the custom
3D printer equipped with the ff-MPH. The generation of O/W emulsions
inside the microfluidic chip was precisely synchronized with the extrusion and
spatial translation of the printhead. This coordination ensured continuous
deposition of emulsion fibers, with the external aqueous phase encapsulating
the dispersed cyclohexane droplets, preventing their diffusion into the
surrounding support medium. Figure 2.3b (top) shows laser scanning
confocal microscopy (LSCM) images of single deposited struts produced at
different ¢ values. The droplet size and internal organization within the
filament reflected the selected dispersed-phase volume fraction. Notably,
direct deposition into the agarose bath compensated for the system dead
volume, enabling sharp transitions in ¢ during layer-by-layer printing.
Interestingly, cyclohexane droplets tended to cluster within laid struts upon
deposition in the support medium, eventually forming long threads of adjacent
droplets (Figure 2.3b). Following UV-induced crosslinking of the external
phase, the purification protocol was applied to remove the internal organic
phase!®1! Efficient extraction of cyclohexane required the use of a polar
aprotic solvent (e.g., DMSO) miscible with both the organic phase and water.
Multiple DMSO washes ensured complete oil removal, followed by extensive

washing in distilled water to restore physiological conditions. This protocol
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has previously demonstrated the ability to yield biocompatible porous
structures*'?. To assess the capability of the ff-MPH to fabricate graded
architectures, cylindrical scaffolds incorporating controlled density variations
were printed (Figure 2.3c). Three discontinuous pFGM configurations (2-
layer, 4-layer, and alternate-layer axial gradients) and one continuous radial
gradient architecture were generated. These constructs demonstrated the

system's versatility in patterning both discrete and continuous variations in o.

XYZ gantry

517

Functionally graded )

emulsions
v
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Bright Field

2 LAYERS

| Porous FGMs

Figure 2.3 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 organization within single deposited struts at different
values of ¢. (bottom) Illustrative 3D printed single ZX (2, 4, alternate layers) and XY (radial)
cross-sectional layers for easier appreciation of internal FGM structure. ¢) Porous cylinders
characterized by discontinuous (2 layers, 4 layers, alternate) and continuous (radial) FGM
architectures. Scale bars: b) 500 mm, ¢) 7 mm.
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SEM analysis confirmed that the clustered droplet organization observed in
confocal imaging was preserved after lyophilization (Figure 2.4a). The pore
morphology reflected the initial Daropiet distribution and ¢ selected during
printing. Despite buoyancy-induced droplet rearrangement, the deposition
process remained stable and reproducible across conditions. Mechanical
characterization was subsequently performed to evaluate the influence of ¢

and gradient architecture on compressive behavior (Figure 2.4b,c).
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Figure 2.4 Morphological characterization of 3D printed porous FGMs. a) SEM images of
the porous FGMs. b-c) Variation of Young’s moduli in control samples characterized by a
single porosity and in the manufactured porous FGMs. d) Weight loss and e) swelling ratio of
FGMs. Scale bars: 300 um. One-way ANOVA assessed statistical significance. Mean + S.D.
n=3, *p<0.05, **p<0.01, ***p<0.001.



Stress—strain curves of homogeneous scaffolds (Figure 2.5a) revealed a clear
dependency on o, for instance, lower ¢ samples (denser structures) exhibited
higher Young’s moduli, with stress—strain traces shifted toward higher stress
values. For ¢ = 0.2 and 0.3, the curves displayed two distinct linear regions.
The initial region (up to approximately 7% strain) corresponded to elastic
deformation of pore walls and was used to calculate Young’s modulus.
Beyond this threshold, a steeper slope emerged, likely associated with pore
buckling and bulk hydrogel deformation. In higher ¢ samples (0.6 and 0.7),
pore deformation and buckling dominated the mechanical response from early
stages of loading. Young’s modulus values for constant ¢ scaffolds are
reported in Figure 2.4b. Samples prepared at ¢ = 0.8 exhibited mechanical
properties below the detection limit of the DMA apparatus and therefore could

not be quantified.

pFGM samples exhibited mechanical responses distinct from homogeneous
counterparts. The two-layer scaffold (¢ = 0.3/0.7) showed three regions of
varying slope (Figure 2.5b). The initial deformation (up to ~5% strain) was
governed by the lower-density layer (¢ = 0.7). At higher strain levels (~20%),
a steeper slope emerged, consistent with engagement of the denser ¢ = 0.3
region. In contrast, the four-layer architecture exhibited a smooth and
continuous transition in slope without abrupt changes. The similarity in pore
volumes between adjacent layers likely led to coupled deformation behavior,

resulting in a gradually evolving stress-strain profile.
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Figure 2.5 Compression mechanical characterization of 3D printed porous FGMs. Stress-
strain plots: a) control homogeneous samples prepared with a single porosity value and b)
FGM samples.

Given that these pFGMs consist of relatively soft hydrogel matrices,
degradation and swelling behavior represent critical functional parameters. A
14-day in vitro degradation study in HBSS at 37 °C was conducted (Figure
2.4d). All 3D-printed architectures maintained structural integrity throughout
the test period, confirming hydrolytic stability under physiological conditions.
However, alternate-layer and radial pFGMs exhibited slightly higher weight
loss than 2-layer and 4-layer configurations (p < 0.01), suggesting that the
gradient distribution influences degradation kinetics. Swelling behavior was
evaluated by measuring mass swelling ratio (q) (Figure 2.4e). DexMA
hydrogels, characterized by a degree of substitution (DS) of 35%!3114
exhibited moderate swelling, consistent with previously reported trends!®11°,
in which swelling inversely correlates with DS. Additionally, g increased with
increasing ¢, in agreement with observations that emulsions with higher
dispersed-phase fractions tend to exhibit enhanced swelling capacity. The
results of this work supported the observation of Bjerregaard and co-
workers®, who reported that emulsions with elevated ¢ have a higher

swelling ability compared to emulsions with small ¢. To verify printing
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fidelity and internal architectural resolution, microCT and OCM analyses were
performed (Figure 2.6). MicroCT enabled volumetric reconstruction of
dehydrated scaffolds, while OCM provided high-resolution imaging of
hydrated structures.

Three-dimensional reconstructions, shown in Figure 2.6, confirmed accurate
reproduction of programmed pFGM architectures, with clear distinction
between high-porosity (low-density) and low-porosity (high-density) regions.
As expected, zones characterized by higher ¢ exhibited larger pore sizes and
increased pore interconnectivity. Radial constructs demonstrated particularly
strong preservation of the designed gradient blueprint, highlighting the ff-
MPH system's capacity to precisely pattern spatial variations in porosity

within complex geometries.
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Figure 2.6 Internal topographic analysis via microCT and OCM. Three-dimensional
reconstruction of porous FGMs from an image stack acquired by microCT; Horizontal
sections of the scaffold acquired by OCM. For each FGM, a spatial porosity analysis was
estimated from microCT volumetric reconstruction. Scale bars: (2 layers — Alternate — 4
layers) 300 mm, (Radial) 500 mm.
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2.3.4. 3D printing complex FGM architectures in agarose fluid-gel

Fabricating geometrically complex hydrogel architecture remains particularly
challenging when low-viscosity or biphasic inks are used. In extrusion-based
systems, sufficient viscoelasticity is generally required to preserve filament
shape upon deposition. This limitation becomes even more pronounced when
printing emulsion inks, where the dispersed phase may destabilize filament
integrity and induce structural collapse. To overcome these constraints,
thixotropic and self-healing support media have been proposed, including
gelatin-based FRESH systems’?, Laponite suspensions'®, and agarose fluid-
gels'®. Our agarose fluid-gel support bath enabled the stable deposition of
O/W emulsion inks generated by the ff-MPH, alongside the fabrication of
highly complex 3D geometries'®. Using this configuration, we successfully
printed architectures characterized by pronounced overhangs exceeding 45°,
including gyroid cylinders, inverted pyramids, spheres, helices, and stair-like
structures (Figure 2.7a). The supporting medium physically confined the
extruded filaments during deposition and recovered its structure immediately
after nozzle displacement, ensuring dimensional stability prior to crosslinking.
To further demonstrate the system's versatility, additional complex geometries
were fabricated (Figure 2.8), including a chess knight and a pawn, the sorting
hat from Harry Potter, St. Peter’s dome, a DNA helix, and a femoral epiphysis
model. In all cases, the final printed constructs accurately reproduced the
digital blueprints, including intricate overhanging details that would not be

achievable via direct air extrusion.
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Figure 2.7 3D printing of complex FGM in fluid-gel a) 3D printing of complex architectures
in fluid-gel. Various exemplary complex 3D structures printed in agarose fluid-gel: gyroid
cylinder, inverted pyramid, sphere, helix, and stairs. b) 3D printing of complex FGM
architectures in fluid-gel. Density gradient complex 3D geometries printed using a fluorescent
dye in the continuous phase: the green signal corresponds to more dense areas (low porosity),
while light green and pale signals indicate less dense zones (high porosity). Scale bars: a) 5
mm, b) 10 mm.
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Figure 2.8 3D printing of complex architecture in fluid-gel. a) Various exemplary complex
3D structures 3D printed in agarose fluid-gel: chess knight and pawn, the sorting hat from
Harry Potter, St. Peter’s dome, DNA helix, and a reproduction of a femur epiphysis. Scale
bars: 500 mm.

Importantly, architectural complexity did not compromise control over local
porosity. To provide direct visual evidence of density modulation, selected
scaffolds were printed using fluorescently labeled continuous phases (Figure
2.7b). Regions exhibiting stronger fluorescence corresponded to lower
porosity (lower ¢), whereas lower fluorescence intensity indicated higher
porosity. The clear spatial transitions observed confirmed precise regulation

of ¢ during 3D deposition, independent of geometric complexity.

Previous studies have demonstrated gradient fabrication using valve-based
flow-focusing systems*® fabricated from PDMS. However, such devices have
inherent limitations, particularly regarding solvent compatibility. PDMS
swelling in the presence of organic solvents restricts the use of hydrophobic
monomers or organic dispersed phases, limiting the generation of emulsion

templates. In contrast, the polycarbonate-based ff-MPH employed here allows
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stable processing of cyclohexane-based O/W emulsions, expanding the range
of printable formulations. Beyond density modulation, the ability to vary
matrix composition further enhances the platform's versatility. As a proof-of-
concept, GelMA was used as an alternative continuous phase and
demonstrated operational stability comparable to that of the continuous phase
during emulsion generation (Figure 2.9). Emulsions with ¢ values between
0.2 and 0.8 were reproducibly produced, with droplet size distributions
following trends analogous to those observed for DexMA-based systems. This
confirms that the ff-MPH can accommodate different hydrogel chemistries
while maintaining control over ¢ and Daroplet. TO explore multi-material
patterning capabilities, exploited for the replication of physiological structures
in engineered tissues'!’ DexMA loaded with nanohydroxyapatite (DexMA-
nHA), and GelMA were employed as continuous phases (Figure 2.10a). By
synchronizing the supply of multiple continuous phases with the dispersed-
phase flow and the 3D motion of the printhead, homogeneous matrices with
discontinuous pFGM architectures were fabricated.
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Figure 2.9 Operational range exploration for GelMA emulsion ink production. a)
Microfluidic production of the cyclohexane-in-GelMA emulsions at different volume
fractions of the dispersed phase (0.2 < ¢ <0,8). b) Droplet size distributions measured for the
selected values of @. Scale bars: (a) 200 pm. Statistical significances were assessed by one-
way ANOVA. Mean = S.D. n=50, ****p<0.0001.
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Figure 2.10 Printing a gradient mix of multiple materials. a) (left) Multi-inlet chip during
alternating printing of GeIMA or DexMA/nHA and DexMA emulsions. (right) Alternating
scaffolds following cross-linking and extraction from the support bath: DexMA/GelMA
FGMs (top-right) and DexMA/nHA FGMs (bottom-right). To differentiate DexMA from
GelMA, rhodamine-labelled DexMA was used. b) Density gradient complex structures
printed using labelled DexMA with fluorescein (in yellow) and labelled DexMA with
rhodamine (in red): pawn chess (alternate), inverted pyramid (alternate), horse chess (4
layers), stairs (4 layers). Dark green/pink signals correspond to more dense areas (low
porosity), while light green/pink and pale signals correspond to less dense zones (high
porosity). ¢) Generating the DexMA/nHA multiple materials structures by producing a Janus-
like fiber within the microfluidic channels. Scale bars: 300 pum. d) Replicating an
osteochondral scaffold to mimic the repair of a cartilage-bone interface defect.
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As presented in Figures 2.9 and 2.10, multi-material inlets to the ff-MPH
enable the production of complex matrices with discrete pFGM features. By
precisely synchronizing the supply of the two continuous solutions and the
dispersed phase with the 3D motion, one can design a priori and build pFGMs
with local porosity and chemical composition precisely tuned. Recent studies
have fabricated multi-layered scaffolds via rapid prototyping techniques for
tissue engineering applications!”"211811% " For instance, Liu et al.l’
manufactured functionally graded tri-layered GelIMA/nHA hydrogels to
mimic the different osteochondral zones by using an extrusion-based multi-
nozzle 3D printing strategy. Similarly, using our multi-inlet ff-MPH, we
successfully printed alternating DexMA/GelMA and DexMA/DexMA-nHA
scaffolds within the agarose support bath (Figure 2.10a). Fluorescent labeling
of DexMA with rhodamine enabled clear differentiation between material
regions. We then printed complex gradient geometries with alternating
material composition, including pawn chess pieces, inverted pyramids, horse
chess models, and stair-like structures while preserving predefined density
patterns (Figure 2.10b). Darker fluorescence indicated denser regions (lower
@), whereas lighter regions corresponded to higher ¢. Notably, Janus-like
fibers were generated by mixing DexMA and DexMA-nHA directly within
the outlet channel of the ff-MPH (Figure 2.10c). This configuration enabled
side-by-side deposition of materials within a single filament, demonstrating
further spatial control at the microscale. The incorporation of
nanohydroxyapatite (nHA) into DexMA matrices introduces a mineralized
component that may enhance osteoconductive properties in future tissue-
engineering applications. As a representative application, a discontinuous
FGM architecture mimicking an osteochondral interface was fabricated
(Figure 2.10d), illustrating the potential of the ff-MPH system for interface
engineering®®. Overall, the multi-material capabilities of the ff-MPH
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significantly broaden the design space for fabricating spherical-based porous

pFGMs with programmable composition and density.

