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Abstract

One of the focus areas in tissue engineering is biofabrication, that is the in-vitro
creation of functional and biomimetic models of tissues and organs with applications
ranging from wound healing to in vitro personalized drug development. One of the
main challenges in this field is the manufacturing of 3D cell culturing scaffolds, to de-
velop bioinspired functional tissue models in vitro. A wide range of biomaterials has
been developed, with gelatin methacryloyl (GelMA) being one of the most promis-
ing: it is in fact a hydrogel featuring low cost, high cell adhesion affinity and high
versatility. This work presents a novel GelMA-based scaffold fabrication technique,
using annealed microfluidically-generated microbeads. An innovative protocol ex-
ploiting the temperature-responsiveness of the polymer is described for the first time.
Both individual beads and annealed structures are thoroughly characterized, show-
ing novel properties such as independent porosity from stiffness, an essential feature
needed for bone tissue engineering. Finally, cell culturing studies performed on the
beaded scaffolds show promising results for future applications of this innovative
platform.
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Chapter 1

Introduction, Motivations and
Goals

1.1 Tissue engineering

Tissue engineering is a technical field emerged in the last 30 years, synergizing the
knowledge from disciplines apparently far from each other: medicine, engineering
and science [5]. The main goal of the discipline is the manufacturing of artificial
biological tissues or synthetic substitutes that are biomimetically functional, con-
trollable and reproducible. Tissue engineering aims to face multiple challenges: in
an ever aging population, organ failure and therefore organ replacements are some
of the major burdens for the healthcare systems worldwide [11]. As of 2015, less
than 10 % of the patients in need of a transplant have a corresponding donor, mak-
ing it necessary to recur to expensive chronic therapies and surgeries for the rest of
the patients in need. Tissue engineering proposes an alternative solution, aiming to
cancel the need of an organ donor, replacing it with human tissues or organs grown
and engineered in vitro, starting from samples and cells from the patient itself.

Another challenge targeted by tissue engineers is the development of drugs and ther-
apies for one of the deadliest diseases of the 21st century, cancer, killing up to 8.2
millions people just in 2012 [10]. Cancer is the result of the anomalous cell behavior
growing in unregulated manner, invading multiple parts of the body to finally kill
the host. Because of its own patient-specific nature, being each cancer different from
person to person, it is challenging to diagnose and cure the disease in a targeted
manner: doctors often recur to highly invasive therapies that sacrifice some healthy
tissues to get rid of the malign bodies, chemotherapy is an example. In this case
tissue engineering may provide a game-changing tool: the possibility of reproduc-
ing a patient’s cancer in vitro, creating fully functional and highly accurate models
called Cancer-on-a-Chip [38], would provide a powerful platform for testing newly
developed drugs or combinations of them to finally formulate personalized thera-
pies, hopefully in time to cure the disease. A further step in this direction would be
the development of more complex models, with the goal of mimicking the patient’s
complete body, integrating different organs and tissue models and therefore creating
what is called Human-on-a-Chip: such platform would constitute the ultimate tool
for drug testing, providing a useful test-bench for novel drugs and therapies and
reducing the impact of side effects on healthy tissues [28]. Moreover, the compact
nature of these Organ-on-a-Chip devices and their evolutions simplifies the handling
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and study of the cell and the tissue constructs their form: built on common mate-
rials such as silicones and glass, it is easy to perform microscopy studies, integrate
biosensors for biomarker detection and control vital parameters such as temperature
and oxygen levels, creating completely automatic systems controllable with tailored
software and electronics [39).
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Figure 1.1: (A) Schematic indicating the cycle for organ replacement in tissue engi-
neering, extracted and adapted from [20] (B) Schematic illustrating a sample Body-
on-a-Chip system, extracted from [23]

1.1.1 3D cell cultures

Until 1980 biologists used hard substrates, such as glass or plastic dishes, to cul-
ture and grow bacteria and cells. This approach allowed them to develop single or
double layers of cells and perform studies on drugs, vaccines, cell metabolism and
more. However, complex biological systems such as humans are three-dimensional
in nature, where the spatial orientation and localization of cells determines their role
in the tissue. Moreover, tissues have different physical properties such as stiffness,
transparency and so on, that are intrinsically influencing the cell behavior and vice-
versa [34]. Knowing this, 3D cell culture techniques have emerged, with the goal of
mimicking the natural environments. To develop effective Organ-on-a-Chip devices
it is therefore necessary to resort to 3D models of the tissues of interest.

The earliest examples of 3D cultures are achieved using spinning flasks, where the
cell suspensions are constantly stirred, allowing the cells to adhere only with each
other and not to the flask’s surface, prompting the formation of aggregates called
spheroids. With this system it is also possible to achieve co-cultures of different cell
types, forming what are called organoids, allowing inter-cell signaling and physical
interaction, thus creating more realistic models. However organoids and spheroids
have a main limiting factor for their growth: cell necrosis at the core. This is caused
by diffusion [9], the transport mechanism delivering oxygen and nutrients to the cells
and similarly carrying waste away from them. Once the spheroid diameter increases
over a limit size, cells in the core fail to receive enough nutrients and to dispose of
their debris, inevitably dying [37]. This is an issue common to other 3D cell culture
techniques, such as those based on solid scaffolds like electrospun fibers and other



porous substrates [24], or those based on simple gel supports, such as hydrogels, in
which small molecule diffusion is one of the many challenges [30].

This obstacle to growth is not present in living beings thanks to vascularization,
that can deliver nutrients to all cells through a dense capillary network. To further
mimic nature, bioinspired designs are developed, artificially creating microchannels
and porous structures that allow the flow and better penetration of the culture me-
dia and molecules of interest [17]. Some examples on the rise nowadays are soft
lithography-based multilayer structures and 3D printed vascularized scaffolds.
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Figure 1.2: (A) Illustration of a spheroid with a necrotic core, highlighting other
layers and gradients throughout its structure, adapted from [37].(B) Example of
multi layer vascularized scaffold, fabricated using soft lithography, adapted from
[17].(C) Example of 3D printed vascularized structure achieved through a sacrificial
lattice, adapted from [29].

1.1.2 Biomaterials

To build effective biomimetic 3D tissues it is necessary to understand the complexity
of the different environments in which cells are growing. For example, it is obvi-
ous that the bone tissue is stiffer than the muscular one and has different electrical
properties than brain tissue. In fact, cells are embedded into what is called Ex-
tracellular Matrix (ECM), a collection of molecules secreted by cells with the goal
of supporting, both physically and biochemically, the cellular network forming the
tissue. Collagen is one of the most common molecules present in all ECMs, however
bone ECM is characterized also by the presence of minerals that confer stiffness:
the main one is hydroxyapatite, constituting up to 70 % in bone weight [19]. Simi-
larly, each tissue type is characterized by its own chemical composition and therefore
physical properties.

Also the spatial orientation of the cells forming a tissue is critical for the correct
functionality of the same: the most common example is the muscular tissue, where
myocytes are aligned to contract the whole muscle in an efficient manner. Moreover,
ECMs present also gradients in composition characterized by complex geometries:
for example, this can be seen in every junction between different tissues such as the
bone-tendon-muscle interface.



Decellularized organs are scaffolds used for 3D cultures, these present the highest
fidelity to their natural counterparts to date. However, since based on the avail-
ability of explanted organs, it does not provide scalability, one of the key features
required in tissue engineering. For this reason, a plethora of biomaterials has been
developed to mimic the ECM, each with different characteristics depending on the
intended applications: among these, hydrogels stand out for their promising prop-
erties such as ease of processing, high hydrophilicity, tunability, cell compatibility
and similarity to the natural extracellular matrix [6]. Hydrogels can be inorganic or
organic, the latter are usually preferred for 3D cell culture applications since they
allow the construction of scaffolds with chemical and biological properties closer to
the originals in nature. One of the most interesting properties of hydrogels is the
possibility to trigger controlled gelation, therefore tuning the viscosity or even stiff-
ness in the case of solidified structures [25]. Hydrogels can be designed with a wide
range of molecules, such as chitosan and poly(ethylene glycol) to cite some, and
properties such as conductivity, transparency, porosity, stiffness, printability and
more. However, this work is focused on a promising polymer: gelatin methacryloyl.

Gelatin methacryloyl

Gelatin methacryloyl (GelMA) is a hydrogel derived from gelatin, to which a major-
ity of methacrylamide groups and a minority of methacrylate ones are conjugated.
GelMA has desirable properties for scaffold biofabrication: for example, the high
amount of arginine-glycine-aspartic acid (RGD) sequences present, that is naturally
occurring in gelatin, promotes cell adhesion and proliferation. Another key prop-
erty is the possibility of crosslinking, with the addition of photoinitiators, either
via irradiation (using UV or visible light) or via chemical reaction: this allows the
creation of controlled structures with tunable porosity and stiffness [36]. Thanks to
its numerous properties and mixing with other compounds and molecules, GelMA
has found a large number of applications in tissue engineering: from wound healing
biomaterials [40] to 3D scaffold for cell cultures, the full potential of this material
is yet to be discovered. Joining forces with microfluidics for example, another set of
applications can be derived: stiffness of molecular gradients can be created, allowing
the creation of more realistic tissue interface models [21].

