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palavras-chave

resumo

Bio-impressdo 3D, biotintas, hidrogéis, microparticulas, alginato de sddio,
acetato de celulose

O dano de tecidos e 6rgdos pode ocorrer por diversas razdes, tais como lesao,
doenca ou falhas no seu desenvolvimento. A bio-impresséo 3D surge como uma
técnica inovadora para a producao de analogos de tecido vivos que podem ser
usados na regeneracao de tecidos danificados, no dominio da engenharia de
tecidos. As biotintas sdo os materiais depositados pelas bio-impressoras e a sua
escolha adequada é fundamental para o sucesso do processo de bio-impresséo.
Uma biotinta deve ter elevada capacidade de impresséo, ser insolivel no meio
fisiolégico, ter grande estabilidade mecénica, garantir uma taxa de degradacéo
adequada, ser citocompativel e ndo imunogénica. Embora se tenham observado
diversos avangos neste dominio, o desenvolvimento de biotintas com elevado
desempenho mecanico e viabilidade celular é ainda uma das principais
limitagbes nesta area. Desta forma, o objetivo desta dissertacdo é o
desenvolvimento de uma nova biotinta do tipo microtransportadores a base de
microparticulas de acetato de celulose e de um hidrogel de alginato de sédio,
com propriedades mecanicas melhoradas e elevada viabilidade celular. O
alginato foi escolhido devido a sua capacidade de formacao de hidrogéis por
reticulagdo com cloreto de calcio e o acetato de celulose por ser um polimero
abundante, com boas propriedades mecénicas e facil de processar em
microparticulas.

As microparticulas de acetato de celulose foram produzidas por regeneracao,
na qual o acetato de celulose é primeiramente dissolvido em acetona e
posteriormente regenerado pela adicdo de agua gota-a-gota. Estas particulas
foram entdo caraterizadas quanto a sua composicdo quimica, morfologia,
tamanho e citotoxicidade. As microparticulas mostraram ser néo citotéxicas para
0s queratindcitos humanos (HaCaT), revelando todas taxas de viabilidade
celular superiores a 75%. As tintas de alginato e microparticulas de acetato de
celulose foram obtidas através da dispersdo das microparticulas de acetato
celulose (1%, 5% e 10% (m/m) relativamente a massa de alginato (m/m)) numa
solucao de alginato (4% (m/v)) e posterior pré-reticulacdo com uma solucéo de
cloreto de célcio a 0.5% (m/v). Todas as formula¢gdes foram caraterizadas em
termos da sua reologia e aptiddo a impressado. Todas as tintas revelaram um
comportamento pseudoplastico, sendo este relevante para aplicagdes em bio-
impressédo 3D, apresentando também taxas de recuperagdo superiores a 85%.
Nos ensaios de impressdo 3D foram determinados os parametros 6timos de
presséo (1,5 ou 2 bar), velocidade de impresséo (8,5 ou 10 mm/s), didmetro do
bocal de impresséo (0,25 mm) e do espacamento entre filamentos (3 mm). Desta
forma, foi possivel imprimir até 6 camadas sem perda de resolucdo para a tinta
com uma concentragdo de 10% de microparticulas. Estes resultados confirmam
as potencialidades destas formula¢des para posterior incorporacao de células
para bio-impressao de analogos de tecidos de pele.
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Tissue and organ damage can occur due to a variety of reasons, such as injury,
disease, or failure to thrive. 3D-bioprinting emerged as an innovative technique
to produce living tissue analogues that can be used in the regeneration of
damaged tissues in the field of tissue engineering. Bioinks are the materials
deposited by bioprinters, and their proper choice is fundamental for the success
of the bioprinting process. A bioink must have high printability, be insoluble in the
physiological medium, have great mechanical stability, guarantee a suitable
degradation rate, and be cytocompatible and non-immunogenic. Although
several advances in this field have been observed, the development of bioinks
with high mechanical performance and cell viability is still one of the main
limitations in this area. Thus, the objective of this dissertation is the development
of a new microcarrier type bioink based on cellulose acetate microparticles and
a sodium alginate hydrogel with improved mechanical properties and high cell
viability. Alginate was chosen due to its ability to form hydrogels by cross-linking
with calcium chloride and cellulose acetate because it is an abundant polymer
with good mechanical properties, and it is easy to process into microparticles.
Cellulose acetate microparticles were produced via regeneration (water-on-
polymer method), in which cellulose acetate is first dissolved in acetone and
subsequently regenerated by drop-wise addition of water. These particles were
then characterized in terms of chemical composition, morphology, size, and
cytotoxicity. The microparticles showed to be non-cytotoxic to human
keratinocyte (HaCaT) cells, revealing cell viability rates above 75%. The alginate
and cellulose acetate microparticles inks were obtained by dispersing the
cellulose acetate microparticles (1%, 5% and 10% with respect to the alginate
mass (m/m)) in an alginate solution (4% (m/v)) followed by pre-crosslinking with
a 0.5% (m/v) of calcium chloride solution. All formulations were characterized in
terms of their rheology and printability. All inks showed a shear-thinning
behaviour, which is relevant for applications in 3D-bioprinting, also presenting
recovery rates above 85%. In the 3D-printing tests, the optimum parameters of
pressure (1.5 or 2 bar), printing speed (8.5 or 10 mm/s), nozzle width (0.25 mm)
and spacing between filaments (3 mm) were determined. In this way, it was
possible to print up to 6 layers without loss of resolution for the ink with a
concentration of 10% of microparticles. These results confirm the potential of
these formulations for subsequent incorporation of cells for bioprinting of skin
tissue analogues.
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Contextualization