2.4.Conclusions

The fabrication of complex hierarchical FGM constructs remains challenging,
particularly when soft hydrogel systems are involved, and strict rheological
requirements are imposed by extrusion-based printing. In conventional
approaches, material inks must exhibit specific viscoelastic properties to
ensure filament stability, often leading to structural collapse or limited
geometric complexity during deposition. These constraints become even more
critical when biphasic systems such as emulsions are employed. In this study,
we demonstrated a microfluidic-assisted 3D printing strategy for fabricating
spherical-based porous, functionally graded hydrogels from low-viscosity
biopolymeric solutions, including DexMA, GelMA, and DexMA/nHA
formulations. By integrating a ff-MPH with an agarose fluid-gel support bath,
we established a manufacturing approach in which emulsion generation and
spatial deposition are tightly controlled yet mechanically decoupled from ink
rheology. The use of the agarose fluid-gel as a temporary support medium
proved essential. Its self-healing and shear-thinning characteristics enabled the
confinement of extruded emulsion filaments while maintaining structural
integrity prior to crosslinking. This configuration effectively broadened the
operational window of the system, enabling fine regulation of dispersed-phase
volume fraction (¢), droplet size (Daroplet), and resulting scaffold density
without the need to tailor ink viscosity for printability. Both discontinuous and
continuous FGM architectures were successfully fabricated, demonstrating
high shape fidelity and mechanical stability after purification. The

reproducibility and stability of emulsion generation within the ff-MPH
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enabled accurate control of pore-size distribution and three-dimensional
density gradients, closely matching the digital blueprints. Furthermore, the
combination of microfluidic emulsion templating and suspension-based
deposition allowed the fabrication of geometrically complex hydrogel
structures, including architectures with pronounced overhangs that would be
unattainable through direct air extrusion. Finally, we demonstrated that the ff-
MPH system supports multi-material deposition, enabling the patterning of
scaffolds with spatially tunable composition and porosity. The incorporation
of nHA into DexMA matrices further underscores the potential of this
platform to generate hierarchical constructs with distinct physicochemical
properties. Overall, this work highlights the synergistic integration of
microfluidic-assisted emulsion generation and support-bath 3D printing as a
versatile strategy for manufacturing porous FGMs with controlled geometry,
density gradients, and material composition. The approach provides a flexible

foundation for the design of advanced graded hydrogel systems.
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Chapter 3 - Microfluidic-Assisted Digital Manufacturing of

Functionally Graded Porous Ceramics

3.1. Introduction

The regeneration of large bone defects remains a major challenge in
regenerative medicine, given the intrinsic hierarchical and heterogeneous
nature of bone tissue?'?2, Bone exhibits a peculiar architecture spanning
multiple length scales'?®, where variations in mineral content, porosity, and
microstructure are integrated to ensure mechanical competence and mass
transport'?*. Replicating such spatial complexity in engineered scaffolds
requires manufacturing strategies capable of precisely controlling both

microstructural porosity and macroscopic geometry.

Porous ceramics, and in particular hydroxyapatite-based materials, have been
extensively investigated for bone regeneration owing to their chemical
similarity to the mineral phase of native bone and their inherent
osteoconductive properties!?®. However, conventional fabrication routes for
porous ceramics, including replica templating®?, sacrificial porogen
leaching'?’, and foaming techniques'®, offer limited control over pore
interconnectivity, spatial distribution, and gradient continuity. As a result,
achieving hierarchical and spatially graded architectures remains challenging.
pFGMs represent a rational approach to introduce controlled spatial variations
in composition and porosity*?. In the context of bone substitutes, graded
architecture holds the potential to integrate dense, load-bearing regions with
highly permeable porous domains within the same construct®. Nevertheless,
fabricating ceramic pFGMs remains technically demanding, particularly when

independent control over microscale pore generation and macroscale
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architectural design is required. AM has significantly expanded design
freedom in ceramic scaffold fabrication, enabling the layer-by-layer
construction of complex geometries with high spatial fidelity?®. However,
extrusion-based ceramic printing, particularly direct ink writing (DIW)**° and
robocasting™®!, typically relies on highly loaded, high-viscosity pastes to
ensure shape retention after deposition, which inherently limits the ability to
engineer microscale porosity within the filaments and constrains material
design flexibility!32133, Moreover, these approaches often require dedicated
printing systems and carefully optimized rheological windows, restricting
their broader accessibility and adaptability. Extrusion-based approaches allow
precise regulation of filament spacing and global scaffold geometry, yet offer
limited control over the internal pore architecture within individual filaments.
Conversely, microfluidic technologies enable the controlled generation of
monodisperse emulsions that can serve as highly tunable templates for
microporous materials*®“® by regulating droplet size and volume fraction.
However, microfluidic systems alone cannot define 3D constructs with
arbitrary geometry. Despite these advances, strategies capable of
simultaneously controlling microscale pore formation and macroscale scaffold

architecture during fabrication remain limited.

To overcome the complementary limitations of these approaches, we have
integrated microfluidic emulsion templating with digital manufacturing via a
flow-focusing microfluidic printhead (ff-MPH) platform, thereby coupling
microscale control of porosity with macroscale architectural design'®. While
extrusion-based AM enables precise spatial definition of scaffold geometry,
microfluidics provides programmable control over droplet size and dispersed
phase volume fraction, thereby defining pore size and local density at the

microscale. This approach decouples ink processability from the final pore
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architecture, enabling the use of low-viscosity, nanoparticle-loaded
formulations that would otherwise be incompatible with conventional
extrusion-based ceramic printing. Importantly, this strategy enables the
fabrication of hierarchically porous ceramic scaffolds using standard
extrusion-based printing platforms, thereby reducing reliance on specialized
ceramic printing systems®®, In this approach, hydroxyapatite nanoparticles
(nHA)-loaded O/W emulsions were generated within the flow-focusing device
and immediately deposited, enabling in-line control of droplet templating
during printing. By dynamically modulating droplet size and dispersed phase
volume fraction, local porosity and density were spatially programmed within
3D constructs. Following crosslinking, freeze-drying, thermal debinding, and
sintering, the hybrid printed structures were converted into fully ceramic
scaffolds while preserving the programmed hierarchical organization.
Importantly, this strategy enabled the processing of low-viscosity, nHA-
loaded inks that would otherwise be incompatible with conventional
extrusion-based systems!3®, further broadening the range of printable ceramic

formulations.

The present study focuses on the development of an integrated manufacturing
workflow, the preservation of structural integrity after sintering, the evaluation
of architectural fidelity across scales, and a preliminary assessment of the
osteogenic response to graded porosity, thereby establishing a technological
foundation for the future development of advanced bone-regenerative

scaffolds.
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3.2. Materials and Methods
3.2.1. Materials

Gelatin type B (isolated from bovine hides by an alkaline process) was
purchased from Russelott. MA, 2-aminoethyl methacrylate hydrochloride
(AEMA-HCI), DMSO, N-(3-Dimethylaminopropyl)-N’'-ethylcarbodiimide
hydrochloride (EDC), N-Hydroxysuccinimide (NHS), 4-tert-butylcatechol
(polymerization inhibitor), SnCl2, nHA, Lithium phenyl-2,4,6-
trimethylbenzoylphosphinate (LAP photoinitiator), L-ascorbic acid, p-
glycerophosphate, Dexamethasone, paraformaldehyde (PFA), Triton X-100,
bovine serum albumin (BSA), and Anti-osteocalcin antibody were purchased
from Sigma Aldrich. Agarose was purchased from Carbosynth. Phosphate
buffer solution (PBS), a-Minimum Essential Medium (a-MEM), Fetal Bovine
Serum (FBS), Penicillin/Streptomycin (P/S), Phalloidin Alexa Fluor 488, 4',6-
Diamidino-2-phenylindole dihydrochloride (DAPI), Alexa Fluor secondary
antibodies were purchased from Thermo Fisher Scientific. Anti-osteopontin

antibody was purchased from Santa Cruz Biotechnology

3.2.2. Synthesis of Doubly Methacrylated Gelatin

Methacrylation of Primary Amines in Gelatin B

GelMA was synthesized following an established protocol published
previously®. Briefly, gelatin B (100 g, corresponding to 38.5 mmol of
primary amine groups) was dissolved in phosphate buffer (1 L, pH 7.8) at 40
°C under mechanical stirring until complete dissolution. MA, 2.5 equivalents
relative to amine groups; 14.34 mL, 96.25 mmol) was then added dropwise,
and the reaction was allowed to proceed for 1 h at 40 °C. The reaction mixture
was subsequently diluted with double-distilled water (DDW) and dialyzed
(MWCO 12,000-14,000 g/mol) against DDW at 40 °C for 24 h, with repeated
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water exchanges, to remove unreacted reagents and by-products. The purified

solution was frozen and lyophilized to obtain GelMA.

Methacrylation of Carboxylic Acid Groups in Gel-MOD

Further functionalization of GelMA was performed through carbodiimide-
mediated methacrylation of carboxylic acid groups. GelMA (10 g,
corresponding to 10.98 mmol of carboxylic acid groups) was dissolved in
anhydrous DMSO (300 mL) at 50 °C under an inert atmosphere until complete
dissolution. EDC (1.2 equivalents; 2.525 g, 13.176 mmol) and NHS (1.5
equivalents; 1.895 g, 16.48 mmol) were added to activate the carboxyl groups.
After 30 min, 2-aminoethyl methacrylate hydrochloride (AEMA-HCI, 1.5
equivalents; 4.546 g, 21.96 mmol) was introduced together with 4-tert-
butylcatechol (0.01 equivalents; 18 mg) as radical polymerization inhibitor.
The reaction mixture was stirred overnight at 50 °C under a light-protected
atmosphere. The product was precipitated in cold acetone, collected by
filtration, redissolved in DDW, and dialyzed (MWCO 12,000-14,000 g/mol)
against distilled water for 24 h. The purified product was finally frozen and

lyophilized to obtain doubly methacrylated gelatin (GeIMOD).

3.2.3. Preparation of 3D printing Supporting bath

The supporting bath was prepared following a standard operating protocol%2,
Briefly, agarose (0.5 g) was dispersed in 100 mL of DW, and the resulting
suspension was sterilized by autoclaving at 121 °C for 20 min. After
autoclaving, the agarose solution was allowed to cool to RT under continuous
mechanical stirring at 700 rpm for 12 h, promoting the formation of fluid gel.
The resulting agarose-based supporting bath was stored at RT and used

without further modification.
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3.2.4. Fabrication of Polycarbonate Microfluidic Chip

The flow-focusing microfluidic chip was fabricated using polycarbonate
sheets and designed with the following characteristics: dispersed and
continuous phase inlet = 250 pum; orifice width = 200 um; output channel
width = 1000 um; channels depth = 200 um; printing nozzle coupled to the
outlet channel = 21G. The microfluidic devices were fabricated following a
previously reported procedure'®’. Briefly, 5-mm-thick polycarbonate sheets
were engraved using a CNC milling machine (MSG402, ErgWind, Poland).
The patterned sheets were subsequently sonicated in isopropanol for 30 min
to remove debris and contaminants, and then thermally bonded using a hot
press at 130 °C for 30 min. To modify the surface properties of the
microchannels, a 20% (w/v) SnCl: solution in ethanol was injected into the
channels. The solution was continuously flushed through the microchannels
for 2 h at a flow rate of 20 mL/h and a temperature of 60 °C, to prevent
interactions between the polycarbonate substrate and the organic inner phase.
Finally, the microchannels were thoroughly rinsed with DW to remove

residual SnCl: prior to use.
3.2.5. Microfluidic Emulsion

O/W emulsions were generated using a flow-focusing microfluidic chip, in
which an organic phase (hexadecane) was dispersed within an aqueous
continuous phase (15% w/v GelMOD + 20% w/v nHA + 1% w/v Plantacare
+ 1% w/v LAP). To minimize particle agglomeration in the continuous phase,
we first dispersed nHA in water containing Plantacare. Then GelMOD was
added slowly to the dispersion to avoid a sudden increase in viscosity and

promote uniform dispersion. The final suspension was sonicated prior to
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printing to disrupt potential aggregates and reduce the risk of microchannel
clogging during microfluidic processing. LAP was used as a radical
photoinitiator to enable UV-induced cross-linking of the methacrylated
polymer chains. The flow-focusing junction enabled precise control over
droplet formation by independently adjusting the flow rates of the continuous
and dispersed phases using microfluidic syringe pumps (neMESYS, Cetoni
GmbH). Prior to each experiment, both organic and aqueous phases were
filtered through syringe filters (0.2—1.2 um pore size, respectively, Sartorius)
and loaded into 1 mL syringes (BD Medical) to prevent clogging of the
microchannels. All experiments were conducted under low-light conditions to
avoid premature photoinitiator activation. The total flow rate of the two phases
was fixed at 60 pL/min, while the dispersed-phase volume fraction (¢pD) was
varied from 0.3 to 0.7 to tailor droplet size and porosity in the resulting

materials.