Another interesting application of GelMA is the design and creation of artificially
vascularized tissues in vitro: controlling different parameters such as viscosity via
temperature (GelMA is thermally sensitive) or polymer concentration, it is possible
to 3D print complex structures, electrospin highly porous scaffolds and use lithog-
raphy techniques to fabricate intricate micron-sized channels in a bulk substrate.

1.2 Droplet microfluidics

Droplet microfluidics generate finite volumes of liquid phase as a dispersion into
another non-miscible phase, creating droplets with volumes down to the femtoliter.
The applications of such technology span from the food industry to pharmaceuticals
and also tissue engineering.



1.2.1 Principles

The basic principle allowing the formation of droplets is the presence of two or more
immiscible phases, usually an oil and a water-based solution, allowing the forma-
tion of spherical droplets: to avoid the merging between each other, a naturally
occurring phenomenon aiming to reduce the interfacial energy between phases, sur-
factants are added to one of the phases. Generally, droplet microfluidics aim to
the creation of uniform-volume droplets: this can be achieved exploiting soft lithog-
raphy techniques, fabricating very accurate devices for highly uniform droplet size
distributions. In few words, all devices share the presence of at least two flows: the
continuous flow, that is the suspension’s medium, and the dispersed flow, that is the
one forming droplets. A wide variety of geometries are developed, each with specific
applications and properties: the simplest example is constituted by the so-called
“T junction” where a microchannel carrying one of the two phases meets another
channel in which the opposite phase is flowing, at the crossing point droplets are
then formed by pinching at the corner. Another example of geometry for droplet
microfluidics is called “Flow focus” and consists of two pinching channels carrying
the same phase, these are incident perpendicularly from both sides on a third chan-
nel carrying the other phase. This geometry allows a more precise control of droplet
size, achieving smaller volumes with respect to a T junction with same channel sizes
[13]. These are two of the many possible designs that can be used for the generation
of droplets, additional layers of complexity can be added to achieve features such
as mixing, core-shell structures, cell or particle encapsulation and so on. Moreover,
given the high precision in manufacturing and the presence of laminar flow proper of
microfluidics, it is possible to accurately and empirically characterize the operation
of such devices [2] depending on channel sizes, flow rates, viscosities, densities and
surface tension. For example, an empirical law is available to predict the behavior
of droplets in a “T junction”: % ~ 1+ % where L is the length of the plug, a the
width of the oil channel, (); and (). are the discontinuous and continuous phase flow
rates respectively. The two geometries introduced previously are displayed in figure
1.3.
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Figure 1.3: (A) Schematic of a T-junction microfluidic droplet generator (B)
Schematic of a flow-focus microfluidic droplet generator, adapted from [4].



1.2.2 Applications in tissue engineering

Droplet microfluidic devices can be used to create microparticles for drug delivery
in cellularized scaffolds or to process liquid-phase biomaterials, such as hydrogels,
opening up new possible applications and scaffold geometries for tissue engineering.
Some sample applications of this technology consist in the fabrication of hydrogel
microbeads acting as support for the surface adhesion, and later penetration, of cells
[15]. Researchers have extensively studied technologies for the encapsulation of cells
in hydrogel droplets, using a broad combination of polymers, oils and cell types.
These constructs can be used, as an example, for the development of wound healing
technologies, providing support and protection to the cells injected [3]. Another
application is the creation of organoids suspended in culture media, that can be later
used for high throughput drug studies [1] or 3D printing, where uniform organoid size
distribution is key to achieve high spatial resolution [31]. Finally, more complex but
promising applications involve the usage of hydrogel microbeads to develop novel 3D
scaffold geometries, with properties that overcome some of the limitations of other
3D cell culture and Organ-on-a-Chip technologies.

Cell surface adhesion Cell encapsulation Spheroid printing Layered structure Spheroid fusion

S

":'-::—ﬁ

Shape molding Annealed scaffold Cell proliferation

Figure 1.4: Sample applications of hydrogel droplets in tissue engineering. (A) Cell
adhesion (i) and encapsulation (ii) schematics, (B) Schematic of spheroid-based 3D
printing steps, (C) Example of injectable (i), annealable (ii) and cytocompatible(iii)
bead-based wound healing technology, adapted from [3, 31, 12].

1.3 Beaded 3D scaffolds

As introduced in the previous section, hydrogel microbeads generated via droplet
microfluidics have great potential for applications in tissue engineering. This work
focuses on beaded scaffolds, using gelatin methacryloyl (GelMA) as biomaterial.

1.3.1 State of the art

While no examples of GelMA-based beaded scaffold are available in current litera-
ture, results obtained using other biomaterials can be found: an example is the work



carried by the group led by Professor Shoji Takeuchi at the University of Tokyo.
One of their most interesting papers deals with the development of macroscopic 3D
tissues using collagen microbeads, coated with cells and molded together [18]. As
an interesting addition, microbeads are also used to when encapsulating liver cells
and coated with fibroblasts: this combination allows the formation of millimeter-
sized tissues that are self standing thanks to the adhesion between cells, that secrete
the essential ECM molecules. Another research group used hyaluronic acid beads
to fabricate scaffolds in which fibroblast are seeded and growing, spreading around
the microspheres [27]. Others did use the beaded structures as a mold, generating
scaffold with the same geometry as the pore network in between the beads [35].

1.3.2 Goals

The goal of this work is to develop a new architecture for the fabrication of 3D cell
culture scaffolds using GelMA: until now this biomaterial has been 3D printed, pat-
terned and electrospun (as indicated in section 1.1.2). Therefore, since no data are
available, a microbead manipulation protocol must be elaborated and a thorough
characterization carried. With the support of the well validated knowledge on the
bulk GelMA characteristics, new properties can be predicted, such as the indepen-
dence between porosity and stiffness.

With the help of microfluidic droplet generation devices, GelMA bead production is
characterized, at different polymer concentrations. Then a robust handling protocol
is invented, requiring less chemical processing than the other techniques: this is
possible thanks to the possibility to physically (and temporarily) crosslink GelMA
via temperature modulation, allowing the cleaning from the oil and the resuspen-
sion in a water-based buffer solution. Choosing one of the multiple well consolidated
crosslinking techniques, in this case using a photoinitiator activated by UV radiation,
beads are crosslinked individually or annealed to each other forming self-standing
scaffolds. Individual beads are characterized mechanically to be compared to their
bulk counterparts. Moreover the same and additional studies are performed on
the scaffolds: rheology, porosity and cell culturing experiments are also carried and
analyzed in this thesis. A specific polymer concentration, 20 % w/v GelMA in Phos-
phate Buffer Solution (PBS), is used to show one of the many possible advantages
of this platform: in fact, such a high concentration does not allow cell encapsula-
tion in bulk scaffolds, as the very high stiffness and low porosity induce cell death.
Therefore, using this technology to fabricate stiff and porous scaffolds, it is possible
to develop 3D bone tissue models.

This work is intended as the starting point of a hopefully fertile set of projects in
which the properties of GeIMA beaded scaffold are exploited to the fullest.






Chapter 2

Materials and Methods

In this chapter, a detailed description of the materials used and the methods followed
are provided.

2.1 Materials

The materials used in this work can be categorized in five main areas of application:
microfluidics for bead fabrication, GeIMA synthesis, microbead processing, cell cul-
turing and finally characterization tools used for this study.

Almost all applications involve the use of deionized water (DI water), obtained from
a Milli-Q water filtration system provided by Millipore Corporation (MA, USA),
with an electrical resistivity of ~ 18.2 M€ cm cm at 25°C.