Bioprinting has been one of the most prominent subjects of research in the latter decade.
Studies have been centered on the development of new bioinks and bioprinting methods to
produce living tissues analogs (and organs) for several applications, including tissue
engineering, drugs screening, and diseases research.! However, this technology still has
much room for improvement since there are still some obstacles that have not yet been
overcome.? For example, the development of bioinks with adequate mechanical properties
and high cell viability at an accessible price is a critical limitation of the bioprinting

approach.®

In this context, the objective of this work is to develop a novel biopolymeric microcarrier
based bioink with improved mechanical properties and high cell viability taking advantage
of the unique properties of cellulose acetate microparticles. The work comprised the
production of the cellulose acetate microparticles and their characterization (morphology,
structure, and in vitro cytotoxicity) and loading in an alginate hydrogel. The obtained inks

were then submitted to rheologic characterization and 3D-bioprinting studies.

This dissertation is organized into three main parts. The first, second and third chapters
are dedicated to introducing 3D-bioprinting regarding the different techniques and the
various types of bioinks used for printing living tissue scaffolds. Then, the materials and
methods section (chapter 4) is devoted to describing the materials and methodologies used
during the experimental work. In chapter 5, the main results obtained in this study are

presented and discussed, followed by the conclusions and future perspectives (chapter 6).



1. Introduction

Tissue and organ failures may occur due to disease, injury, and development effects.
Organ and tissue transplants have proven to be one of the most effective ways to overcome
this issue. However, the number of tissue and organ donors is much lower than the number
of required transplants.* Based on Organ Procurement and Transplantation Network (OPTN)
data as of November 16 (2020), in the United States of America, there were a total of 108.564
humans needing a transplant, for which there were only 15.157 donors.® Thus, it is necessary
to look for new solutions for the problem associated with the scarcity of donors. Therefore,
scientific research is increasingly focusing on human tissue engineering and regenerative

medicine.*®

Tissue engineering combines both the principles of engineering and life sciences,
using living cells, biocompatible materials, and biochemical/physical factors toward the
development of biological substitutes that can repair injuries or even replace a failing organ's
function.”® Tissue engineering emerged in mid-1933 when Bisceglie encased mouse tumour
cells in a polymer membrane and inserted it into the abdominal cavity of a pig.® The mouse
cells remained alive, proving that the pig's immune system did not kill them.® Tissue
engineering research developed over the years. Later in the 1980s, approaches like replacing
damaged skin with cells loaded in collagen gels or collagen-glycosaminoglycan composites
to guide regeneration (Figure 1) were attempted.®® At this time, tissue engineering was
presented to the world, resulting in increasing interest by the scientific research community
on this subject.® The need to create custom made scaffolds led to the development of

technologies like 3D bioprinting.*°

3D Bioprinting consists of fabricating 3D biological scaffolds by patterning and
assembling living and non-living components, referred to as bioinks, in a predetermined and
simulated 3D architecture.’® Imaging techniques, such as magnetic resonance imaging
(MRI), computed tomography (CT), and radiological diagnosis that provides a visual
illustration of the precise 3D structures of organs and tissues, have been used as a reference
for computer-aided design (CAD). CAD designs scaffolds capable of providing essential
growing conditions to the cells and making it possible for the scaffold to differentiate into a
tissue and then into a working organ.'® These scaffolds are then created using a 3D bioprinter
that deposits the bioink layer by layer, allowing the creation of complex structures with high