3.2.6. Image analysis (FastCAM) and emulsion characterization

Emulsion formation was monitored using a high-speed camera (Photron
FASTCAM Mini UX) operating at 500 frames per second, coupled to an
inverted optical microscope (Zeiss Observer.Z1) at a magnification of 5x. The
acquired videos were subsequently processed for image analysis. Droplets
generated at different dispersed-phase volume fractions (pD) were analyzed
using the Particle Analyze function in ImageJ to extract characteristic
geometric parameters, including droplet area and equivalent diameter. For
each volume fraction and time point, at least 50 droplets were analyzed from
independent video sequences to ensure statistical robustness. The coefficient

of variation (CV) of the droplet diameter was calculated as the ratio between
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the standard deviation and the mean diameter (CV = SD/mean x 100),

providing a quantitative measure of droplet monodispersity.

3.2.7. Emulsion 3D printing of cubic porous scaffolds and

complex geometries

A custom-made 3D bioprinting system was used to fabricate porous ceramic
scaffolds. The printer was equipped with two microfluidic syringe pumps
(neMESYS, Cetoni GmbH), which were programmed and controlled via
neMESY'S software. The pumps regulated the delivery of the emulsion inks to
the flow-focusing microfluidic printhead (ff-MPH), while a linear motion
system in Cartesian configuration, driven by a stepper motor, enabled precise
3D deposition of emulsion fibers. To standardize the printing procedure and
enable comparative analysis of emulsion printing, 3D cubes were printed
within an agarose-based fluid-gel supporting bath. Using this approach, cubic
scaffolds were fabricated with two architectures: uniform porosity (single
porosity) and a two-layer axial porosity gradient (double porosity). This
approach enabled the fabrication of geometries that could not be printed in air,
particularly structures with overhang angles exceeding 45°. Porous fibers were
deposited at a constant printing speed of 6.7 mm-s™' (F400). The printed
geometries were designed using CAD software (Autodesk Inventor), while
more complex models were obtained from the Thingiverse repository. All
designs were converted to STL format and subsequently sliced into G-code
using Slic3r, with a slice thickness of 0.5 mm. To automate the generation of
spatially varying porosities within a single construct, a custom Script function
was developed within the neMESYS software environment. This script

enabled precise, real-time control of the microfluidic pump flow rates, thereby
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regulating the dispersed-phase volume fraction and enabling the fabrication of

scaffolds with predefined porosity gradients.

3.2.8. Scaffold cross-linking and sintering

After printing the emulsion within the agarose supporting bath, the external
phase of the sample was cross-linked under a UV-lamp (A = 365 nm) for 30
min. The constructs were retrieved from the agarose fluid-gel using a spatula
and immersed in distilled water to remove the remaining agarose bath. The
samples were then frozen at -80 °C and freeze-dried. The sintering of nHA
was carried out according to a previously published protocol*®. Briefly, dried
scaffolds were subjected to a controlled thermal treatment in a muffle furnace
(Nabertherm B180) according to the following temperature program: (i)
heating from RT to 400 °C at a rate of 400 °C/h, followed by (ii) a dwell time
of 1 h at 400 °C; (iii) heating from 400 °C to 1200 °C over 5 h; (iv) a dwell
time of 3 h at 1200 °C; and finally (v) controlled cooling from 1200 °C to RT

over 8 h.

3.2.9. Microcomputed Tomography

The internal microstructure of the 3D-printed scaffolds was evaluated by
microCT both after printing (wet state) and after thermal debinding and
sintering (dry ceramic state) to assess structural preservation and volumetric
shrinkage during processing. Image acquisition was performed using Skyscan
1172 (Bruker, USA) with a scanning voltage of 40 kV, power of 10 W, and a
rotation step of 0.50° over an angle range of 192.50°. Image smoothing and
noise reduction were performed via NRecon software (Bruker, USA). Data
analysis and 3D reconstruction of the models were performed with ImageJ
software (National Institutes of Health, USA).
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3.2.10. Scanning Electron Microscopy

Microstructures and surface morphology of the scaffolds were investigated
using SEM (Nova Nano SEM system - FEI Company, USA) operating at 1.50
kV. For morphological characterization of the materials, scaffolds were
analyzed both after freeze-drying (green bodies) and after sintering. For cell-
material interaction studies, scaffolds colonized with human mesenchymal
stem cells (hMSCs) and were collected at different culture time points (days
7, 14, and 21) and fixed in 4% PFA. The samples were then dehydrated
through a graded ethanol series, treated with hexamethyldisilazane (HMDS)
to preserve cellular morphology, and subsequently air-dried. Prior to imaging,
samples were mounted on aluminum stubs using conductive carbon tape and

sputter-coated with a thin gold layer (~5 nm) to prevent charging

3.2.11. Rheological Measurement

Rheological properties of the continuous phase solutions (GeIMOD + nHA +
Plantacare and agarose fluid gel) were analyzed using a rotational rheometer
(Anton Paar MCR 305) at 25 °C equipped with a cone-plate geometry.
Photorheological measurements were performed to evaluate the UV-induced
crosslinking kinetics of the GeIMOD-nHA formulation. The samples were
exposed to UV light (A = 365 nm) using an integrated UV source operating at
40% of the maximum intensity. During the test, oscillatory measurements
were conducted to monitor the evolution of the storage modulus (G') and the
loss modulus (G”). UV irradiation was initiated 50 s into the measurement to
capture the transition from the uncrosslinked state to the crosslinked hydrogel

network.
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3.2.12. Mechanical testing of 3D printed ceramic scaffolds

Uniaxial quasi-static compression tests were performed using a universal
testing machine (Instron, USA), with a 15 N force transducer, at a loading rate
of 30%/min. All experiments were performed with three independent samples
(N = 3). Young’s modulus was obtained as the slope of the stress-strain curve
in the linear elastic region, defined as the segment preceding the structure's

buckling.

3.2.13. Thermogravimetric analysis

Thermogravimetric analysis (TGA) was performed on GelMOD and
GelMOD+nHA samples using a Q5000 IR thermogravimetric analyzer (TA
Instruments). Samples (=5—10 mg) were heated from RT to 600 °C at a heating
rate of 10 °C/min under a nitrogen atmosphere (25 mL/min). The resulting
thermograms were analyzed using Universal Analysis software (TA

Instruments).

3.2.14. Evaluation of the osteogenic properties of the nHA

scaffolds

Human mesenchymal stem cells (hMSCs) were cultured in basal a-MEM
medium supplemented with 10% FBS and 1% P/S. Cells were maintained
under standard culture conditions (37 °C, 5% CO), and the culture medium
was refreshed every two days. Prior to seeding, cells were detached using
trypsin—-EDTA (0.25%), centrifuged at 300 x g for 5 min at RT, and

resuspended in growth medium at a concentration of 1 x 10° cells mL .
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Ceramic scaffolds were washed with ethanol to remove potential processing
residues and sterilized for 2h under UV irradiation. Each scaffold was placed
in a 1.5 mL microcentrifuge tube and seeded with 200 pL of cell suspension,
corresponding to a final seeding density of 2 % 107 cells per scaffold (3 x 3 x
2 mm3). Samples were incubated for 2 h under static conditions to enable
efficient initial cell adhesion to the scaffold surface. During incubation, tubes
were gently agitated every 15 min to resuspend cells that had not yet adhered
and enhance homogeneous cell distribution.

After seeding, the scaffolds were transferred to a new 24-well plate and
cultured under standard conditions (37 °C, 5% CO2). The culture medium was
replaced every two days. After 7 days of culture in basal medium, selected
scaffolds were switched to osteogenic differentiation medium composed of a-
MEM supplemented with 10% FBS, 1% P/S, 50 ug mL™' L-ascorbic acid, 10
mM B-glycerophosphate, and 100 nM dexamethasone.

3.2.15. Immunofluorescence (IF) staining

hMSCs-seeded ceramic scaffolds were fixed using 4% (v/v) PFA in PBS
overnight at 4°C. Cells were permeabilized with 0.3% (v/v) Triton X-100 in
PBS for 30 min at RT, followed by blocking of non-specific binding with 5%
(w/v) BSA (Bovine Serum Albumin) in PBS for 2 h at RT. For the detection
of osteocalcin (OCN) and osteopontin (OPN), both late osteogenic
differentiation markers, samples were incubated overnight at 4 °C with mouse
anti-osteocalcin (Sigma-Aldrich) and rabbit anti-osteopontin (Santa Cruz
Biotechnology) primary antibodies, both diluted 1:100 in 0.5% BSA. After
two PBS washes (5 min each), samples were incubated with Alexa Fluor 568-

conjugated anti-mouse and Alexa Fluor 647-conjugated anti-rabbit secondary
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antibodies (both diluted 1:500 in 0.5% BSA) for 2 h at RT. F-actin was stained
using Phalloidin Alexa Fluor 488 conjugate (Invitrogen), added during the
secondary antibody incubation step. Cell nuclei were finally counterstained
with DAPI (Invitrogen) diluted 1:1000 in 1% BSA solution for 10 min at RT.
Fluorescence images were acquired using a Nikon A1R confocal microscope,
while image analysis was performed using ImageJ software (National
Institutes of Health, USA).

3.2.16. Alamar Blue

Cell metabolic activity was evaluated using the Alamar Blue assay (Bio-Rad).
At the selected culture time points (days 7, 14, 21, and 28), the culture medium
was replaced with fresh medium containing 10% (v/v) Alamar Blue reagent,
and samples were incubated for 4 h under standard culture conditions. After
incubation, 100 pL of the supernatant was transferred to a 96-well plate, and
absorbance was measured at 570 nm and 600 nm using a microplate reader.
Cellular metabolic activity was calculated according to the manufacturer’s

instructions. All experiments were performed in triplicate.

3.2.17. Quantitative real-time polymerase chain reaction

At the designated experimental time-points, the cell-seeded scaffolds were
transferred into sterile 2 mL RNase-free tubes, washed in PBS for 5 min, and
rapidly frozen in liquid nitrogen, and stored until RNA extraction. Total RNA
was extracted from samples of each experimental condition using a mortar and
pestle and liquid nitrogen. The pulverized material was collected with 700 pL
of TRIzol reagent (Invitrogen, Life Technologies) and transferred into a new
RNase-free tube. It was then purified using the RNeasy Mini Kit (Qiagen,

74106) according to the manufacturer’s protocol. RNA concentration and
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purity were assessed using NanoDrop UV-Vis spectrophotometer (Thermo
Fisher Scientific). For reverse transcription, 500 ng of total RNA were
converted into complementary DNA (cDNA) using the High-Capacity cDNA
Reverse Transcription Kit (Applied Biosystems - 374966) in a total reaction
volume of 20 pL. The resulting cDNA was then diluted to a final volume of
50 pL. Quantitative real-time polymerase chain reaction (qQRT-PCR) was
performed using the RT-PCR Mix SYBR (A&A Biotechnology -2008-1000)
on a LightCycler 96 system (Roche). All reactions were carried out in
duplicate in a total volume of 25 pL. Gene expression was evaluated using the
AACt method. Fold change values were subsequently expressed relative to the
control group by subtracting 1 from 2”-AACt, so that positive and negative
values indicate upregulation or downregulation relative to baseline,
respectively. GUS was used as a housekeeping gene. Primer sequences used

for osteogenic gene expression analysis are provided in Table 3.1.
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GENE

FORWARD

REVERSE

hGUSb

hALPL

hBGLAP

hSPP1

hRUNX2

hK167

GGAATTTTGCCGATTTCATGA

ACGTACAACACCAATGCCC

GCGCTACCTGTATCAATGGC

ACTGATTTTCCCACGGACCT

GGGACCTACAGACAGCCTTT

AGCAAGCCTGAGAAATTGGG

CCGAGTGAAGATCCCCTTTTT

GGTCACAATGCCCACAGATT

GGCAAGGGGAAGAGGAAAGA

CTCCTCGCTTTCCATGTGTG

AAATCTGCCATGTGACTGCC

AGTTCAGGTCTTAGGTGCCC

Table 3.1 Primer sequences used for quantitative PCR analysis. Forward and reverse primer
sequences for the target genes (hGUSB, hALPL, hBGLAP, hSPP1, hRUNX2, hKI167).

3.2.18. Statistical Analysis

Statistical analysis was performed using GraphPad Prism (GraphPad Software

Inc., La Jolla, CA). Data normality was evaluated using the D’Agostino—

Pearson test. Depending on the experimental design, a one-way or a two-way

ANOVA was used. Statistical significance was defined as p < 0.05. Sample

size (n) is specified within figure captions.