2.1.1 Microfluidics

The flow-focus microfluidic device was fabricated using standard soft lithography
materials, in our case silicon wafers (University Wafer, MA, USA) were used as sub-
strate, negative photoresist (KMPR 1050, MicroChem Corp., MA, USA) was pat-
terned, and polydimethylsiloxane (PDMS) base and the curing agent (SYLGARD™
184 Elastomer Kit, Dow Corning, MI, USA) were used to fabricate the device in se.
Standard microscope glass slides were used as substrate for the patterned PDMS.
A fluorophilic surface coating, Aquapel® Glass Treatment(Pittsburgh Glass Works
LLC (PA, USA)) was applied to the internals of the microfluidic device in order
to assure proper flow for the oil phase. The liquids were actuated using standard
plastic syringes of different volumes mounted on configurable syringe pumps (Har-
vard Apparatus PHD 2000, MA, USA). Tygon plastic flexible tubing (0.02” ID x
0.06” OD (Saint-Gobain PPL Corp., CA, USA)) was used to connect the different
parts of the system, while 1569-PEEK Tubing Orange 1/32” OD x .020” ID (IDEX
Corp., IL, USA) was used to plug into the PDMS device to reduce flow resistance
and simplify the insertion.. The oil phase consists of a fluorinated oil, Novec™ 7500
Engineered Fluid 3M (MN, USA). This oil was selected because of its viscosity, sim-
ilar to water, its hydrophobic and lipophobic properties and its oxygen permeability,
essential when encapsulating cells into droplets. To enable micro-droplet formation
and avoid merging, a surfactant is needed: in this case, Pico-Surf™ 1 (5% (w/w)
in Novec™ 7500)(Sphere Fluidics Inc (Cambridge, UK)) was chosen as it is specif-
ically engineered for droplet microfluidics using Novec™ 7500, it is non-cytotoxic
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and easily washable.

2.1.2 GelMA synthesis

The gelatin methacryloyl was synthesized starting from Type-A gelatin from porcine
skin (300 bloom), supplemented with methacrylic anhydride (MA, 94 %). The pho-
toinitiator (PI) used for this work was 2-hydroxy-1-(4-(hydroxyethoxy)phenyl)-2-
methyl-1-propanone (also know with the commercial name, Irgacure 2959), all man-
ufactured by Sigma-Aldrich (MO, USA). The latter was chosen given its low cy-
totoxicity for a large range of cell types and its high crosslinking efficiency [33].
Osmotic filtering was performed with a dialysis membrane with 12-14 kDa molecu-
lar weight cutoff (MWCO), provided by Spectrum Lab Inc (CA, USA), Whatman™
1440-090 filter paper was distributed by GE Healthcare (IL, USA). Lyophilization
was performed using a Labconco FreeZone 4.5L freeze-dryer(Labconco, MO, USA).
Dulbecco’s Phosphate Buffer Saline (DPBS) was purchased from Gibco (NY, USA).
The GelMA solution was filtered using the low protein binding Acrodisc Syringe Fil-
ters with Supor Membrane, Sterile - 0.2 um, 25 mm (Pall Corp., NY, USA). Other
materials used include standard hotplates, glassware and microcentrifuge microtubes
of various volumes from Eppendorf (Germany).

2.1.3 Microbead processing

The materials used to handle the microbeads and prepare the different samples in-
clude: 1H,1H,2H,2H-Perfluoro-1-octanol (PFO) 97 % to break the GelMA-oil emul-
sion and fluorescein isothiocyanate-dextran solution (500 kDa) for pore visualization,
both purchased from Sigma-Aldrich. Microscope cover slips (No.1.5) by VWR (PA,
USA), were used as substrate for confocal imaging. The beads in suspension were
packed using a GmCLab mini centrifuge (Gilson, France), spinning at a speed of
6300 rpm. To properly transfer beads between different containers, a Positive Dis-
placement pipette, MICROMAN® E by Gilson (WI, USA), was used. This was
necessary given the viscosity of the microbead suspension, that makes regular air-
piston pipettes ineffective in the dispensing step, as shown in figure 2.1. Samples
where fixed to glass slides for the AFM measurements using Cell-Tak as adhesive
(Corning, NY, USA) and fixed to a paper holder using Krazy Glue (Elmer’s Prod-
ucts, NC, USA) for the tensile measurements. Samples were crosslinked using an
Omnicure Series 2000 UV source (360 nm to 480 nm) (Excelitas, CA, USA), linked
to a UV blocking box through a 5nm optical fiber.

2.1.4 Cell culturing

NIH/3T3 fibroblast cells and human umbilical vein endothelial cells (HUVECS)
were purchased from the American Type Culture Collection (ATCC, VA, USA).
Fetal bovine serum (FBS), penicillin/streptomycin (P/S), Dulbecco’s modified Ea-
gle medium (DMEM), DPBS solution (1X) and powder, trypsin-EDTA (0.5 %, 10X),
and Hank’s Balanced Salt Solution (HBSS, 1X) were provided by Gibco (NY, USA).
Endothelial cell growth medium 2 and SupplementMix were from PromoCell (Hei-
delberg, Germany). PrestoBlue' " cell viability reagent and LIVE/ DEAD"" viabili-
ty /cytotoxicity kit were from Invitrogen by ThermoFisher Scientific (OR, USA). Cell
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Figure 2.1: Standard (A) and positive displacement (B) pipettes compared: when
dispensing special liquids, such as high viscosity gels, standard pipettes dispense less
than the full volume. Positive displacement pipettes instead deliver the full volume
thanks to the tight piston pushing the liquid all the way through.

culture flasks (75 cm2, Corning, NY, USA) and polystyrene 6-well tissue culture-
treated plates (Falcon, NC, USA) were used to culture cells.

2.1.5 Characterization instruments

The tools and instruments used for the measurements and analysis of the data in
this work are the following: an inverted fluorescence microscope, Axio Observer V
(Zeiss, Germany), was used for monitoring the chip operation and acquiring images
of the bead samples. A mechanical testing column, the 5943 Instron Universal Test-
ing System (Instron, MA, USA) was used for the compression and tensile tests. A
rheometer, the MCR 302 by Anton Paar (Austria), was used for the rheology studies.
Confocal microscopy was performed using the Leica SP5 Blue, by Leica (Germany),
gently provided by the Advanced Light Microscopy/ Spectroscopy laboratory at
CNSI. Each instrument was operated using the standard software provided by the
manufacturer. Nanoindentation studies were performed using an Atomic Force Mi-
croscope, the BioScope Catalyst AFM (Bruker, CA, USA), on which a silicone
nitride cantilever with an affixed polystyrene bead as tip (diameter 2.5pm) was
mounted as probe (Novascan, TA, USA), with a spring constant of 0.01Nm~'. The
cell metabolic activity was measured using a BioTek UV /vis Synergy 2 (VT, USA)
microplate reader. Data were analyzed using different softwares: pore size analysis
was performed using a MATLAB 2016a script (Mathworks, MA, USA), temperature
stability and shrinking-swelling studies were performed using FI1JI [26], the same was
used for image processing, 3D reconstructions and cell counting.

2.2 Methods

In this section the procedures and protocols followed when performing the experi-
ments are described.



2.2.1 Fabrication of the microfluidic device

A flow-focus device was fabricated using soft lithography. Briefly, 4 inch mechanical
grade silicon wafers were coated with 80 pm and 70 pm layers of negative photoresist
(KMPR 1050) and patterned in sequence using standard photolithography [7]. The
PDMS base and the curing agent were mixed at a ratio of 10 to 1, poured onto
the molds in petri dishes, degassed in a vacuum chamber, and cured in an oven at
65°C for >4 h. The PDMS device was peeled from the mold and punched with 0.8
mm holes at the inlets and outlets. Devices and glass slides were then activated via
air plasma (Plasma Cleaner, Harrick Plasma, NY, USA) and bonded together to
enclose the microchannels. The devices were then treated with Aquapel by flushing
the channels with the solution and subsequently washed with Novec 7500 oil, to
make channel surfaces fluorophilic.

2.2.2 Gelatin methacryloyl synthesis

GelMA with a high degree of methacryloyl substitution was synthesized according to
previous publications [36]. Briefly, DPBS (100 mL) was heated to 50°C to dissolve
the gelatin (10g) to yield a 10% w/v solution. While stirring at 240 rpm, MA
(8 mL) was added to the gelatin solution dropwise, resulting in a turbid mixture,
which was stirred for 2h at 50°C. This condition was particularly chosen to prevent
the hydrolysis of the proteins in gelatin [32]. To stop the reaction, fresh DPBS was
added to the reaction mixture, followed by dialysis using 12 kDa to 14 kDa molecular
weight cutoff (MWCO) membranes. This was performed by submerging the dialysis
bags in DI water continuously stirred at 300 rpm and heated at 40°C, for at least
seven days in order to remove unreacted methacrylic acid and other impurities. A
clear solution was obtained after dialysis, which was lyophilized using the freeze
dryer, yielding white solid GelMA foam. The dry GelMA tubes have a shelf life of
several months when stored in a dry environment.