precision in a short period of time.°



Figure 1 - Photomicrograph of grafted artificial skin; A) one week following artificial skin grafting
with tufts of newly synthesized connective tissue matrix migrating into the artificial lattice; B) 14 days
after grafting, there is extensive infiltration of cells, matrix, and vessels into the artificial dermal lattice;
C) 5 weeks following implantation the junction between the artificial dermis and host bed is marked
with an arrow. There is extensive infiltration of connective tissue matrix and vessels throughout the
entire width of the artificial dermis. Adapted from Burke JF, et al. (1981).°

3D-bioprinting is also used to develop drug delivery systems by using hydrogels'
ability to hold a significant amount of growth factors and drugs to release at the target site
at a slow rate or to develop tissue models for new drugs screening.>* This new technology
has also proved helpful in tumour modelling by creating a 3D microenvironment for tumours
to interact with stromal cells leading to a precise model which makes it possible to study
tumour progression, drug response, intracellular and intercellular molecular interactions, and

metastatic progression.t

The various 3D-bioprinting methods and the various types of bioinks are described

in the following sections.

2. Bioprinting techniques

As mentioned above, 3D bioprinting can be described as the process of manipulating
cell-laden bioinks to fabricate living structures able to be applied in regenerative medicine,
cell biology, and pharmacokinetic studies. There are four main bioprinting methods, which

differ in terms of prototyping principles, printing materials, cell viability, and cell density,



viz: extrusion-based (EBB), droplet-based (DBB), laser-based (LBB), and photocuring-
based (PBB) bioprinting techniques.!? In extrusion-based bioprinting, the bioink is extruded
to form continuous filaments for building the constructs; on droplet-based bioprinting,
droplets are produced and stacked into structures; laser-based bioprinting strategy stems
from the laser-induced forward transfer (LIFT) effect, which allows to print different living
cells and biomaterials with high precision and micrometer resolution; in photocuring-based
bioprinting, photocurable materials are deposited, solidified and stacked layer-by-layer to

achieve the final 3D models.1213

2.1. Extrusion-based bioprinting (EBB)

Extrusion-based bioprinting is the most widely used bioprinting approach since it is
versatile and affordable.’* This method can be used to print biomaterials with different
concentrations of cells and viscosities, thus becoming the preferred method by the scientific
community for the construction of tissues with good mechanical properties.’?!> Both
dispensing and automated robotic systems can be used in which the bioink is extruded
through a nozzle employing mechanical or pneumatic force, forming microfilaments that are
deposited and stacked, forming the desired structures. Also, this method incorporates
computer software, enabling the user to load a computer-aided design (CAD) file to print the

structure automatically.®®

The extrusion of the bioink can be achieved through different mechanisms, such as
pneumatic, piston, and screw-driven mechanisms (Figure 2). Each mechanism has its
advantages and disadvantages. The pneumatic-driven extrusion can be used for high-
precision applications, finding its best use in polymeric based systems with high viscosity.8
However, in this case, the deposition may be delayed thanks to the compressed gas. The
piston-driven extrusion reveals itself to provide more control over the flow of the bioink

through the nozzle, making it the best option regarding the control of deposition.*?®

Lastly, the screw-driven extrusion gives more volumetric control, being also beneficial
for the extrusion of biomaterials with higher viscosities. Since this methodology involves
much pressure, a careful design of the screw parts is required to avoid potential harm to the
loaded cells.>!" Bioprinting approaches that combine both piston-driven and screw-driven

have also been reported.*® This combined method leads to better printability of semi-solid or



solid-state biomaterials. Devices that use these two methods tend to be more complex in

terms of cleaning and disinfection, ending up being more expensive.'?8
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Figure 2 - Representation of different mechanism-driven extrusion bioprinting. (Adapted from Zeming
Gu. et al., 2019)*2,