98



3.3. Results and Discussion

3.3.1. Microfluidic generation of emulsion templates and control

over pore architecture

The combination of microfluidics and digital manufacturing is emerging as a
novel platform for fabricating pFGMs**, In this work, a flow-focusing
microfluidic chip (Figure 3.1a) was designed and fabricated to enable the
controlled generation of o/w emulsions in which the continuous phase is a
nHA-loaded GelMOD solution, and the dispersed phase is hexadecane. The
chip geometry was adapted from a flow-focusing device previously developed
and described in Chapter 2 of this thesis. For the present study, the channel
dimensions were increased (approximately twofold, orifice width = 200 um;
output channel width = 1000 um; channel depth = 200 um) to allow the flow
of the nHA-loaded polymer solution and to minimize the risk of clogging
associated with suspended nanoparticles.  The microfluidic chip was
conceived as the core element of the manufacturing strategy, enabling in-line
control of the emulsion-templating process prior to material deposition. The
device geometry ensures hydrodynamic confinement of the dispersed phase,
allowing droplet breakup in a stable dripping regime®® within the explored
operational window. High-speed imaging revealed that across the investigated
dispersed-phase volume fractions (¢ = 0.3-0.7), droplet formation remained
periodic and stable, without transitioning to jetting or satellite droplet
formation. Operating in this regime ensures the generation of monodisperse
droplets™®®, which is important for emulsion-templating approaches, where
droplet size directly determines the pore size of the final scaffold*!4,
Maintaining a narrow droplet size distribution, therefore, enables better

control over the resulting pore architecture and overall scaffold porosity.
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As reported in Figure 3.1b, increasing ¢ resulted in a progressive increase in
droplet diameter. In these experiments, ¢ was adjusted by varying the relative
flow rates of the dispersed and continuous phases while maintaining a constant
total flow rate of 60 pL/min. The resulting droplet diameter increased
consistently with ¢, demonstrating that droplet size can be tuned by
controlling the flow rate ratio between the two phases. The diameter
distributions were unimodal with limited dispersion (Figure 3.1c,d), with
coefficients of variation (CV) below 10%, indicating a high level of
monodispersity, in line with values typically reported for microfluidic droplet
generators operating in controlled flow-focusing systems4. These results
demonstrate that the pore size of the resulting scaffolds can be tuned by
controlling the droplet size through adjustment of the relative flow rates of the
two phases. To further evaluate process robustness, droplet production at ¢ =
0.3 and ¢ = 0.7 was monitored over time (0, 5, and 10 minutes), since stable
droplet generation is required to ensure consistent porosity during prolonged
printing sequences. No statistically significant variation in average droplet
diameter or CV was observed (Figure 3.1e), demonstrating stable
hydrodynamic conditions and the absence of clogging or nHA particle
sedimentation within the microchannels. The droplet generation frequency
remained constant within experimental uncertainty, confirming steady

dripping conditions throughout the acquisition period.

We characterized droplet generation in the microfluidic chip and verified that
the system provides programmable, stable control over droplet formation,
making it suitable for reproducible manufacturing of porous scaffolds. These
results demonstrate that the system enables robust, reproducible control over
droplet formation even under particle-loaded conditions, a known limitation

in the microfluidic processing of composite materials'*2. This capability is
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critical for translating microfluidic templating strategies into scalable

manufacturing workflows for porous ceramics.
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Figure 3.1 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 <9 <0,8). ¢,d) Average droplet diameters (c) and droplet size distributions (d) measured
for the selected values of ¢. ) Droplet diameter measured over time for two representative
dispersed phase volume fractions (¢ = 0.3 and ¢ = 0.7). Statistical significances were assessed
by one-way ANOVA. Mean + S.D. n=50, ****p<0.0001.

3.3.2. Rheological characterization and embedded printing

strategy

The microfluidic flow-focusing device was integrated into a custom extrusion-

based printing system (Figure 3.2a) and operated as a microfluidic printhead
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(fi-MPH), enabling synchronized emulsion generation and spatial deposition.
This configuration enabled continuous production of nHA-loaded emulsions
directly upstream of the nozzle, with immediate deposition within a supporting
medium. Using this setup, complex geometries, including overhanging
features, were successfully fabricated within the agarose support bath (Figure
3.2b), demonstrating stable extrusion and high shape fidelity for structures that

would otherwise collapse when printed in air’2.

To rationalize this embedded printing strategy, the rheological properties of
both the emulsion ink and the supporting bath were investigated (Figure 3.2c).
The GeIMOD-nHA emulsion exhibited low viscosity and only limited shear-
thinning behavior across the tested shear rate range, indicating insufficient
yield stress to support free-standing extrusion in air, which resulted in filament
spreading and geometric collapse. In contrast, the agarose supporting bath
exhibited shear-thinning and yield-stress behavior, allowing localized
fluidization during nozzle movement and rapid recovery upon shear removal.
This behavior is consistent with previous reports on low-viscosity emulsion-
based inks, which typically lack the viscoelastic properties required for direct
ink writing in airt3®43, This behavior stabilizes extruded filaments within the
support medium and effectively decouples printability from the emulsion's
intrinsic rheological properties. Compared to conventional direct ink writing
approaches, which require strict rheological windows'®?, the use of a
supporting bath significantly expands the range of printable formulations.
Following deposition, the printed filaments were stabilized via in situ UV
crosslinking enabled by the photoinitiator LAP in the continuous phase.
Photorheological analysis revealed a rapid increase in storage modulus upon
UV exposure, indicating the formation of a crosslinked polymer network

(Figure 3.2d). The transition from a weak viscoelastic state (G’ > G") to a
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predominantly elastic solid (G’ > G") confirms efficient photopolymerization
of the GelIMOD matrix, which rapidly fixes the printed emulsion
microstructure and preserves the microfluidically defined droplet architecture
prior to subsequent processing. Notably, prior to UV exposure, the storage
modulus remained slightly higher than the loss modulus (G’ > G”), indicating
a weak viscoelastic structure that contributes to droplet stability and helps
limit particle sedimentation before photo-induced crosslinking. Importantly,
UV-induced crosslinking was performed directly within the agarose bath,
enabling immediate solidification after deposition. Once crosslinked, the
printed constructs could be safely collected from the support medium while
preserving the programmed geometry (Figure 3.2b, bottom). Overall,
integrating microfluidics with embedded printing overcomes key limitations
of using these techniques independently, enabling simultaneous control over

microstructure and macroscopic geometry.
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Figure 3.2 Microfluidic-assisted embedded printing and rheology of GelMOD-nHA
emulsions. a) 3D printing of porous FGMs. a) Schematics of the 3D printing setup used to
generate and 3D print emulsion inks. b) 3D printed complex architectures in fluid-gel (top),
complex architecture after UV crosslinking (bottom). ¢) Rheological characterization of the
agarose fluid-gel and GeIMOD-nHA continuous phase. d) Photorheological characterization
of GeIMOD-+nHA+LAP. Scale bars: b) (top) 1 cm, (bottom) 1 cm, Smm.

3.3.3. Material conversion, sintering behaviour, and mechanical

response

Following UV crosslinking and freeze-drying, the printed structures were
subjected to thermal debinding and sintering (1200 °C) to convert the
composite polymer-ceramic constructs into fully ceramic scaffolds.
Macroscopic inspection already revealed a clear transformation of the printed
structures during thermal treatment (Figure 3.3a). While the freeze-dried
samples retained the geometry of the printed green bodies, sintering produced
compact ceramic scaffolds with a visibly reduced overall size, reflecting the

removal of the polymeric template and the densification of the inorganic
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phase!*. The microstructural evolution of the scaffolds during thermal
processing was further investigated by scanning electron microscopy. SEM
images of the freeze-dried printed constructs (green bodies) revealed nHA
nanoparticles distributed throughout the scaffold matrix, with individual
particles still clearly distinguishable and arranged in loosely packed
agglomerates (Figure 3.3b). Following thermal debinding and sintering, SEM
analysis revealed a significant microstructural transformation: the
nanoparticles underwent neck formation'** and partial coalescence, forming a
consolidated ceramic network (Figure 3.3c). The observed densification and
particle necking are characteristic of hydroxyapatite-based systems subjected
to thermal treatment in this temperature range?*. Importantly, the preservation
of the porous architecture indicates that the emulsion-templated structure
remains stable during both debinding and sintering, a critical challenge in
templated ceramic processing. Individual particle boundaries became
progressively less distinct as adjacent particles fused together during high-
temperature treatment. Despite this consolidation, the overall porous
architecture was preserved, indicating that ceramic densification occurred
without collapse of the emulsion-templated structure. The microstructural
transformations observed after thermal treatment are consistent with the
thermal degradation behavior of the polymeric matrix, as evidenced by the
TGA profiles shown in Figure 3.3d. Both samples (GelMOD matrix and the
GelMOD-nHA composite) exhibit an initial weight loss below 150 °C, which
can be attributed to the evaporation of residual moisture and volatile
components trapped within the polymeric network. The main degradation step
occurs between approximately 250 °C and 360 °C, corresponding to the
thermal decomposition of the GeIMOD polymer chains. In the composite
sample, the degradation profile remains similar, indicating that HA
nanoparticles do not significantly alter the polymer matrix's thermal stability.
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However, a substantially higher residual mass is retained at elevated
temperatures due to the thermally stable hydroxyapatite phase. The
stabilization of the mass above ~400 °C confirms the complete removal of the
organic phase prior to sintering, indicating that the selected thermal schedule
provides a suitable debinding window for converting the polymer—ceramic

composite constructs into fully ceramic scaffolds.

Consistent with the removal of the organic phase and the subsequent ceramic
densification evidenced by TGA, the structural evolution during thermal
processing was further quantified by microCT analysis (Figure 3.3e).
Comparison between the wet (post-printing) green bodies and the dry ceramic
scaffolds (after-sintering) revealed a substantial volumetric shrinkage during
thermal treatment. Quantitative analysis indicated a volumetric reduction of
approximately 83% (Figure 3.3f), this value falls within the range typically
reported for polymer-derived ceramic systems, where significant dimensional
changes are associated with organic phase removal and particle
rearrangement. The isotropic nature of the shrinkage suggests uniform stress
distribution during sintering, which is essential to avoid structural defects such
as cracking or warping. This shrinkage originates from two sequential
processes occurring during thermal treatment: the removal of the polymeric
matrix during thermal debinding and the subsequent densification of the
ceramic network during sintering. Importantly, the shrinkage remained largely
isotropic within the experimental resolution, indicating homogeneous
densification without macroscopic distortion or collapse of the printed
architecture. These results demonstrate that the proposed workflow enables
predictable dimensional evolution from the green body to the fully ceramic
scaffold while preserving the programmed porous architecture. Finally, the

mechanical response of the resulting ceramic scaffolds was evaluated by
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compression testing (Figure 3.3g). Dense ceramic samples exhibited a
Young’s modulus of 5.92 £ 0.96 MPa, whereas porous scaffolds showed a
significantly lower modulus of 1.93 + 1.06 MPa. This approximately threefold
reduction in stiffness reflects the engineered porous architecture, which
decreases the effective load-bearing cross-section and promotes stress
redistribution within the cellular structure. Although the absolute stiffness
values remain below those of native cortical and trabecular bone, the relative
mechanical differentiation between dense and porous constructs reflects the
structural hierarchy observed in osseous tissue®. In particular, the increase in
modulus from porous to non-porous ceramics parallels the functional
distinction between highly porous trabecular regions and denser load-bearing
cortical domains. These findings demonstrate that microfluidically controlled
porosity can be used to tune the mechanical properties of the resulting ceramic
scaffolds, enabling the design of mechanically heterogeneous structures
inspired by the graded organization of bone. Although the measured Young’s
modulus remains lower than that of native bone, this is consistent with highly
porous hydroxyapatite scaffolds reported in the literature'#"*4, The reduction
in stiffness is an expected consequence of increased porosity, highlighting the
need to balance mechanical performance and mass transport in scaffold
design. In this context, microfluidic control of porosity provides a powerful
strategy to address this trade-off, enabling spatially defined modulation of
pore architecture. This represents a key advancement toward the fabrication
of functionally graded ceramic scaffolds with predictable mechanical

properties.
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Figure 3.3 Structural evolution and mechanical properties of the microfluidic-templated
ceramic scaffolds. a) Optical image of printed scaffolds before and after sintering. b) SEM
images of the freeze-dried scaffold (green body). ¢) SEM images of the scaffold after sintering.
d) TGA of GeIMOD and GeIMOD-+nHA samples. e) microCT reconstructions of the scaffold
architecture after printing and after sintering. f) Quantitative analysis of volumetric shrinkage
obtained from microCT measurements comparing wet (post-printing) and dry (post-sintering)
samples. g) Young’s modulus of dense and porous ceramic scaffolds obtained from
compression testing. Scale bar: a) 1cm, b,c) 2pum (top), 500nm (bottom), €) 1mm. Statistical
significances were assessed by one-way ANOVA. Mean + S.D. n=3, **p<0.01.
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Having established that the porous architecture is preserved after sintering and
that shrinkage remains largely isotropic, the ability of the manufacturing
strategy to generate spatially controlled pore architectures was confirmed
through microCT analysis (Figure 3.4). Three-dimensional reconstructions of
the ceramic scaffolds (after-sintering) enabled direct visualization of the
internal pore architecture (Figure 3.4a-b). Scaffolds fabricated using a
constant droplet generation parameter (Single Porosity with ¢ = 0.7) exhibited
a uniform pore distribution throughout the structure (Figure 3.4a), whereas
constructs printed by dynamically modulating the droplet generation
parameters (Double Porosity with ¢ = 0.7 and ¢ = 0.3) displayed clearly
distinguishable regions with different pore sizes and local porosity (Figure
3.4b). Color-coded pore-size maps further highlighted the spatial organization
of the pore architecture, confirming that the droplet-size modulation
introduced during printing was preserved after sintering (Figure 3.4c). This
behavior is quantitatively reflected in the porosity profiles extracted along the
scaffold height: the single-porosity scaffold shows nearly constant porosity,
while the double-porosity scaffold exhibits a clear transition between the two
regions (Figure 3.4d). Consistently, pore size distributions extracted from the
reconstructed volumes reveal distinct pore populations associated with the
different printing conditions (Figure 3.4e).