2.2.3 Bulk GelMA scaffolds fabrication

A 0.5% w /v solution of Irgacure in DPBS was prepared by mixing 25 mg of photoini-
tiator in 5mL of buffer solution, followed by stirring and heating for about 20 min
at 80°C. Once the PI had dissolved, dry GelMA was added to obtain the desired
hydrogel concentration and the solution was again heated to 80°C for 30 min. The
GelMA warm solution was then filtered using the syringe filter to remove any debris
or contaminant. It was important to remark that, prior to utilization, the GelMA
solution with photoinitiator was light sensitive and therefore it must be stored in
dark containers. To obtain a uniform thickness for all samples, a specific crosslinking
setup was been designed: two stacks of microscope glass cover slips were placed over
each side of a microscope slide as spacers, the number of slips defines the thickness
in multiples of 100 pm. Then, a defined amount of liquid GelMA was pipetted in
the space in between the cover slip stacks, the volumes used depend on the desired
sample dimensions. Finally the droplet was leveled with respect to the spacers using
another cover slip. In this case, rectangular samples of ~25mm length, ~10 mm to
20mm width and ~0.3mm to 1 mm thickness, depending on the application. The
sample was then crosslinked using the UV curing system described in the previous
section: the exposure to UV (360nm to 480 nm) was performed at an intensity of



10mW cm~2 for 1, 2 or 3 min, yielding bulk gel samples that were later punched,
for compression tests and cell studies, or cut for tensile tests

Figure 2.2: Schematic drawing illustrating the crosslinking setup. Pressing the top
slide allows the creation of highly uniform samples for repeatable measurements.

2.2.4 GelMA bead fabrication

10 mL of 0.5 % solution of surfactant in oil was made by mixing 1 mL of Pico-Surf
5% in 9mL of Novec7500. A solution of GelMA and photoinitiator was prepared as
indicated in the previous paragraph. Both solutions were loaded into syringes and
mounted on two separate syringe pumps. TYGON® tubing was used to connect
the syringes to the microfluidic device: to plug into the 0.8 mm punched holes short
cuts of PEEK tubing were used to lower the flow resistance and therefore reduce
the chances of leakage from the inlets. Consequently the TYGON® tubing was
directly plugged into the outlet of the device, pouring the outflow in a replaceable
microcentrifuge microtube. Then the flow rates were set for each syringe pump in
order to obtain the desired microbead size and finally the pumps were activated,
starting with the syringe containing oil and following with the GelMA one. It
is important to maintain the GelMA syringe and the relative tubing at ~37°C
in order to lower the viscosity of the gel, especially if high in concentration, else
clogging might occur in the microfluidic chip. Care must be taken not to raise also
the temperature of the chip and therefore of the oil: this would make the oil/water
phase interface unstable because of the thermal energy acting on the surfactant.
The operation of the microfluidic chip was constantly monitored using the inverted
optical microscope. Depending on the GelMA flow rate, the Eppendorf tubes were
periodically replaced to obtain well defined volumes of beads per each container.
The full tubes then were stored in a 4°C fridge to preserve the spherical shape of
the beads.

2.2.5 GelMA beads handling protocol

The GelMA microbeads were processed following a novel procedure, exploiting the
temperature dependence of the hydrogel’s viscosity. The microbeads and the solu-
tions used for processing were constantly kept at 4°C using an ice bath. A 20%
v /v solution of perfluorooctanol in Novec 7500 was prepared and cooled down along
with a 0.5% solution of PI in DPBS. The microbeads suspension was centrifuged
for 10s and the oil was pipetted out from the bottom of the tube, since it is the
heaviest. The PFO solution was then mixed with the microspheres in equal volume,



in order to break down the emulsion and remove the surfactant from the microbeads’
surface. The Eppendorf tubes were agitated for few seconds, let to rest for 3min,
centrifuged again for 10s and finally the PFO solution was pipetted away. Then,
the PI solution was added, in a 1:1 ratio with respect to the volume of beads, then
the tubes were shaken and centrifuged as before and finally the remaining oil was
removed from the bottom and the excess DPBS was taken away from the top. The
concentrated suspension was withdrawn with the positive displacement pipette and
placed onto the crosslinking setup introduced in section 2.2.3.

Non-annealed crosslinked microbead samples, that are isolated GelMA beads, can
be obtained by crosslinking a small volume of highly diluted suspension on a regular
microscope glass slide. The beads can then be stored in a centrifuge tube and shaken
for 10s to obtain separate microspheres.

2.2.6 Pore size measurement

In order to visualize the interstitial voids in between the beads, various beaded
GelMA samples (several copies for each exposure time) were incubated in a DI wa-
ter/based 15 mmol solution of fluorescein isothiocyanate-dextran for at least 30 min.
The samples were then placed on a microscope cover slip, kept hydrated using the
same fluorescent solution and imaged using the confocal microscope. For each sam-
ple about 100 z-slices were captured, each with a voxel depth of 1.3 pm, pinhole
diameter of 20 pm and Green Fluorescent Protein (GFP) filtering as setting. Void
fraction and pore size were automatically analyzed using a MATLAB script: to ob-
tain the first, the total pore volume was calculated by summing up the pore area
(in pixels) for each Z-slice to then multiply the result times the volume of a single
voxel (11.7pm?). The ratio between whole sample and total pore volume was fi-
nally calculated. The median pore diameter was obtained using several slices and
evaluating the area of each interconnected pore to then derive the diameter of the
relative equivalent circle.

2.2.7 Mechanical analysis

The mechanical analysis was performed on bulk and beaded GelMA samples crosslinked
for 1, 2, 3min, using the Instron testing system with a 100 N load cell mounted. Sam-
ples were always incubated in DPBS for 1h before testing. Compression measures
were performed on samples of 8 mm diameter and 1 mm thickness, obtained using
proper spacers and a puncher. The tests were performed with a compression rate of
Imms~! and stopped at a strain of 0.3. The region from 0 to 0.1 strain was linearly
interpolated to obtain the Young compression moduli.

Tensile tests were performed by cutting the crosslinked samples into rectangles, with
size 10mm x 15mm x 1 mm. These were then glued to a paper holder using a com-
mon cyanoacrylate-based glue, such as Krazy Glue. Given the large difference in
magnitude of both hardened glue and paper, such setup can be considered reliable
for measuring the Young tensile moduli of the hydrogels. The paper holders were
clamped to the Instron test grips and the experiment was performed at a rate of
10mms~—t. The slope of the linear stress-strain region at strain <10 % provides the
tensile modulus.

Image 2.3 shows the two measuring setups used.
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Figure 2.3: Mechanical characterization setups using the Instron testing column:
(A) Compression, (B) Tensile.

2.2.8 Rheology studies

Oscillatory shear rheology was conducted using the MCR 302 Rheometer to char-
acterize the rheological properties of the gels. The machine setup consists of a par-
allel plate geometry, with a sandblasted measuring plate and 8mm rotating probe
(PP08/S), then the calibration was performed and the samples were loaded one by
one. To obtain the viscoelastic moduli, an oscillatory frequency sweep was per-
formed at 0.1rads™! to 100rads~! under a small oscillatory strain of 0.1%, all in
the linear viscoelastic region at 25 °C, obtaining the viscoelastic moduli vs angular
frequency. The samples were hydrated during the experiments thanks to a controlled
environment chamber provided by the manufacturer.

2.2.9 Temperature stability studies

The temperature stability studies of non-crosslinked beads after performed following
the washing step, as described in section 2.2.6, then transferring them into closed
tubes containing DPBS+PI solutions at different temperatures: the 37°C suspen-
sion was kept in the cell incubator, the 4 °C suspension was kept in a monitored ice
bath and the room temperature sample was kept in a ventilated open environment.
The analysis on crosslinked beads was done washing the individual microspheres and
exposing them to UV (120s at 10mW cm™2), as described in section 2.2.6. They
were then transferred into a 37°C PBS+PI solution, to verify the bead stability in
an cell incubation environment.

Images of the samples were captured at predetermined timepoints, pipetting 20 pL
of suspension on glass slides and imaging using brightfield microscopy. The size
variation, that is the swelling in this case, was measured using the ImageJ software:
in depth, the images were thresholded in order to highlight only the edges of the
separate beads, obtaining a binarized black&white image. Then, the function “Fill
holes” was used to obtain full circles out of the rings created from the bead edges.
Following, the “Watershed” function was used to separate the beads that were in
contact with each other. Finally the “Analyze particles” function was used to auto-
matically find and measure the bead areas with the help of some parameters set by
the user such as circularity, set to 0.95 (out of 1) to filter out broken and deformed
beads, and size, set in a range of 90 pm? to 150 pm?. Once all the areas were eval-



uated, the equivalent diameter was extracted by inverting the circle area formula.
Figure 2.4 shows the different steps of the algorithm.

N

Figure 2.4: Pictures illustrating the algorithm used to automatically measure the
equivalent diameters of the beads when imaged using brightfield microscopy: (A)
Original image in grayscale, (B) Thresholded image, (C) Bead filling and Watershed
algorithm application, (D) Identified bead edges.

2.2.10 Swelling and shrinking analysis

The swelling and shrinking studies on non-annealed beads, either in their gel form
or crosslinked for 120s, were performed starting from a DPBS dilute dispersion of
beads kept at 4°C. Swelling studies were performed by dispersing the beads in
deionized water, while the shrinking studies were performed in 5X DPBS.