Together, these results demonstrate that the droplet size modulation achieved
at the microfluidic stage can be reliably translated into spatially controlled
porous architectures in the final ceramic scaffolds. Previous extrusion-based
approaches have explored the fabrication of porous ceramic scaffolds. For
instance, Guo et al.1*’ reported hydroxyapatite scaffolds fabricated via direct
ink writing, where porosity is governed by a combination of filament spacing

and foaming-assisted strategies, primarily at the macroscale. Similarly,
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robocasting-based approaches!®!

enable precise control over scaffold
geometry, yet offer limited tunability of the internal pore structure within
individual filaments. In contrast, the presented approach enables continuous,
programmable control over pore size and spatial distribution at the microscale
via microfluidic droplet templating. Importantly, this level of control over pore
architecture directly translates into tunable mechanical properties, as
confirmed by compression testing, highlighting the potential of the proposed

strategy for the design of mechanically graded, bone-mimetic ceramic
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Figure 3.4 pFGMs internal topographic analysis via microCT. Representative results for
Single Porosity (top) and Double Porosity (bottom) scaffolds. From left to right: three-
dimensional reconstruction of the porous structures obtained from microCT image stacks;
color-coded pore size maps highlighting spatial variations in pore diameter; porosity profiles
along the scaffold height (Z-axis); and pore size distributions extracted from volumetric
analysis. Scale bars: 1 mm (reconstructions) and 650 um (pore maps).

3.3.4. Bioactivity and Osteoinductive Capacity of Porous

Ceramic Scaffolds toward Stem Cells

To evaluate the biological properties of the fabricated scaffolds, bone-marrow

derived human mesenchymal stem cells (hMSCs) were seeded onto the porous
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ceramic constructs and cultured under either basal or osteogenic conditions.
Prior to cell seeding, scaffolds were thoroughly washed to remove potential
processing agents, including surfactant and photoinitiator, and subsequently
sterilized under UV irradiation to ensure a sterile environment suitable for
biological evaluation. After 7 days of culture, the samples were divided into
two groups: one cultured in osteogenic medium and the other maintained in

basal medium as a control to assess the osteogenic potential of the scaffolds.

Cell distribution, colonization, and interaction with the porous ceramic
architecture were further investigated by SEM (Figure 3.5a-c). High-
resolution SEM imaging at 7, 14, and 21 days of culture revealed a
pronounced, time-dependent progression of cell colonization across both the
scaffold surface and the internal pore walls. At early time points (day 7), cells
exhibited an elongated morphology with prominent filopodial extensions
anchoring to the ceramic substrate, indicative of active cell-material
engagement. As culture progressed (day 14), cells formed increasingly
interconnected networks spanning the porous architecture, and by day 21, a
dense, continuous cellular layer bridged adjacent pores. This extensive
colonization highlights the scaffold's capacity to support not only robust cell
adhesion but also effective cell spreading and spatial organization throughout
its three-dimensional structure. Notably, the highly interconnected pore
network facilitated cell infiltration and migration across the scaffold volume,

promoting a progressively more homogeneous cellular distribution.

Cell viability and metabolic activity were assessed using the Alamar Blue
assay at multiple time points during culture (Figure 3.5d). Overall, sustained
metabolic activity was observed throughout the experimental period,

indicating the cytocompatibility of the ceramic scaffolds on hMSCs.
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Metabolic activity progressively increased from day 7 to day 21 in both
experimental groups, reaching a peak at day 21, followed by a decrease on day
28. Notably, although an earlier peak in proliferation was initially anticipated
around day 7, this trend suggests a delayed proliferative response within the
3D scaffold environment. This behavior may be attributed to the intrinsic
heterogeneity in cell distribution within the porous structure, resulting from
the predominantly passive, static seeding approach. While cells efficiently
adhered to the scaffold, the three-dimensional architecture likely led to uneven
colonization, with regions of higher and lower cell density. Given that
mesenchymal stem cells are known to undergo osteogenic differentiation
preferentially at higher confluence, cells located in less densely populated
regions may have retained proliferative activity over extended time points*°,
This spatial heterogeneity could explain the similar metabolic trends observed
between basal and osteogenic conditions, with no clear divergence between

the two groups.

Immunofluorescence analysis demonstrated extensive cell colonization and
osteogenic progression within the porous scaffold (Figure 3.6). hMSCs
showed a well-defined actin cytoskeleton with prominent stress fibers and
were broadly distributed across the scaffold surface, with morphological
features consistent with firm attachment and cytoskeletal remodeling in
response to the ceramic microenvironment. OCN, commonly associated with
late-stage osteogenic differentiation, was readily detected, with signal
intensity increasing at later culture time points. OPN was also detected in
distinct regions throughout the scaffold, consistent with osteogenic protein
expression and progression toward matrix formation and maturation.
Together, the distribution of OCN and OPN signals suggests that osteogenic
differentiation was not confined to isolated regions but extended across the
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three-dimensional scaffold.

These findings highlight the ability of porous ceramic architecture to support
not only effective cell engraftment but also microenvironment-driven
osteogenic maturation. The coexistence of widespread cellular colonization
and spatially distributed expression of osteogenic markers underscores the
scaffold's intrinsic osteoinductive properties, promoting a coordinated
transition from cell adhesion to lineage-specific differentiation within a 3D

context.

To further quantify osteogenic commitment, gene expression analysis of key
osteogenic markers was performed (Figure 3.5e). Gene expression levels
were reported as fold changes in samples cultured in growth medium (GM)
relative to those cultured in osteogenic medium (OM), which served as the
reference condition. Therefore, a fold change value of 1 indicates equivalent
gene expression between GM and OM conditions. Overall, the expression
levels of all investigated markers were comparable between the two
conditions, with most values remaining close to 1 or below. The greatest
increase was observed for ALP, reaching approximately 2-fold at day 21,
while all other markers showed more moderate changes. These results suggest
that hMSCs cultured on ceramic scaffolds under basal conditions exhibit a
gene expression profile largely comparable to that observed under osteogenic
stimulation, supporting the scaffold's intrinsic bioactivity. ALP expression
showed a transient increase, peaking at day 21, suggesting a slight temporal
shift in early osteogenic differentiation compared to the OM condition. In
contrast, in the GM condition, expression of late osteogenic markers,
including OCN (gene BGLAP) and OPN (gene SPP1), decreased
progressively from day 14 to day 28. This trend may reflect differences in the
kinetics of matrix maturation, potentially associated with the heterogeneous
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cell distribution within the 3D porous scaffold and the absence of exogenous
osteoinductive factors, leading to a less synchronized differentiation process.
RUNX2 expression remained relatively stable across all time points, with
values close to 1, indicating no substantial differences between GM and OM
conditions in the early transcriptional commitment stage. Similarly, Ki67
expression decreased over time, particularly from day 14 to days 21 and 28,
consistent with a reduction in proliferative activity as cells progressively
differentiate.

Collectively, these findings indicate that the hydroxyapatite-based scaffold
promotes osteogenic commitment of hMSCs even in the absence of osteogenic
supplements, resulting in a gene expression profile comparable to that
observed under standard osteogenic conditions. This supports the scaffold's
osteoinductive potential and highlights its ability to modulate cell fate through

material-driven cues.

Overall, these results demonstrate that the microfluidic-assisted printed
ceramic scaffolds provide a favorable microenvironment for hMSC
attachment, proliferation, and osteogenic commitment. The combination of
bioactive hydroxyapatite and controlled porous architecture appears to support
both cell viability and osteogenic differentiation, highlighting the potential of
this manufacturing strategy for the development of bone-inspired ceramic

scaffolds.
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Figure 3.5 Biological evaluation of porous ceramic scaffolds. a-¢) SEM images of hMSCs
(highlighted in red) seeded on porous scaffolds at (b) day 7, (c) day 14, and (d) day 21. d) Cell
proliferation of hMSCs cultured in GM and OM scaffolds over 28 days, relative to day 0. e)
Gene expression analysis of osteogenic markers, including Ki67, ALP, RUNX2, SSP1, and
BGLAP, at days 14, 21, and 28 (relative fold change). Scale bar: a-c) 200um (left) 30um
(right). Statistical significances were assessed by one-way ANOVA. *p < 0.05, **p < 0.01,
*¥*%p < 0.001, ****p < 0.0001.
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Figure 3.6 Immunofluorescence analysis of hMSC osteogenic differentiation on porous
scaffolds. Left panel: actin (green), nuclei (DAPI, blue), and osteocalcin (red), shown for GM
(left column) and OM (right column). Right panel: nuclei (DAPI, blue) and osteopontin
(magenta), shown for GM (left column) and OM (right column). Scale bars: 100pm.

3.4. Conclusion

In this study, we developed an integrated manufacturing strategy combining
microfluidic emulsion templating with extrusion-based AM to fabricate
functionally graded porous ceramic scaffolds. By coupling precise droplet
generation within ff-MPH with spatially controlled deposition during printing,

it was possible to decouple microscale pore templating from macroscale
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architectural design. The microfluidic platform enabled the stable,
reproducible generation of monodisperse o/w emulsions, allowing
programmable control over droplet size and the dispersed-phase volume
fraction. These parameters directly defined the pore size and local porosity of
the resulting scaffolds. When integrated with embedded printing in an agarose
support bath, this approach enabled the deposition of low-viscosity, nHA-
loaded emulsions that would otherwise be incompatible with conventional
extrusion-based systems. Following UV crosslinking, freeze-drying, and
thermal processing, the hybrid printed constructs were successfully converted
into fully ceramic scaffolds. MicroCT analysis revealed predictable
volumetric shrinkage during sintering while preserving the overall architecture
and pore interconnectivity. Furthermore, dynamic modulation of droplet
generation during printing enabled the fabrication of scaffolds with spatially
graded porosity, demonstrating that microfluidic templating parameters can be
directly translated into functionally graded ceramic architectures. Mechanical
characterization confirmed that controlled porosity enabled predictable
modulation of scaffold stiffness, producing mechanically heterogeneous
constructs reminiscent of bone's hierarchical organization. Preliminary
biological evaluation further demonstrated that the fabricated scaffolds
support cell viability and osteogenic differentiation of hMSC.

Overall, this work establishes a versatile microfluidic-assisted digital
manufacturing platform for fabricating hierarchical, functionally graded
porous ceramics. By enabling independent control over microscale pore
architecture and macroscale geometry, this approach provides a promising
technological foundation for the development of next-generation bone-

regenerative scaffolds and other architected ceramic biomaterials.
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Chapter 4 - Microfluidic-Mixer Assisted 3D Printing of
Functionally Graded Multimaterial Hydrogels for Engineering

Complex Tissue Interfaces

4.1. Introduction

Biological tissues are inherently heterogeneous systems organized across
multiple length scales, spanning from the macroscopic to the molecular level
(~ 10" - 10? m). This hierarchical complexity becomes particularly evident at
tissue interfaces, where two distinct biological environments interface and
gradually transition into one another. Rather than presenting abrupt
discontinuities, these interfacial regions display spatially orchestrated
gradients in structure, composition, and function. Such gradients are essential
for mechanical continuity and coordinated cellular activity’®. The
osteochondral interface represents a paradigmatic example of this
phenomenon. Here, compliant cartilage progressively transforms into
mineralized subchondral bone through continuous variations in extracellular
matrix composition, microstructural organization, and cell phenotype.
Reproducing this level of structural and biochemical sophistication remains a

primary challenge in tissue interface engineering®.

The key challenge in engineering tissue interfaces is replicating the multiscale
hierarchical structure'®'. To emulate native interfacial tissues, scaffolds must
incorporate controlled variations in mechanical properties, porosity, and
biochemical composition*”*%2, Spherical-based porous functionally graded
hydrogels (pFGHs) have emerged as promising candidates in this context, as
they allow the integration of compositional and structural gradients within a

single construct®. Conventional fabrication techniques such as freeze-
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drying'®®, solvent casting'®, and AM'® have enabled the production of
scaffolds with tunable gradients in density and stiffness. However, these
strategies typically lack fine spatial control over microscale porosity and
internal architecture-features that are critical for accurately reproducing the
hierarchical nature of native tissue interfaces.®® Microfluidic technologies
offer a promising alternative. By generating highly controlled, monodisperse
emulsions, microfluidic platforms can template porous hydrogels with tunable

internal architecture and mechanical properties!®®

. Techniques as step-
emulsification®®, T-junction®®’, and flow-focusing®**!*® have demonstrated
precise control over droplet size and distribution, allowing the formation of
pFGHs with a controlled internal architecture. Despite these advances, current
systems remain limited in their ability to create multi-material gradients, a key
requirement for tissue interfaces. Existing multi-inlet microfluidic approaches
for generating composition gradients mostly produce Janus fibers rather than
smoothly blended compositions'®®. Passive microfluidic micromixers provide
a strategy to overcome this limitation®’. By promoting controlled mixing of

38

distinct bioinks before extrusion®, micromixers enable the generation of

gradual compositional transitions that more closely resemble native tissue

150

interfaces™". When coupled downstream with a flow-focusing junction, such

systems can potentially regulate matrix composition and porosity in real time
during printing39621%,

In this work, we introduce a microfluidic-assisted 3D printing platform
integrating a passive micromixer with a flow-focusing junction within a single
printhead (mix-ff-MPH). This configuration enables dynamic control over
both the chemical composition of the hydrogel matrix and the density of the
internal porous network. The resulting system allows fabrication of spherical-

based porous hydrogels with spatially programmable gradients, thereby
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providing a versatile tool for engineering complex tissue-like architectures.
Preliminary biological assessment demonstrates that regional differences in
material composition can modulate 3T3-fibroblast behavior, underscoring the
relevance of controlled microenvironmental gradients for advanced

biofabrication strategies.
4.2. Materials and Methods
4.2.1. Materials

Dextran from Leuconostoc spp., Mr = 70 000), gelatin (from porcine skin, 300
bloom, Type A), DMSO, GMA, MA, hexadecane (99%), Plantacare 2000,
Irgacure 2959, HCI, SnCl2, DMAP, 99%, agarose (Calbiochem™
OmniPur™), Fluorescein isothiocyanate (FITC), rhodamine, PFA, Triton X-
100, BSA were purchased from Sigma-Aldrich. PBS, Dulbecco's Modified
Eagle Medium (DMEM), FBS, P/S, Phalloidin Alexa Fluor 488, DAPI, and
Alexa Fluor secondary antibodies were purchased from Thermo Fisher

Scientific. All reagents were used as received unless otherwise specified.
4.2.2. Synthesis of Dextran-Methacrylate

DexMA was synthesized following a previously established protocol®®.
Briefly, dextran (10 g) was dissolved in 90 mL of DMSO under stirring in a
round-bottom flask. DMAP (2 g) was separately dissolved in DMSO and
added to the dextran solution, followed by the addition of GMA (4 mL),
corresponding to approximately 50% molar substitution relative to the
repeating units of dextran. The reactants were stirred gently (100 RPM) and
left to react in the dark at RT for 48 hours. The reaction mixture was stirred at

100 rpm for 48 h at RT in the absence of light. The reaction was quenched by
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adding an equimolar amount of HCI to neutralize the catalyst. The resulting
solution was transferred to dialysis tubing (MWCO 1 kDa) and dialyzed
against deionized water for five days until stable conductivity (18 MQ-cm)
was reached. The purified solution was freeze-dried and stored at 4 °C until

use.

4.2.3. Synthesis of Gelatin-Methacryloyl

GelMA was synthesized using a previously documented protocol.1*® Gelatin
was dissolved in PBS at 10% (w/v) at 50 °C under continuous stirring. MA
was then added dropwise (0.8 mL per gram of gelatin) while maintaining
vigorous stirring (500 rpm). The reaction proceeded for 3 h at 50 °C. The
modified gelatin solution was subsequently dialyzed (MWCO 14 kDa) against
deionized water at 50 °C until the conductivity stabilized at 18 MQ-cm. After

dialysis, the solution was freeze-dried and preserved at 4 °C before further use.

4.2.4. Preparation of 3D printing Supporting bath

Agarose fluid-gel was prepared as a printing support medium following a
standardized protocol??. Briefly, agarose powder (0.5 g) was dispersed in 100
mL of deionized water and sterilized by autoclaving at 121 °C for 20 minutes.
After autoclaving, the solution was cooled to RT under continuous stirring at
700 rpm for 12 h to obtain a homogeneous fluid-gel suspension. The

supporting bath was maintained at RT until printing.

4.2.5. Fabrication of Polycarbonate Microfluidic Chip

The microfluidic chip integrating the micromixer and flow-focusing unit was

fabricated from 5 mm thick polycarbonate sheets using CNC micromilling
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(MSG402, ErgWind, Poland)**’. The device design included two continuous-
phase inlets and one dispersed-phase inlet (250 um width), a mixing channel
of 400 pm width with 5 mm repeating units, a flow-focusing orifice of 100
um, and an outlet channel of 500 pym width. Channel depth was fixed at 200
um. A 25 G needle was coupled to the outlet channel to enable extrusion. After
milling, the polycarbonate substrates were sonicated in isopropanol for 30
minutes to remove debris and contaminants. The layers were then thermally
bonded in a hot press at 130 °C for 30 minutes. To minimize interactions
between the polycarbonate walls and the dispersed organic phase'®® the
internal surfaces were treated with a 20% (w/v) SnCl: solution in ethanol. The
solution was flushed through the channels at 20 mL/h for 2 h at 60 °C,

followed by thorough rinsing with deionized water.
4.2.6. Rheological Measurement

The rheological behavior of the continuous phase formulations (DexMA +
Plantacare, GeIMA + DexMA + Plantacare, and agarose fluid gel) was
investigated using a rotational rtheometer (Malvern Kinexus Pro) equipped
with a cone—plate geometry. Measurements were conducted at 35 °C to
replicate the printing conditions while preventing thermal gelation of GelMA.
The shear behavior of the samples was assessed by applying shear rates
ranging from 1 to 10° Hz. Viscosity profiles were recorded to evaluate flow

behavior under processing-relevant conditions.
4.2.7. Microfluidic mixing and emulsion generation

Before each experiment, both aqueous and organic phases were filtered
through 0.22 pm syringe filters to prevent channel obstruction. The

micromixer was used to passively mix the two aqueous biomaterial inks (20%
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DexMA + 1% Plantacare + 1% Irgacure 2959 and 10% GelMA + 2% DexMA
+ 1% Plantacare + 1% Irgacure 2959). The mixed aqueous solution was then
used as a continuous phase to produce an O/W emulsion using a flow-focusing
junction, with hexadecane as the dispersed phase. The mixing of the
continuous phases and the droplet generation were precisely controlled by
varying the flow rates of the different phases using microfluidic pumps
(neMESYS, Cetoni GmbH). All porous materials were printed with a
dispersed phase volume fraction (¢p) in the range of 0.2-0.8, and the total flow
rate of the two phases was adjusted to 20 pL/min. Emulsion formation and
mixing behavior were monitored using a high-speed camera (IDS, Germany)

operating at 165 fps with 1x magnification.
4.2.8. Mixing Index

The mixing efficiency within the microfluidic printhead was quantified using
the Mixing Index (MI), calculated from fluorescence intensity distributions
across a cross-sectional plane perpendicular to the flow direction. For a

selected cross-section, the MI was defined as:

/%z?;l(ci—é)z
Ml =1—- Y——— (Eq.4.1)

C

Where N is the number of sampling points in a chosen cross-section, C; is the
point concentration (calculated from pixel intensity) of the analyzed specimen,

and C is its mean concentration along the cross-section.

In view of its application in 3D printing of scaffold for cell seeding, the mixing
performance of five different microfluidic printheads (MPH) (Figure 4.1) was

tested using two solutions with different viscosities at 35 °C (Figure 4.2). The
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continuous-phase solutions were introduced at a combined flow rate of 14
puL/min, which was the maximum continuous-phase flow rate used during
printing. To assess mixing performance under varying compositional
conditions, GelMA:DexMA ratios of 100:0, 80:20, 50:50, 20:80, and 0:100
were tested. For example, under the 80:20 condition, flow rates of 11.2 pL/min
(GelIMA) and 2.8 uL/min (DexMA) were applied (Table 1). For imaging
purposes, to distinguish between the two colorless biomaterial inks, DexMA
was labeled with rhodamine, and GelMA with Fluorescein Isothiocyanate
(FITC). Confocal microscopy images were acquired and processed to

calculate MI values.

A1 A2

c1l c2

Figure 4.1 Schematic representation of different microfluidic micromixer geometries
composed of two superimposed layers (red and green). Al, A2, B) two serpentine channels
with forced helixes varying in the length and geometry of the repeating unit. C1, C2)
incorporate additional obstacles and barriers into the split-and-recombine structure.

124



Flow rate(ul/min)

Emulsion
fibers
composition | GeMA  DexMA
GelMA:DexMA
100:0 14 0
80:20 11.2 2.8
50:50 7 7
20:80 2.8 1.2
0:100 0 14

Table 4.1 Flow rate for each solution supplied to the micromixer for analysis of MI.

4.2.9. Emulsion 3D printing of Cubic Porous Scaffold and

Complex Geometries

A custom-made 3D printer was used to fabricate the FGPSs, with the
neMESYS software controlling three microfluidic pumps (neMESY'S, Cetoni
GmbH) connected to the 3D printer. The deposition of emulsion fibers in 3D
was achieved using a linear-axis system arranged in a Cartesian configuration,
driven by a stepper motor. All printing was performed inside a temperature-
controlled chamber maintained at 35 °C. To standardize the 3D printing
process and conduct a comparative analysis of gradient emulsion printing, 3D
cubes were printed in an agarose fluid-gel bath. The 3D structures that are

impossible to print in air with an overhang >45° were printed using porous
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fibers in agarose fluid-gel at a print speed of 3.3 mm/s (F200). Standard cubic
constructs (7 x 7 x 7 mm?) and complex geometries were designed in the CAD
program Autodesk Inventor and subsequently sliced (0.3 mm layer thickness)
using the STL-to-G-code conversion software Slic3r. To automate the creation
of different porosities within the same geometry and distinct degrees of mixing
for the continuous phases, a Script function was developed in neMESYS. The
code precisely controlled the microfluidic pumps to achieve the required flow
rates, thereby automating the formation of the dispersed phase's volume
fractions. To visualize gradients in printed geometries, a fluorescent dye was

incorporated into hydrogel solutions.

4.2.10. Scaffold cross-linking and purification

Irgacure 2959 was employed as a radical photoinitiator in the external phase
to enhance crosslinking of the methacrylated biopolymer chains (DexMA and
GelMA). The 3D printing was conducted in the dark to prevent radical
initiators from premature cross-linking. The printed scaffolds were cross-
linked using a UV lamp (A =365 nm) for 10 minutes after the emulsions were
printed in the agarose supporting solution. The crosslinked constructs were
then collected from the agarose fluid-gel with a spatula, and the internal
organic phase (hexadecane) was eliminated by immersing them in a DMSO
solution for over three days. Subsequently, scaffolds were rinsed with distilled

water until nominal conductivity was achieved.

4.2.11. Fourier Transform Infrared Analysis

Fourier Transform Infrared (FTIR) spectra of the DexMA-GelMA gradient
samples were recorded using a Nicolet 8700 spectrometer (Thermo Fisher

Scientific, USA). FTIR analysis, based on changes in the vibrational energy
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of molecular grafts, enables the identification of functional groups and
molecular structures. This qualitative technique correlates specific
wavenumber regions with characteristic chemical bonds. To obtain each
spectrum, scans were acquired over the 400-4000 cm™! range at a resolution

of 4 cm™.

Single-material and gradient scaffolds were 3D-printed,
crosslinked, and freeze-dried prior to analysis using an FTIR instrument.
Slices (approximately 2 X 2 mm) were manually dissected from predefined
positions along the z-axis of the 3D printed gradient scaffolds before FTIR

acquisition.

4.2.12. X-ray computed tomography analysis

Morphological analysis of 3D-printed samples was performed microCT, using
Skyscan 1172 (Bruker, USA) with a scanning voltage of 40 kV, power of 10
W, and a rotation step of 0.50° over an angle range of 192.50°. Image
smoothing and noise reduction were performed via NRecon software (Bruker,
USA). Data analysis and 3D reconstruction of the models were performed with

Imagel software (National Institutes of Health, USA).

4.2.13. Mechanical testing

Compressive mechanical testing was performed using a DMA Q800 (TA
Instruments, New Castle, DE, United States) to evaluate the scaffolds’ Elastic
Modulus. A static force of 0.001 N was applied before testing. The
compression test was conducted at RT using a ramp strain rate of 5%/min to
30%. The tested samples had cylindrical dimensions with a base diameter of
7 mm, while the software automatically detected the sample height. Samples
were selected to have either single (GelMA or DexMA) or bi-composite

material formulation with defined ratios of the two components
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(DexMA:GelMA = 80:20, 60:40, 40:60). The Young’s modulus of each sample
was identified as the slope of the linear elastic part of the stress-strain curve,

in the range of 3-5% strain.

4.2.14. Culture of 3T3-fibroblast and cytocompatibility testing

3T3-fibroblasts were cultured in basal DMEM supplemented with 10% FBS
and 1% P/S. Before seeding, scaffolds were sterilized by exposure to UV light
for 2 h. Cells were detached using 0,25% trypsin-EDTA, centrifuged at 300 x
g for 5 minutes at RT, and suspended in media at a concentration of 10°
cells/mL. Each scaffold (7x7x2 mm) was inserted into a 1.5mL sterile tube
and completely submerged in 500 pL of cell suspension, resulting in a final
seeding of 5x10 "5 cells per scaffold. Then, the tubes containing the samples
were placed on a rotating stage in the incubator for 1 h to achieve
homogeneous cell distribution and seeding. Finally, scaffolds were moved to
a 24-well plate and cultured under standard conditions (37 °C, 5% CO3). The

medium was changed every 48 hours.