The studies on non-crosslinked beads were performed at 4 °C: in this case the initial
timepoint coincides with the end of the washing step, that is the oil removal. The
crosslinked microspheres were analyzed while incubated at 37 °C, simulating the cell
culturing environment conditions. The beads, dispersed in DPBS, were crosslinked
after the cleaning process and incubated in the designated solutions.

The samples were imaged at predefined timepoints using brightfield microscopy and
the size was measured following the same method described in the previous section.

2.2.11 Atomic Force Microscopy indentation studies

An Atomic Force Microscope was used to evaluate the Young modulus of single
microbeads and their bulk equivalents. The machine used, a BioScope Catalyst
AFM, was jointly equipped with the Zeiss LSM 5 confocal microscope, improving the
tip positioning accuracy. The samples, individually crosslinked microbeads and bulk
GelMA gels, were glued on glass slides using the Cell-Tak tissue adhesive and later
submerged in DPBS, along with the probe cantilever, ready for the measurements.
As specified in the Materials section, the probe tip consists of a microsphere, in order
to avoid penetration into the surface of the sample. Therefore, the measurements
were carried out with a 100nm indentation, calculating the compression moduli
using the Hertz mechanical contact model commonly used for spherical probes [16].
3 samples per condition were analyzed: for the case of microbeads, at least 5 beads
per sample were considered, each was characterized 5 times, totaling 25 measures
per sample. Bulk GelMA samples were studied in the same fashion, 5 positions 5
times each for a cumulative of 25 measures per sample.
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Figure 2.5: Pictures illustrating the AFM tip morphology and operation when used
in tapping mode to evaluate the Young compression modulus of a single GelMA
microbead.

2.2.12 Cell culture

Cells were cultured in dedicated flasks, under a 5% CO, atmosphere at 37°C in
a regular cell culture incubator. NIH/3T3 fibroblasts were cultured in Dulbecco’s
Modified Eagle’s Medium (DMEM), supplemented with 10 % Fetal Bovine Serum
(FBS) and Penicillin/Streptomycin antibiotics(P/S), cell passaging was performed
approximately twice a week. Immortalized human umbilical vein endothelial cells
(HUVECSs) were cultured in endothelial growth medium 2, mixed with Supplement-
Mix and P/S. Cell medium was replaced every 2 or 3 days for both cultures, while
also checking cell adhesion to the flask as an indicator of cell health. HUVEC and
3T3 cells were then withdrawn to perform the experiments using 0.5% trypsin-
EDTA, followed by counting using a hemocytometer and resuspension either in the
media (for cell migration tests), GelMA solution (for bulk encapsulation), or cooled,
and therefore physically-crosslinked, bead suspension (for encapsulation in beaded
GelMA scaffolds).

2.2.13 3D cell encapsulation

Cell-loaded scaffolds of bulk and beaded GelMA were prepared by taking 20 pL of
NIH/3T3 fibroblasts cell suspension, with a density of 10° in 1 mL of DMEM disper-
sion medium, mixed either with 80 pL of GelMA ( ~25%), obtaining an hydrogel
a final concentration of ~20% or, in the other case, mixed with 80 pL of concen-
trated bead suspension (~ 45 x 10* beads per mL) in DPBS with 0.5 % PI. The cel-
1/GelMA (beads or bulk) volume was then crosslinked using the previously described
setup: UV intensity was set to 10mW cm~2 and exposure time was 120, obtain-
ing samples of ~10mm in diameter and ~0.3mm thickness. Thin samples were
preferred in order to facilitate imaging using fluorescence and confocal microscopy.
Each sample, having ~ 5 x 10° cells encapsulated inside, was gently washed with
warm DPBS (37°C) to remove non-crosslinked GelMA or non-annealed microbeads
and surface cells. Finally the samples were transferred to 6-wells plates and cul-
tured in media for up to 14 days, with periodic media changes every 48 h. Multiple
samples, with at least 3 replicates per timepoint, were then imaged after staining at
predefined intervals using the fluorescence microscope.



2.2.14 Metabolic activity assessment

The cellular metabolic activity in cell-encapsulating samples was measured on day 1,
3, 5, 7 and 14, using the PrestoBlue™assay. The measure was performed using the
manufacturer protocol [22]: the results were obtained using the microplate reader
BioTek and the values were corrected with respect to the background signal of the
PrestoBlue™-containing media without cells.

2.2.15 3D cell migration

Bulk and beaded GelMA samples were prepared using the standard procedure
illustrated previously: cylinders with ~10mm diameter and ~0.3 mm thickness,
10 mW cm ™2 were UV exposed for 120s and punched. Then 50 pL of cell suspension
(1 x 10° cells per mL) were gently pipetted onto the samples: some were immedi-
ately imaged while others were analyzed at different timepoints. To facilitate the
operation, thick PDMS molds were used to confine the volume around the cylinders
and simplify pipetting. Imaging was performed using confocal microscopy, capturing
~ 180 slices starting from the bottom.

2.2.16 Live/Dead assay

Cell viability in the hydrogel samples was assessed using a Live/Dead assay: the
hydrogels were incubated for 20 minutes using 1 mL of staining solution prepared by
adding 20 pLL of ethidium homodimer-1 and 5 pL of calcein AM to 10 mL of DPBS.
Imaging was performed using the fluorescence microscope at excitation/emission
wavelengths  494/515nm for calcein and 528/617nm for ethidium homodimer-1.
It is important to note that this staining kills cells and therefore samples must be
disposed of once imaged. Live and dead cell counting was performed using the func-
tions provided by ImageJ: the images were split in separate channels and therefore
dyes, then each was thresholded to highlight only the bright cells, aggregates were
broken into different parts using the ” Watershed” function and finally the ” Analyze
particles” command is used to count the cells.
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Figure 2.6: Schematic of the cell experiments to be performed on the scaffolds.




Chapter 3

Results and discussion

In the following chapter, the main results are shown and analyzed.

3.1 GelMA bead fabrication

The flow focus microfluidic droplet generating device is able to produce microbeads
of tunable size, operating on a wide range of concentrations of GelMA solutions.
Tuning the ratio between GelMA and oil flow rates, it is possible to obtain different
bead diameters: in this case the GelM A flow rate is kept constant while sweeping the
oil flow rate. The microfluidic system can deliver highly uniform bead sizes, tunable
with high accuracy within the resolution of the syringe actuators, and with fabri-
cation rates reaching up to 45000 microbeads per minute when using low-viscosity
polymer solutions. At higher concentrations, and therefore higher viscosity, the wa-
ter phase flow rates must be reduced to avoid pressure build-up in the microchannels.
Another side effect is the difficulty in generating larger GelMA beads: when using
highly viscous solutions, the oil flow rates must be high enough to pinch the other
flow, making it difficult to achieve large microbeads.

An approach to improve the system’s performance is to lower the viscosity of
thermally-responsive polymers such as GelMA: warming up both syringe and tub-
ing, it is possible to achieve sizes similar to the ones obtainable using lower polymer
concentrations. In this case the temperature of the solutions was regulated to ~37°C
using an incubator.

It is possible to achieve bead sizes within the ranges of 75pum to 115 pm, 70 pm to
110 pm and 75 pm to 105 pm using 7 %, 10 % and 20 % GelMA solutions respectively.
The worst case Coefficient of Variation (CV) is 0.33, when using high viscosity lig-
uids, indicating a highly uniform size distribution. The bead fabrication rate can be
easily derived for each condition dividing the flow rate by the single bead volume.
A thorough study on the performance of the microfluidic droplet generation device
has been carried and the results are displayed in Figure 3.1.

The water phase flow rates are fixed for each polymer concentration: the 7%, 10 %
and 20 % solutions flow at 10, 4 and 0.5 pL min~! respectively.
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Figure 3.1: (A) Plot showing the versatility of the flow-focus droplet generation
device, generating beads with diameter from circa 70 pm to 120 pm by altering the
flow ratio, (B) Picture of the device in operation, scale bar indicates 500 pm, (C)
GelMA microbeads in oil, scale bar indicates 100 pm

3.2 Microbead processing and scaffold fabrication

The microbeads were processed following the procedure described in section 2.2.5.
The newly designed cleaning protocol preserves the spherical shape, apart from a
fraction of the beads (<~1%) that got damaged (broken, deformed) because of
the handling, probably when pipetting and centrifuging. The protocol is therefore
efficient in cleaning the microbeads from the oil, without the use of any chemical
reaction but only exploiting physical crosslinking, leveraging therefore the temper-
ature sensitivity of GelMA.

Some phenomena are worth noticing during these steps, a first example is the change
in size when cleaning the emulsion from the oil: when dispersed in the PBS+PI so-
lution, the beads are noticeably larger, showing a ~30 % increase in diameter. This
can be attributed to the change in interfacial forces between the GelMA solution
forming the bead and the surrounding liquid, enhanced by the removal of the sur-
factant covering the bead surface. Another cause of swelling is also the diffusion of
PBS into the bead because of osmotic pressure. UV-mediated crosslinking further
changes the size of the microbeads, these in fact shrink by ~20% in diameter after
exposure in the PBS+PI solution. This behavior can be explained by considering
the crosslinking mechanics: in fact the inter-chain linkage obtained when the pho-
toinitiator is activated “pulls” the polymeric chains closer to each other, reducing
therefore the total volume of the bead. Another effect due to crosslinking is the
formation of certain patterns on the single beads: because of the light scattering
through the water phase, some lines appear in the microbeads. Moreover, some
circular traces might appear when beads are laying over others, acting as lenses.
This phenomenon is easily observable when crosslinking single beads and dispersing
them in PBS

Following the method illustrated in section 2.2.3 and using a highly dense suspension



of microbeads in PBS+PI, it is possible to obtain highly annealed microstructures
that result to be stiff and interestingly, self-standing. The beaded GelMA scaffolds
can withstand immersion in cell media and incubation for more than 14 days, making
them a promising support for 3D cell cultures.

Figure 3.2: Beaded scaffold pictures showing: (A) Brightfield microscopy image, (B)
Self-standing structure and shape, (C) Ease of handling. Scale bar indicates 250 pm

3.3 Temperature stability studies

The temperature stability studies are carried on individual beads both UV-crosslinked
and non-crosslinked, as described in the methods section 2.2.9. The length of the
experiments is chosen depending on the behavior in each condition. This experiment
is needed to verify the stability of the beads during the handling steps, when the
are physically crosslinked and transferred to an aqueous solution. The chemically
crosslinked samples were tested under incubation conditions (at 37°C), to verify
their compatibility with cell culture protocols. From the data acquired, it can be
seen that physically crosslinked beads are stable for up to 6 h when stored in a 4°C
suspension, while after 12h their diameters increase by circa 15 % due to swelling.
Beads stored at room temperature start increasing their volume after 3 min, indicat-
ing their high susceptibility to warmer temperatures. After 10 min, 30 min and 1h
the diameters are circa 7 %, 20 % and 50 % larger, respectively. At the last timepoint
the beads are hardly distinguishable from the background because of the very high
swelling. As expected, the non-crosslinked beads can withstand higher temperatures
for even shorter times: at 37 °C the beads are stable for a single minute, after which
they rapidly swell and then dissolve in the suspending solution.

Meanwhile, chemically crosslinked beads show a very high stability at cell incubation
temperature, 37 °C: after a 24 hours monitoring period, the diameter variation of the
microbeads is not significant, staying almost constant over the entire experiment.
This property makes the GelMA microbeads compatible with the cell culturing en-
vironment and therefore also suitable for the fabrication of 3D scaffolds for tissue
engineering.

Figure 3.3 provides a summary of the results obtained in this experiment.
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Figure 3.3: Table summarizing the results of the temperature stability studies. The
pictures are a sample of those used for deriving the data plotted on the side. Scale
bars indicate 200 pm

3.4 Swelling and shrinking studies

Crosslinked and non-crosslinked beads are then considered for studies on their
swelling and shrinking behaviors in water with different ionic concentrations. To do
so, beads are immersed in specifically formulated solutions as indicated in section
2.2.10. After observing the behavior of the beads in previous trials, the measure-
ments on non-crosslinked beads are carried on a span of time up to 20 min since the
bead size would be stable thereafter. For similar reasons, the crosslinked beads are
monitored for 120 minutes.

As expected, for both bead conditions there is a change in volume depending on the
surrounding solution: non-crosslinked beads react faster and in larger magnitude,
swelling up to 10 % and shrinking up to 4 %, because of the high degree of freedom of
the polymer chains that can easily absorb or expel the water molecules surrounding
them. Crosslinked microbeads are instead more stable, as expected, for the oppo-
site reason: polymer chains are tightly bound to each other by the photoinitiator,
making the beads less susceptible to water transfer due to osmotic pressure. Figure
3.4 and 3.5 display images of the beads before and after the predetermined incuba-
tion times, either in deionized water or 5X PBS. The change in volume is hardly
evaluated by eye, the results are therefore obtained through image processing using



ImageJ. The crosslinked beads instead did not either shrink or swell in a significant
manner: a small and random population of beads did experience a change in vol-
ume in both cases, probably because of partial crosslinking, but the largest part has
slight variations in size, negligible with respect to their diameter.

This experiment shows how stable these beads are in different immersion solutions,
ranging from deionized water to 5X phosphate buffer solution. Such property makes
the microbeads a reliable building block for the fabrication of scaffolds for 3D cell
cultures, to be therefore soaked in a wide variety of cell culture media.
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Figure 3.4: Shrinking and swelling behaviors of non-crosslinked GelMA microbeads
immersed in hypertonic or hypotonic solutions, scale bars indicate 200 pm.
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Figure 3.5: Shrinking and swelling behaviors of individually crosslinked GelMA mi-
crobeads immersed in hypertonic or hypotonic solutions, scale bars indicate 200 pm.

3.5 Pore size characterization

Porosity is one of the main characteristics that are crucial for the development of
novel scaffolds for 3D cell culturing: pore size, shape, density and hierarchy are fac-
tors that influence how cells organize in space, receive nutrients, communicate with



each other, grow and also mutate or differentiate in specific cases [8]. Given the
spherical shape of the microbeads, these organize themselves in opal-like structures
where each bead is touching the surrounding ones ideally through single contact
points. An entire branch of geometry, pioneered by mathematicians such as Gauss,
is dedicated to the sphere packing problem but is out of the scope of this work. In
brief words, a wide range of different pore types (both in size and shape) are formed
in between the beads: their size depends on different factors such as bead diameter
and organization in space. The smallest achievable pore size can be obtained when
the beads are organized in a close-packed geometry, in that case pores occupy 26 %
of the whole volume [14].

Following the technique described in section 2.2.6, it is possible to evaluate the
porosity of the scaffolds using confocal microscopy and a fluorescent dye to then
conduct the equivalent of a tomographic study of the structure. Circa 100 Z-slices
are acquired, from these a 3D reconstruction can be obtained using ImageJ, an ex-
ample is displayed in figure 3.6.

Top View Orthographic Projection

Figure 3.6: Top and orthographic views of the 3D reconstruction of the porous
architecture of the beaded GelMA scaffolds. The voids represent the spaces occupied
by microbeads while pores are represented by the green-dyed structures. The sample
consists of 20 % GelMA beads annealed for 120s.

The reconstructed geometry shows that the scaffolds have a highly interconnected
porous structure, facilitated by the loose packing geometry: it is experimentally
proven that the packing density is strongly dependent on the time between mold
filling and annealing [27]. In fact, a longer time between the two sample fabrication
steps allows the microbeads to move and settle into more stable positions, with the
final goal to get a close-packed overall geometry. Therefore, to achieve results as
uniform and meaningful as possible, the time between mold filling and UV-annealing
is kept constant throughout the experiment to 60s.

One of the main hypotheses formulated in this work is that the porosity of beaded
GelMA scaffolds could be independent on the structure’s stiffness, that in this case
is a function of the UV exposure time. To prove such claim, a custom MATLAB
script is used to evaluate void fraction and pore size distribution throughout the
samples’ thickness, as described in section 2.2.6. Results are displayed in figure 3.7
Given the results obtained, several conclusions can be derived: as hypothesized the
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Figure 3.7: (A) Extract from the pore analysis script showing how each slice is
processed, interconnected pore areas are tagged and their areas evaluated to finally
calculate void fraction and median pore size, (B) Void fraction at different scaffold
annealing times, (C) Median pore size for the same scaffolds. Scale bars indicate
250 pm

pore size is independent from the stiffness of any beaded GelMA scaffold, that is
the opposite behavior with respect to bulk scaffolds. Moreover, the void fraction
amounts to circa 35% of the total sample volume, indicating that the microbead
packing is not the most efficient, as expected. Finally the equivalent pore diameters
show a distribution towards the smaller values as expected, this is due to the geom-
etry of the structure.

It is intuitive that pore size can be easily controlled by tuning the microbead sizes:
smaller diameters will induce smaller pores. However to keep the same stiffness
among samples made of various bead diameters, UV exposure times should be prop-
erly tuned for each condition. Gradients of porosity can also be obtained by prop-
erly laying different layers of beads of varying sizes, this would allow the design of
biomimetic structures inspired by tissues present in bones, brain and other organs.

3.6 Mechanical characterization

In this section, different mechanical properties of the annealed and non-annealed
beaded GelMA samples are described and compared with their bulk counterparts.
The methods are described in the relative sections in the previous chapter.