4.2.15. Live/dead assay

The viability of 3T3-fibroblasts was evaluated using LIVE/DEAD Cell
Imaging kit 488/570 (Invitrogen) after 1 and 7 days of cell culture. At the
desired time points, according to the manufacturer’s protocol, the cell-seeded
3D-printed constructs were stained with the Live/Dead assay solution and
incubated for 15 min at RT. Subsequently, image acquisition was performed
using a confocal microscope (Nikon A1R) with 488 nm and 561 nm laser sets
to detect living and dead cells, respectively. The images were acquired with
10x magnification and the Grab Large Image option to obtain an overview of

the entire scaffold.
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4.2.16. Immunofluorescence (IF) staining

3D printed scaffolds seeded with 3T3 fibroblasts were fixed using 4% v/v PFA
in PBS overnight at 4°C. The cells were permeabilized with 0.2% v/v Triton
X-100 in PBS for 30 minutes at RT, followed by blocking of non-specific
binding with 1% (v/v) BSA in PBS for 2 hours at RT. The scaffolds were
stained to evaluate the cell attachment and collagen I deposition. Actin
filaments were labeled with Alexa Fluor 488-conjugated Phalloidin (Sigma,
Germany) (1:40 v/v in 1% BSA solution) for 2 hours at RT. For collagen I
staining, samples were incubated overnight at 4°C with a primary anti-
collagen I antibody (Sigma, Germany, rabbit-derived) (1:100 v/v in 1% BSA
solution). After two washes in PBS (5 minutes each), samples were incubated
with a Texas Red-conjugated anti-rabbit secondary antibody (1:150 v/v in 1%
BSA solution) for 2 hours at RT. Finally, nuclei were counterstained with
DAPI (Invitrogen) (1:1000 in 1% BSA solution) for 10 minutes at RT. IF
images were acquired using a Nikon A1R confocal microscope, while image
analysis was performed using ImageJ software (National Institutes of Health,

USA).

4.2.17. Cell density determination

Cell density within the scaffolds at different time points was determined by
analyzing confocal stacks in ImagelJ. Areas of 638 x 638 um? were analyzed

along z-axis. Cell number was normalized to the analyzed scaffold volume.

4.2.18. Statistical Analysis

For statistical analysis, GraphPad Prism (GraphPad Software Inc., La Jolla,
CA) was used. Either a one-way ANOVA or a two-way ANOVA was used to
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determine differences between groups. Significantly different data were

identified as p < 0.05.

4.3. Result and discussion

4.3.1. Micromixer and flow-focusing microfluidic printhead

Recent developments in microfluidic-assisted AM have demonstrated the
potential of droplet-templating strategies to fabricate porous hydrogels with
controlled internal architectures®®**, In particular, flow-focusing systems
enable the generation of monodisperse emulsions, which can subsequently be
solidified to obtain spherical porous constructs with defined pore size and
density. Moreover, these platforms allow rapid switching between different
inks in a continuous manner, resulting in heterogeneous structures with
alternating or co-extruded spatial bioink patterns*®1°01%° However, most of
the currently available systems are limited to discrete material transitions or
side-by-side extrusion configurations. Such approaches do not allow the
formation of smooth, continuous compositional gradients within a
homogeneous matrix, which are essential for reproducing the gradual

transitions typical of native tissue interfaces®.

To overcome this limitation, we designed a novel microfluidic printhead,
referred to as mix-ff-MPH, that integrates a passive micromixer upstream of a
flow-focusing junction (Figure 4.2a). The objective was to decouple and
independently control two key parameters of the printed scaffold: (i) matrix
chemical composition, regulated through controlled mixing of two continuous
phases, and (i) pore architecture, determined by the dispersed-phase volume
fraction during emulsion generation. The printhead geometry included two

inlets dedicated to the continuous phases, which converged into a serpentine-
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based passive micromixer, followed by a single dispersed-phase inlet
connected to a flow-focusing junction. This configuration enabled real-time
blending of polymeric solutions before droplet formation. The operational
window of the flow-focusing unit was defined in accordance with Chapter
21 We used DexMA or GelMA, supplemented with Plantacare as the
surfactant, as the continuous phase. As the dispersed phase, we used
Hexadecane. A total flow rate of 20 pL/min was selected, as it provided stable
emulsion formation without flow instabilities. By maintaining this constant
overall flow rate and modulating the ratio between continuous and dispersed
phases, dispersed-phase volume fractions (¢D) between 0.2 and 0.8 were
achieved. This resulted in droplet diameters ranging approximately from 100

to 400 pm, consistent with previously reported data*®.

To optimize mixing efficiency, five different micromixer geometries were
fabricated and experimentally evaluated (Figure 4.2a). The versions A1, A2,
and B (Figure 4.3) consist of two serpentine channels with forced helices
varying in the length and geometry of the repeating unit. Versions C1 (Figure
4.3) and C2 (Figure 4.2a) incorporate additional obstacles and barriers into
the split-and-recombine structure. Variations included changes in the length of
the repeating units and the presence of internal obstacles to enhance
streamlined stretching and folding!®11%2, Passive micromixers rely exclusively
on geometrical constraints to promote chaotic advection and increase
interfacial area between fluid streams. Therefore, mixing efficiency strongly
depends on channel architecture and fluid properties. From an engineering
perspective, selecting an efficient geometry is critical not only for maximizing
mixing performance but also for minimizing mixer length. Reducing mixer
volume directly decreases dead time and improves synchronization between

compositional modulation and extrusion during printing*.
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The mixing performance of each geometry was evaluated using fluorescently
labeled polymer solutions (20% w/v DexMA-rhodamine and 10% w/v
GelMA-FITC). Rheological characterization (Figure 4.2b) at 35 °C
confirmed that both solutions exhibited moderate shear-thinning behavior,
with viscosities in the order of 10'-10* mPa under relevant shear conditions.
This temperature was selected to reproduce printing conditions while
preventing premature GelMA gelation'®3, The solutions were supplied to the
mix-ff-MPH, and fluorescence images were taken with a confocal microscope
to analyze the MI. Experiments were conducted at a combined flow rate of 14
pL/min, corresponding to the maximum continuous-phase flow used during
printing. Five volumetric ratios (100:0, 80:20, 50:50, 20:80, and 0:100
GelMA:DexMA) were tested. (Figure 4.2¢). The results demonstrated that
micromixer geometry significantly influenced mixing efficiency, with MI
values ranging from approximately 0.7 to above 0.8. Among the tested
configurations, the C2 geometry consistently achieved MI > 0.8 across all
compositional ratios and was therefore selected for subsequent printing
experiments (Figure 4.2d). Additional MI measurements collected at 7, 21,
and 28 pL/min for the selected mixer geometry are shown in Figure 4.4,
demonstrating consistent mixing performance across a broader flow-rate
range. Compared to a previously implemented serpentine mixer in our
laboratory'!2, which yielded MI < 0.6 with alginate-based systems, the present
configuration achieved at least a 20% improvement. This enhancement can be
attributed to the combined effect of optimized channel architecture and the
rheological characteristics of the employed polymer solutions. These findings
align with established design principles, indicating that mixer performance is
highly dependent on both geometric complexity and fluid viscosity®4.
Following optimization of the mixing unit, we evaluated the integration of the

micromixer with the downstream flow-focusing junction. As reported in
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Figure 4.2e, stable O/W emulsions were successfully generated across the
entire investigated @D range (0.2—0.8). Importantly, modulation of the
continuous-phase composition upstream directly translated into controlled
compositional variations in the emulsion matrix, as visually confirmed by the
gradual transition in fluorescent signals. This result demonstrates that the mix-
ff-MPH enables simultaneous regulation of matrix composition and pore
architecture within a single integrated device, establishing a robust foundation

for the fabrication of spatially graded porous hydrogels.
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Figure 4.2 mix-ff-MPH bearing a passive micromixer. a) Schematic representation of the
flow-focusing microfluidic chip (C2) with relative cross sections. b) Rheological
characterization of the agarose fluid-gel, DexMA, and GelMA solutions. ¢) Confocal images
of different points of the micromixer beginning (B), middle (M) and end (E) captured at
different mixing ratio DexMA (red):GeIMA (green). d) Analysis of MI (gray column) and
Average Intensity (green and red column). e) Microfluidic production of the emulsions at
various volume fractions of the dispersed phase (0.2 < ¢ < 0.8) and at various ratios between
two different polymeric solutions DexMA (red) and GelIMA (green). Scale bar ¢) 800 um, e)
500 pm.
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Figure 4.4 Analysis of MI (gray column) and average Intensity (green and red columns) for
3 different flow rates (7, 21, and 28 pL/min). For each flow rate, the graph reports the Average
Intensity and MI for the two solutions injected in the micromixer DexMA (red) and GelMA
(green).

4.3.2. 3D printing

The ability to simultaneously regulate matrix composition and pore density
significantly expands the fabrication capabilities of pFGHs. From a
manufacturing standpoint, this dual control enables the production of
constructs with spatially tunable physicochemical properties, including
mechanical stiffness, swelling behavior, and cell-matrix interaction potential.
Such flexibility is particularly relevant when aiming to recreate the gradual
transitions that characterize native biological tissues. To experimentally
validate the proposed approach, the customized 3D printer was equipped with
the mix-ff-MPH (Figure 4.5a) and operated inside a temperature-controlled
chamber maintained at 35 °C. By synchronizing the microfluidic flow rates
with the printhead's coordinated movement, it was possible to fabricate
hydrogels with controlled gradients in composition and porosity. Printing was
performed in an agarose fluid-gel bath, which served as a temporary support
medium. This strategy enabled stable deposition of soft emulsion-based inks
that would otherwise lack sufficient viscoelasticity for printing in air'%. The
supporting bath effectively maintained structural integrity during extrusion

and prevented collapse of overhanging features.
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To first assess the system's ability to modulate local material composition, a
two-layer grid structure (Figure 4.5b) was printed using fluorescently labeled
DexMA (rhodamine) and GelMA (FITC). The compositional ratios of the
continuous phase were dynamically adjusted during printing. Confocal
imaging of the deposited filaments revealed distinct, spatially controlled
variations in fluorescence intensity corresponding to the programmed mixing
ratios. These results confirm that the integrated micromixer reliably blends
polymer solutions before extrusion, enabling predictable control over the local
matrix composition. Subsequently, the platform's ability to generate
continuous gradients along the printing direction was evaluated by fabricating
cubic constructs (7 x 7 x 7 mm?). To verify compositional transitions within
the bulk structure, FTIR analysis was performed on sections collected at
predefined positions along the z-axis (Figure 4.5¢ and Figure 4.6). Particular
attention was given to the amide I band of gelatin (~1627 cm™), associated
with C=0O stretching vibrations of the peptide backbone. Progressive
variations in peak intensity were observed along the scaffold height, consistent
with the programmed DexMA-to-GeIMA gradient. The absence of abrupt
spectral changes supports a smooth compositional transition, confirming

effective inline mixing during printing.

In addition to chemical gradients, the system allows independent modulation
of scaffold porosity by adjusting the dispersed-phase volume fraction. To
demonstrate this capability, both simple cubic geometries and more complex
architectures featuring overhang angles exceeding 45° were printed (Figure
4.5d). The ability to fabricate such structures highlights the stability of the
printing process within the agarose support bath. As visible in Figure 4.5d,
fluorescent labeling of the continuous phase further enabled qualitative

visualization of density variations. Regions with higher fluorescence intensity
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corresponded to lower porosity (higher polymer content), whereas regions
with lower fluorescence intensity corresponded to higher porosity.
Importantly, density modulation was achieved while maintaining a constant
compositional gradient between GelMA and DexMA, demonstrating

independent control of these two parameters.

After purification and removal of the internal oil phase, the printed constructs
were analyzed using microCT to assess structural fidelity and internal
architecture. Three-dimensional reconstructions reported in Figure 4.Se—f
confirmed accurate reproduction of the designed geometries and preservation
of pore interconnectivity throughout the scaffold volume. For comparison, a
two-layer reference scaffold with discrete porosity values (30%—70% porosity,
Figure 4.5e¢) exhibited a sharp transition between regions characterized by
distinct pore morphologies. In contrast, constructs featuring a continuous
porosity gradient from 30% to 70% (Figure 4.5f) displayed a gradual
evolution in pore size and density along the printing direction, without
detectable discontinuities. Pore size distribution analysis further supported
these observations. These findings demonstrate that the mix-ff-MPH platform
enables precise spatial control over both matrix composition and internal pore

architecture within a single continuous manufacturing process.

Of note, the modular design of the printhead was further extended to
accommodate three continuous-phase inlets. In this configuration, three
differently pigmented polymer solutions (blue, yellow, and red) were
simultaneously injected into the micromixer. As illustrated in Figure 4.5g, the
resulting printed structures exhibited smooth color transitions, independent of

geometry complexity or extrusion sequence. This result highlights the system's

138



scalability and its potential for multi-material gradient fabrication beyond

binary systems.
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Figure 4.5 Operational set-up. a) Schematic representation of 3D printer with the mix-ff chip
as printhead. b) Confocal images of 3D printed grids of mixed compositions of
DexMA:GelMA at various mixing ratios: 100:0,80:20, 50:50, 20:80,0:100, reporting the
efficiency of the mixing. ¢) FTIR spectra at specific points of DexMA:GelMA gradient
samples. d) 3D printed porous structures inside the agarose fluid-gel bath that were printed
using two different fluorescent dyes in the continuous phases (the first line exhibits a graded
transition between two colors, indicating a compositional gradient between two materials
along the z-axis. In the second line, while the compositional gradient remains consistent with
the first line, a density gradient is introduced. This density variation is evident in the
fluorescence intensity of the dyes: regions with a stronger fluorescence signal correspond to
higher density (low porosity), whereas regions with a weaker fluorescence signal indicate
lower density (high porosity)). e-f) microCT analysis of pFGMs. Three-dimensional
reconstruction of the scaffold obtained from X-ray image stacks and a representative
horizontal cross-section (right), together with the corresponding pore size distribution (left).
g) Schematic representation of 3 inlets micromixer and 3D printed complex geometries with
gradient composition evidenced by smooth gradient of color. Scale bars: b) Imm, d) 5Smm e)
Imm f) 500pm g) Imm.
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Figure 4.6 FTIR spectra of GeIMA/DexMA pFGMs. a) FTIR spectra of GeIMA and DexMA.
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4.3.3. Cell viability on the heterogeneous scaffold

Following validation of the micromixer's performance and the successful
fabrication of scaffolds with continuous 3D compositional gradients, we
investigated the biological response of cells to the heterogeneous

microenvironment generated by the mix-ff-MPH platform.