3.6.1 Compression

The compression moduli of the beaded and bulk GelMA samples are evaluated: it
is expected that the microbead-based scaffolds will exhibit a slightly lower Young
modulus because of the high macroporosity and the weak interconnecting forces
holding the microspheres together. Obviously, it is also expected that stiffness will
increase with exposure time.

The results of the measurements are displayed in figure 3.8.
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Figure 3.8: (A) Curves displaying the compressive stress vs strain behavior of beaded
and bulk GelMA scaffolds crosslinked for 60, 120 and 180s. (B) Logarithmic plot of
the compression moduli derived from the stress vs strain curves.

The results indicate that the beaded GelMA scaffolds have stiffnesses of 25, 46 and
107 kPa for 60, 120 and 180s of exposure to UV radiation, while bulk samples ex-
hibit stiffnesses of 140, 210 and 260 kPa with the same crosslinking conditions. As
expected, the stiffness of the beaded samples is a fraction of their bulk counterpart.
This is due to the presence of a large porous network and the weak interconnecting
forces between the microbeads. Obviously, it is possible to obtain higher moduli
with longer exposure times, obtaining scaffolds of stiffness directly comparable with
the one characterizing osseous tissues. Nevertheless such exposure times would pre-
clude the presence of cells in the scaffold prior to crosslinking due to the toxicity
of prolonged UV exposure, a hurdle that can be overcome by using visible light
crosslinking, a more cell-friendly technique requiring another photoinitiator. An-
other approach to increase the stiffness can also be further increasing the polymer
concentration, with the risk of clogging the microfluidic device, or reducing the
microbead size, obtaining smaller pores.

3.6.2 Tensile

Then, the tensile moduli are measured using the same conditions as in the previous
section. In this case the difference in moduli is expected to be larger than the
previous case since the beaded structure is held together solely thanks to the binding
forces between microspheres, enabled during the annealing process. Bulk GelMA
samples instead keep their shape thanks to the dense network of polymeric chains
bound to each other through the activated photoinitiator.

As expected, the results show a noticeable difference in tensile moduli between the



A B
30 -- Beageg 60s E 250
B 120 ~
= 251 peaded 180+ = 200+ I
o |— Bulk60s s
= 20 Bulk 120 s = 150
& 15- Bulk 180 s 'g
< £ 100-
n 9
» ]
g 50 =
0 S ol s T _H
0.00 0.03 0.06 0.09 0.12 0.15 60 120 180 60 120 180
Strain (mm/mm) Beaded Bulk

Crosslinking time (s)

Figure 3.9: (A) Curves displaying the tensile stress vs strain behavior of beaded
and bulk GelMA samples annealed, and therefore crosslinked, for 60, 120, 180s. (B)
Tensile moduli derived from the stress vs strain curves.

two sample types: beaded GelMA samples have moduli up to 10 times smaller
with respect to their bulk counterparts. For crosslinking times of 60, 120, 180s the
annealed microbead-based scaffolds exhibit elastic moduli of 10, 15, 30kPa circa
while the others have 100, 150, 200 kPa moduli. It can intuitively be deduced that
scaffold fabricated with smaller bead size will achieve higher tensile moduli, getting
closer and closer to the bulk GelMA performances, thanks to the load distribution
on the increased number of internal contact points.

An interesting property that can be deduced from Figure 3.9(A) is that both types
of scaffold share similar fracture strains at around 12 %, while the fracture strengths
differ by at least one order of magnitude. This means to obtain the same elongation
as their bulk counterparts, beaded scaffolds need smaller forces while sharing the
same maximum strain limits.

3.6.3 AFM

To verify that the properties of beaded GelMA scaffolds derive from the novel macro-
scopic morphology (that is in this case the opal-like geometry) and not from different
material properties, the stiffness of individually crosslinked beadsis evaluated. Given
the microscopic size of each GelMA microbead, the mechanical testing tower must
be replaced by a much more sensitive device, both in positioning and force: the
ideal candidate in this case is the Atomic Force Microscope, one of the most ver-
satile instruments for characterizations at the micro and nanoscale. Moreover, the
microbead stiffness is also an important parameter defining the behavior, such as
adhesion or penetration, of cells growing in the porous micro-environment. As de-
scribed in section 2.2.11, the individual beads are glued to a rigid substrate and
indented with the AFM spherical tip. Bulk GeIMA samples are also analyzed with
the same procedure. The results are displayed in figure 3.10

The plots show, as expected, that the individual microbeads have the same com-
pression Young moduli as their bulk analogues: in both cases the stiffness values
amount to circa 120, 200, 230kPa. It can be deduced then that the microbead
fabrication, cleaning and annealing processes do not alter the physical properties
of the material, making it easier to predict what will be the mechanical interaction
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Figure 3.10: (A) Curves displaying the tensile stress vs strain behavior of GelMA
microbeads and bulk samples, crosslinked for 60, 120, 180s. (B) Compressive moduli
derived from the stress vs strain curves. It can be appreciated how both GelMA
morphologies share comparable stiffness values.

between cells and beads in the scaffold.

3.6.4 Rheology

To conclude the mechanical characterization measurements, rheology is performed
to understand the deformability nature of the beaded GelMA scaffold: the storage
and loss moduli, G’ and G”, of beaded GelMA scaffolds are measured at increasing
angular frequencies through conventional rotational oscillatory rheology techniques.
This measurement is essential to understand the behavior of the scaffold in different
conditions and therefore derive its possible applications. Depending on the viscous
behavior, it may be possible to implement injectable beaded GelMA scaffolds for a
myriad of applications such as wound healing, advanced drug delivery and even cav-
ity filling in dentistry. Figure 3.11 shows the rheological behavior of beaded GelMA
versus bulk as a function of the angular frequency.

A B
10000
10000 10001 x
& 771 T 1004
& 1000 TN = //
o | J ) 10y 777 T-
100f - 1
~ s, g, ~ g, - b
10l —_CeIMA 1305 - - B:GelMA 120 0.17 — deiMA1305 - B-delMA 1205
0.1 1 10 100 0.1 1 10 100
Angular frequency (rad s) Angular frequency (rad s)

Figure 3.11: Rheological properties of beaded GelMA scaffolds compared to their
bulk counterparts in terms of storage (A) and loss (B) moduli versus angular fre-
quency. Range of measurements between 0.1rads™! and 100rads™!

The plots show the solid-like behavior of both beaded and bulk GelMA scaffolds



at low angular frequencies, in fact the storage moduli are constant at rates below
10rads™!. Increasing the frequency, it is possible to notice that the storage and loss
moduli both increase, indicating that the scaffold is transitioning towards a glassy
behavior [41]. Comparing the curves of beaded and bulk scaffolds, it is possible to
notice that the latter generally have a more elastic behavior: this can be explained
considering the damping effect present in the beaded scaffolds, due to the larger
porosity and most importantly to the friction forces that are present in between the
microbeads. The results also confirm that the elasticity of the scaffolds, indepen-
dently from the type, increases with longer crosslinking time: this can be intuitively
deduced from the dynamics of crosslinking, where long polymer chains find them-
selves bound to each other covalently through the activated photoinitiator, reducing
the energy dissipation due to polymer chains sliding against each other.

Figure 3.12 focuses on a particular oscillation rate, set to ~1rads™! circa and com-
pares storage and loss moduli for both types of scaffolds.
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Figure 3.12: (A) Storage moduli at frequency ~1rads~'and ~0.1 % strain, evaluated
for bulk and beaded GelMA scaffolds. (B) Same as the adjacent image but relative
to the loss moduli. 0 crosslinking time in beaded samples indicates non annealed
structures.

Finally, it can be concluded that the annealed beaded GelMA scaffolds can be used
for Organ-on-a-Chip applications and tissue repair, however the results also mean
that these structures are not suitable neither for injection nor other applications that
require shape adaptivity, such as fillers. A possible solution for such application can
be achieved using partially crosslinked beads that are injected and exposed to UV
(or any other crosslinking light) immediately after, directly in situ.

3.7 Cell studies

The final goal of the development of beaded GelMA structures studied in this work
is to develop novel scaffolds for 3D cell cultures for a multitude of applications.
Therefore it is compulsory to perform studies on cell viability and behavior in such
a new environment. In this section there are shown experiments and results proving
the compatibility between the scaffold fabrication process and the cell the viability
and proliferation. Novel properties are also highlighted, such as high speed cell
penetration into the scaffolds, exploiting the characteristics of the porous structure.



All experiments are performed using 20 % GelMA, comparing the beaded GelMA
scaffolds with the bulk ones, further drawing attention to the novel applications
available with the beaded architecture.

3.7.1 Cell encapsulation

The first biology-focused experiments consist in a cell culture study performed by
mixing 3T3 cells with a concentrated suspension of physically crosslinked GelMA
microbeads to then form solid scaffolds via UV annealing. The methodology fol-
lowed to perform the cell encapsulation is thoroughly described in section 2.2.13,
while the metabolic activity assessment method and live/dead staining protocols are
explained in sections 2.2.14 and 2.2.16 respectively.
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Figure 3.13: (A) Fluorescence microscope images of 3T3 cells embedded inside the
beaded GelMA scaffolds after live/dead staining, with timepoints up to day 7 (B)
Day 1 live/dead staining of the same cells embedded into bulk GelMA scaffolds.
Scale bars indicate 500 pm

Day 1

Day 7

Figure 3.13 shows the results of the live/dead staining of the encapsulation exper-
iments. It is interesting to notice how the 3T3 cells keep growing over time, with
a negligible amount of cell death. Day 7 images show that cell spreading starts
around the first cells that are seeded, occupying as much pore space as possible.
Part (B) shows instead that the cells embedded into bulk scaffolds die at day 1: this
is the expected result since such a high concentration of GelMA induces very small
porosity and high stiffness, compromising the possibility for the cells to spread and
therefore inducing their death.

It is possible to quantitatively evaluate the compatibility of the scaffolds with cell
cultures: thanks to the viability essay and image processing on the live/dead im-



Figure 3.14: Fluorescence and brightfield images overlay, showing a close-up of the
beaded GelMA structure, where cell adhering to the beads surface are spreading
through the pores. 3T3 cells stained with live/dead staining. Scale bar indicates
100 pm

ages it is possible to measure the amount of viable cells and their activity. The
PrestoBlue' " does not induce cell death, meaning that the same scaffold are moni-
tored at every timepoint, moreover it can be implemented in multiple-well plates and
analyzed using a well plate reader, making high throughput quantification possible.
Another advantage of the essay is that it permeates the whole sample, overcoming
the limitation caused by the field of view when imaging the live/dead stained cells.
Figure 3.15 shows the results of such measurements.

A B
120 330
100/ . s s > :
Z 80 } Z 20/
b O [
S 601 £
= 40{ 3 10 .
Q Q
O 201 = .
o z o — : : :
1 1 3 5 7 3 5 7 14
Bulk Beaded

Incubation time (days)
Incubation time (days)

Figure 3.15: (A) Plot indicating the ratio between live and dead cells in the im-
ages displayed in figure 3.13 (B) PrestoBlue™assay fluorescence intensity readings,
performed up to 14 days after incubation.

As expected, the viable cells in the beaded GelMA constitute the majority, while
the bulk GelMA scaffolds are a harsh environment for cell growth inducing death at
day 1.



3.7.2 Cell penetration

Given the porous geometry of the beaded GelMA scaffolds, it is expected that cells
will tend to migrate and penetrate through the structure. This is a feature that
is hardly achievable in the bulk counterparts, where the entangled polymer chains
network induces sub micron-sized pores, reducing the spatial freedom for the cells.
The goal of this experiment is to validate such hypothesis by pipetting a cell suspen-
sion of HUVEC cells over beaded and bulk GeIMA scaffold, following the procedure
described in section 2.2.15.

Figure 3.16: (A) Lateral view of the 3D reconstruction representing the cell penetra-
tion of the HUVEC cells into a bulk GeIMA substrate, after 1 hour (B) Orthographic
view of the same. Sides are 1550 pm long and height is 254 pm high

Figure 3.16 shows the first experiment performed on a bulk substrate, showing the
still circular cells laying on the top surface of the sample, an expected behavior.
Some of the cells are already adhering, spreading flatter on the surface: over time
the majority would stick to the 20 % GelMA and proliferate as if cultured on top of
a regular plastic substrate used in routine cell cultures.

Figure 3.17 shows the analogous beaded sample: it is straightforward to notice that
the cells have quickly penetrated through the entire scaffold, some reaching the
bottom surface in contact with the supporting microscope slide. Given the method-
ology followed, dispensing the cell suspension from the top, it can be deduced that



Figure 3.17: (A) Lateral view of the 3D reconstruction representing the cell pen-
etration of the HUVEC cells into a beaded GelMA substrate, after 1 hour (B)
Orthographic view of the same. Sides are 1550 pm long and height is 254 pm high

this migration phenomenon is driven by both capillarity and gravity: the first is
faster since water (or cell media) naturally infiltrates the pores, further hydrating
the entire scaffold. Gravity is then driving the cells towards the bottom, because
of their low buoyancy in media, making them sink. The sample thickness in both
experiments is set to ~0.3 mm, a relatively low value chosen in order to successfully
image the cells throughout the whole scaffold and avoid diffraction effects due to
the multiple microbeads layers that are before the confocal microscope objective.
Imagining a thicker sample, cells would hardly reach the bottom, gradually settling
down on the microbeads surfaces. As a final note to the reader, the shape of the
features shown in this figure can be explained considering the fact that cells might
have formed aggregates while penetrating the scaffolds, moreover some cells might
be also still moving through if not attached yet to the beads.

Finally, since the penetration experiments confirmed the previously formulated hy-
potheses, it can be deduced that cell migration can be achieved providing an appro-
priate driving force: capillarity, gravity, low and the application of chemokines can
pull or push cells through the tunable pores, making it possible to perform a new
class of experiments not available when using bulk hydrogel scaffolds.






Chapter 4

Conclusions and Perspectives

4.1 Conclusions

In this work, a novel application of GeIMA microbeads, generated with the help of
droplet microfluidics has been introduced: a robust and simple bead manipulation
protocol has been developed, allowing the extraction of the GelMA microspheres
from the oil suspension, exploiting the temperature-based physical crosslinking of
the polymer. Doing so, a reduced number of chemical treatments are needed, making
the process more favorable for the culturing of sensitive cell lines. Moreover, such
approach allows the creation of scaffold constituted by GelMA microbeads enriched
mixing other chemicals, such as mineral crystals or drugs, expanding the possible
applications of the platform.

Following, a thorough characterization work is performed on the beads, both indi-
vidually and when annealed in a self-standing structure: first the construction of self
standing scaffolds is validated, macroscopically and at the micron scale. Then a tem-
perature dependence study is performed to understand the behavior of crosslinked
and non-crosslinked individual beads under different environments, showing that
crosslinked samples can withstand cell incubation temperatures. Also, the swelling
and shrinking of single microbeads is measured immersing them in two different ionic
strength solutions, namely deionized water and high salinity PBS, and therefore con-
firming the stability conferred by the chemical crosslinking. The scaffold porosity is
evaluated with the help of confocal microscopy, showing a large pore size suitable
for cell infiltration and proliferation. Following, a set of mechanical characteriza-
tion measurements have been performed: compression studies on beaded scaffolds
showed that it is possible to obtain similar stiffnesses as their bulk counterparts,
tensile studies showed the low force values holding the beads together, rheology
studies confirmed the similar viscoelastic properties as bulk scaffolds. Finally com-
pression measurements performed on single beads, with the help of an Atomic Force
Microscopy setup, validated that the microbead handling protocol has not altered
the GelMA mechanical properties, since both beads and bulk samples have shown
similar values.

Finally, cell culturing studies have been successfully performed using two different
techniques, validating the possibility to use the newly developed GelMA beaded
scaffolds for tissue engineering. Mixing cells and bead suspensions together and
annealing the mixture, it has been experimentally proven that the microbead han-
dling protocol is cell-friendly and compatible with any encapsulation experiment.
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Secondly, cell penetration experiments have show that the porosity of the scaffolds
facilitates both percolation and migration, opening new possibilities of experiments
on cell migration, such as in cell intravasation and extravasation proper of metastasis
in vitro models.

4.2 Perspectives

This work validated the promising properties of GelMA-based 3D scaffolds for the
various application possible in tissue engineering. In this last section, a set of pro-
posed projects and experiments are briefly described, leaving the work to the future
hard-working and creative scientists interested in this platform.

A first expansion might the encapsulation of cells inside individual beads: to achieve
uniform distributions in each droplet, new microfluidics should be designed and
tested. Then the handling protocol should be tested and, if effective, a new set of
applications would become possible. This way spheroids of uniform size could be
produced, in the same fashion as in other works carried using other biomaterials
Another intriguing experiment would exploit the high porosity of the beaded scaf-
folds to create highly vascularized tissues in vitro, using endothelial cells: the biolog-
ical experiments performed in this work confirm the possibility of tightly embedding
cells in between beads. A further evolution can be the implementation of a contin-
uous media flow through the scaffold, simulating blood flow and interacting with
the cells adhering to the beads, using a specifically designed and simple microflu-
idic device to confine the flow inside the structure. Leveraging on the results that
could be obtained in these two proposed experiments, an important step forward
could be achieved in the fabrication of large scale functional Organs-on-a-Chip: cell
encapsulated in properly-sized beads would then form spheroids, but thanks to the
vascularization, these would not overgrow and therefore would have negligible, if not
even absent, necrotic cores.
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