Prior to biological evaluation, printed scaffolds were thoroughly purified to
remove residual surfactant and dispersed oil phase and subsequently sterilized
under UV light. This ensured a suitable and controlled environment for cell
culture experiments. 3T3 fibroblasts were then seeded onto gradient hydrogels
characterized by a continuous transition from 100% DexMA at the bottom
region to 100% GelMA at the top. These two biomaterial inks were
intentionally selected due to their markedly different biochemical and
mechanical characteristics. GeIMA is widely recognized for its intrinsic cell-
adhesive properties, biodegradability, and relatively compliant mechanical
behavior, making it a common material for tissue engineering applications.®®
In contrast, DexMA hydrogels, while cytocompatible, are mechanically stiffer
and lack inherent adhesive motifs, resulting in limited cell-matrix

interactions.16®

Live/Dead staining performed after 1 and 7 days of culture demonstrated
overall high cell viability (>80%) throughout the gradient scaffold (Figure
4.7a). Notably, a distinct change in cellular organization was observed
approximately one-third of the scaffold height, as indicated by the yellow
reference line in the cross-sectional images (Figure 4.7a). This transition
corresponds to the region where the GeIMA fraction becomes sufficiently

dominant to influence cell adhesion behavior. As shown in Figure 4.7b,
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quantitative cell counting along the gradient confirmed a progressive increase
in cell number toward the GelMA-rich region. This trend is consistent with the
presence of Arg-Gly-Asp (RGD) sequences in GelMA, which enhance
integrin-mediated adhesion and promote cell spreading.'®® In contrast, cells
located within the DexMA-dominant region displayed a markedly different
morphology. Rather than spreading on the scaffold surface, they tended to
localize within the pores and form rounded aggregates, suggesting limited
substrate adhesion. The graded construct, therefore, enabled simultaneous
observation of cellular responses across a continuous spectrum of biochemical
composition and mechanical properties within a single sample. Such a
configuration provides a powerful platform for screening cell-matrix
interactions under spatially varying conditions, reducing the need for multiple

independent formulations.

To further elucidate the relationship between composition, mechanical
properties, and cell behavior, homogeneous scaffolds composed of single
materials (100% GelMA or 100% DexMA) or defined blends
(DexMA:GelMA = 100:0, 80:20, 50:50, 40:60, 0:100) were fabricated and
mechanically characterized. Compression testing revealed a pronounced
variation in Young’s modulus across formulations (Figure 4.8a). In particular,
the 80:20 DexMA:GelMA formulation exhibited a modulus approximately 2.5
fold higher (~400 kPa) than the 60:40 blend. A progressive decrease in
stiffness was observed with increasing GeIMA content, reflecting the softer
nature of GelMA-based hydrogels. These mechanical differences are directly
reflected in the cellular responses observed. This result indicates significant
differences in mechanical properties among the various compositions: as
DexMA content decreases, Young’s modulus rapidly decreases, resulting in

increasingly softer hydrogel matrices. This trend is consistently reflected in
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subsequent cell behavior observed in the experiments. It is well known that
substrate stiffness is a crucial regulator of cellular processes such as adhesion,

spreading, migration, and cytoskeletal remodeling.®®

3T3-fibroblast adhesion analysis at day 7 (Figure 4.8b) demonstrated minimal
fibroblast attachment on 100% DexMA scaffolds. Confocal imaging
confirmed low cell density and predominantly rounded morphology in this
condition (Figure 4.8c), with limited F-actin organization and absence of
well-defined cytoskeletal structures. These observations indicate insufficient
adhesion and spreading on the DexMA substrate. With increasing GelMA
content, fibroblast attachment and spreading progressively improved. In the
80:20 formulation, cell distribution appeared heterogeneous, with localized
clusters interspersed with sparsely populated regions. This trend became more
pronounced in the 60:40 and higher GeIMA formulations, culminating in the
100% GelMA scaffold, which exhibited dense and uniform cellular coverage.
Collagen type I (Col I) deposition followed a similar trend (Figure 4.8d).
Regions with higher cell density exhibited stronger collagen expression,
indicating active matrix remodeling. Additionally, enhanced cytoskeletal
organization was evident in GelMA-rich samples, where well-developed
stress fibers and elongated morphologies were observed (Figure 4.8c—e),
reflecting improved mechanotransduction and cell-matrix engagement. These
findings suggest the existence of a compositional and mechanical threshold
that governs the switch from limited adhesion to active spreading and matrix
production. Substrate stiffness and biochemical cues act synergistically in
regulating fibroblast behavior, influencing adhesion, cytoskeletal remodeling,

and extracellular matrix synthesis.
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To further investigate the influence of scaffold architecture on three-
dimensional cell distribution, highly porous scaffolds (up to 70% porosity,
pore size ~300 um) were fabricated. In these constructs, extensive cell
infiltration throughout the scaffold thickness was observed (Figure 4.8e-f),
demonstrating effective 3D colonization. Scaffolds with lower porosity (30%)
also supported cell attachment; however, cellular penetration was

comparatively limited, likely due to reduced pore interconnectivity.

Overall, the DexMA:GelMA gradient configuration introduces an additional
level of functional complexity, enabling evaluation of cellular responses
within a spatially heterogeneous microenvironment. These results underline
the importance of balancing composition, mechanical properties, and pore
architecture to achieve effective three-dimensional cell colonization. While
3T3 fibroblasts were employed as a preliminary validation of the fabricated
pFGHs, the proposed microfluidic-assisted 3D printing platform holds
potential for more advanced biological investigations, including co-culture

systems and interface-mimicking tissue models.
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Figure 4.8 3T3-fibroblast cell adherence study on GeIMA:DexMA scaffold. a) Morphological
characterization of 3D printed porous FGHs: Variation of Young's moduli in samples
characterized by DexMA — GelMA single and bi-composition. b) Cell attachment analysis on
scaffolds on Day 7. Confocal laser microscopy images: ¢) Actin (green) and DAPI (blue)
staining of 3T3-fibroblast on different scaffolds (30% porosity) on day 7. d) Collagen type I
(red) and DAPI (blue) staining of 3T3-fibroblasts on different scaffolds (30% porosity) on day
7. ) The line shows Actin (green) and DAPI (blue) staining of 3T3-fibroblast on different
scaffolds (70% porosity) on day 7. f) Z-stack imaging showing the depth-wise distribution of
cells within the 3D scaffold. Scale bars c-d) 200 um and 40 pm, e¢) 200 um. Statistical
significances were assessed by one-way ANOVA. Mean + S.D. n=3, *p < 0.05, **p < 0.01,
*¥*%p <0.001, ****p < 0.0001.

4.4. Conclusions

In this work, we developed and validated a microfluidic-assisted 3D printing
platform, integrating a passive mix-ff-MPH, for the fabrication of pFGHs. The

proposed architecture enables independent yet simultaneous control over two
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critical scaffold parameters: matrix chemical composition and internal pore

architecture.

Optimization of the micromixer geometry resulted in efficient blending of
polymeric solutions, achieving a MI > 0.8 across all tested compositional
ratios. The integration of the mixing unit upstream of the flow-focusing
junction allowed real-time modulation of the continuous-phase composition,
while regulation of the dispersed-phase volume fraction enabled precise
adjustment of scaffold porosity. This combined strategy transformed gradient
fabrication into a dynamically programmable manufacturing process. The
synchronization between microfluidic flow control and extrusion-based
deposition permitted the fabrication of three-dimensional constructs with
spatially defined variations in composition and density. Structural analyses,
including FTIR and microCT, confirmed the presence of smooth
compositional gradients and well-defined spherical porous architecture
throughout the scaffold volume. Importantly, both 2-layer and continuous
gradients can be generated within the same fabrication framework,
demonstrating the system's versatility. Preliminary biological validation using
3T3 fibroblasts highlighted the functional relevance of the generated
gradients. Regions enriched in GeIMA promoted cell adhesion, spreading, and
collagen type I deposition, whereas DexMA-dominant areas exhibited reduced
cell-matrix interaction. The graded scaffolds enabled observation of cellular
behavior across a continuous spectrum of mechanical and biochemical cues
within a single construct, underscoring their potential as platforms for
microenvironmental screening. Overall, the mix-ff-MPH represents a flexible
and scalable tool for the manufacturing of multi-material porous hydrogels

with programmable spatial properties. The ability to modulate composition
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and porosity in a synchronized and controlled manner opens new opportunities

for engineering complex tissue interfaces, such as the bone—cartilage interface.

Future developments may extend this approach to multicellular systems,
incorporate bioactive molecules, or integrate it into perfused culture platforms.
Moreover, further exploration of the combined influence of material gradients,
pore architecture, and geometric features on cellular behavior may provide

deeper insight into the design of next-generation biofabricated constructs.
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Chapter 5 — Conclusions

This doctoral thesis investigated advanced manufacturing strategies for the
fabrication of porous and graded biomaterial scaffolds through the integration
of microfluidics and additive manufacturing. The central objective of this
work was to establish a versatile technological platform capable of controlling
pore architecture, material composition, and spatial distribution of structural
features with high precision. Such control is essential for engineering
materials that replicate the structural complexity of biological tissues and for

producing scaffolds with tunable mechanical and physicochemical properties.

The first results of this work focused on the development of a microfluidic-
assisted printing strategy for the controlled fabrication of porous materials. By
integrating droplet microfluidics with extrusion-based 3D printing, it became
possible to achieve deterministic control over pore formation directly during
the manufacturing process. The flow-focusing microfluidic device enabled the
generation of highly monodisperse droplets whose diameter could be precisely
tuned by adjusting the flow rate ratio between the dispersed and continuous
phases. When combined with extrusion-based printing within a support bath,
this approach allowed the deposition of emulsion-based inks while preserving
droplet integrity during the printing process. As a result, porous hydrogel
scaffolds with highly uniform pore distributions and tunable porosity were
successfully fabricated, with droplet-templated spherical pore architectures
that can be interpreted as porous metamaterials, where structural properties are
governed by the designed geometry rather than solely by the base material.
These results collectively demonstrate a clear methodological advancement,
establishing a reproducible and programmable printing framework that

overcomes the inherent stochasticity of conventional porogenic techniques.
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Building upon this strategy, the microfluidic printing approach was further
extended to the fabrication of ceramic scaffolds for bone tissue engineering.
In this case, emulsion-templated hydrogel constructs served as sacrificial
templates that were subsequently converted into fully ceramic structures
through thermal debinding and sintering. The results demonstrated that the
printed droplet-templated spherical pore architecture could be successfully
preserved during the thermal processing steps despite substantial volumetric
shrinkage. MicroCT analysis confirmed homogeneous densification and
isotropic shrinkage, indicating that the structural integrity of the scaffolds was
maintained throughout processing. Preliminary biological evaluation using
hMSC further confirmed that the fabricated ceramic scaffolds supported cell
viability and metabolic activity. This extension to ceramic systems highlights
the robustness and versatility of the proposed platform, demonstrating its
applicability to load-bearing biomaterials and reinforcing its potential

relevance for translational bone tissue engineering.

Further expanding the capabilities of the microfluidic printing platform, a
custom microfluidic micromixer was developed to enable the controlled
generation of compositional gradients during printing. The integration of this
passive mixing element upstream of the droplet generation region allowed
precise regulation of the composition of the continuous phase while
maintaining stable droplet formation. By dynamically modulating the
composition of the matrix during deposition, this system enabled the
fabrication of functionally graded materials in which both spherical pore
architecture and matrix composition could be spatially varied across the
printed scaffold. This advancement represents a significant step toward the
fabrication of biomaterials that more closely reproduce the hierarchical and
gradient-based organization of native interface tissues, such as the

osteochondral interface.

149



While the primary focus of this thesis was on the development and validation
of the manufacturing platform, the resulting materials also show strong
potential for future applications in tissue engineering and regenerative
medicine. In particular, the ability to fabricate porous and functionally graded
structures may enable the engineering of biomaterials that more closely mimic
the structural organization of complex tissues such as the osteochondral

interface.

Future work should therefore focus on expanding the material palette
compatible with the microfluidic printing platform, improving the scalability
of the process, and investigating the biological performance of the fabricated
scaffolds in vitro and in vivo. Additional studies include the integration of
bioactive molecules, cell-laden bioinks, and multi-material printing strategies

to further enhance the functional potential of the system.

In conclusion, this doctoral thesis demonstrates that integrating microfluidics
with additive manufacturing provides a powerful framework for the direct
designing of material architecture, thus enabling the deterministic fabrication
of porous and graded meta-biomaterials with controllable spherical pore
architectures. By transitioning from stochastic to fully programmable pore
formation, this work establishes a new paradigm for the design of complex
porous biomaterials with predictable structure-function relationships,
ultimately transforming the way such materials are conceived and fabricated

for biomedical applications.
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