2.2. Droplet-based bioprinting (DBB)

The droplet-based bioprinting is simple, agile, versatile, and allows deposition pattern
control. This bioprinting method regards independent and discrete droplets as basic units,
making it possible to precisely control biologics such as cells, growth factors, genes, etc.,
leading to high-resolution bioconstructs.*2!° It also permits controlling specific properties,
such as swelling and shrinkage of the construct, making the final product look closer to what
is predictable.!® This method can mediate the gelation process making it one of the best

printing resolution methods.*°

Apart from having various advantages compared to the other methods, droplet-based
bioprinting has some limitations, with clogging being the most common.® Some bioinks
accumulate at the nozzle leading to its obstruction. Therefore, in this case, it is essential to
use bioinks with low viscosity, for example, low-viscosity hydrogels.’® Due to the limited
range of available bioinks materials with these requirements, DBB is not the best method to

fabricate mechanically strong and structurally well-integrated constructs.%2°

This bioprinting method comprises three major categories, namely inkjet, acoustic and

electrohydrodynamic bioprinting.*® Inkjet bioprinting is said to be the first-ever bioprinting



method. This methodology involves two main steps: (1) the formation of discrete droplets
which are deposited in specific substrate locations; and (2) the interaction that occurs
between the droplets and the substrate. These droplets are dispensed with the help of gravity,
atmospheric pressure, and the fluid mechanics of the bioink. Inkjet bioprinting can be further
divided into two categories according to how the droplets are formed: continuous inkjet (CI1J)
and Drop-on-Demand inkjet (DOD).'?1%2% |n CIJ, the bioink solution is forced through a
nozzle, ending up broken into a stream of droplets. This phenomenon is characterized by
transforming a stream of liquid into a discrete train of drops.'® The stream of liquid is usually
perturbed by various factors, including the potential energy owing to the surface energy of
the jet and the Kinetic energy associated with the jet's motion. That perturbation will
eventually lead to the unrest of liquid streaming, breaking it up into a stream of droplets.'?
In contrast, DOD produces a droplet when required, making it easier to pattern biologics and
control the process, also being more economically appealing.?® This method makes it
possible to achieve a smaller drop volume, leading to higher printing resolution. This method
relies on three different mechanisms to generate droplets: piezoelectric inkjet, thermal inkjet,
and electrostatic inkjet (Figure 3).1° In piezoelectric inkjet, the piezoelectric actuator is
struck by a voltage pulse, changing its form. This change in shape causes a modification in
the volume of the fluid chamber resulting in a pressure wave leading to the release of a
drop.?t In thermal inkjet, the ink is heated up by a thermal actuator's action, resulting in the
formation of an air bubble. This bubble rapidly explodes, resulting in a quick variation of
the chamber's pressure leading to a drop ejection.'®?! Finally, electrostatic inkjet bioprinting
increases the volume of the fluid chamber thanks to a voltage pulse responsible for pressure
plate bending, thus leading to the release of a single droplet.?

In contrast to inkjet bioprinting, in which the droplets are extruded from a nozzle, in
acoustic-bioprinting, the droplet is ejected from an open pool, not exposing the bioink to
harmful stressors such as voltage, pressure, or heat.>'° This technique relies on acoustic
waves generated by the piezoelectric substrate and the gold rings, which are part of the
acoustic actuator.®?® These waves will disturb the surface tension, resulting in the formation

of a focal point close to the exit channel leading to the ejection of droplets.*®

Lastly, in electronydrodynamic bioprinting, instead of applying high pressure to
dispense the bioink, which occasionally affects cell viability, as in the inkjet technique, this

method uses an electric field. This electric field is originated from the high voltage applied



between the nozzle and the substrate.'? Thanks to this electric field, electrostatic stresses
overcome the surface tension of the bioink at the tip of the nozzle, resulting in the ejection
of the droplet. This type of bioprinting allows the selection of a specific droplet stream mode
and is also an ideal method for high viscosity/concentration bioinks and applications that
may require small nozzles. Sometimes, the cell viability can end up being affected by the
electric field but also by the bioink flow rate.*?1°
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Figure 3— Representation of different Drop-on-Demand (DOD) bioprinting modalities. (Adapted from
Hemanth Gudapati. et al., 2016)*°.

2.3. Laser-based bioprinting (LBB)

This method, as the name indicates, relies on the usage of a laser to produce droplets. It
consists of three components, namely an energy-absorbing layer, a donor ribbon, and a
bioink layer. A laser pulse is absorbed by an energy-absorbing layer generating high pressure
in the donor ribbon leading to the creation of a bubble.?>?* This bubble pushes the bioink
layer, causing a droplet to form, which is then deposited on the substrate (Figure 4).2® Laser-
based direct writing (LDW) is the most common laser-based bioprinting method since it can
maintain high cell viability while creating precise patterns. The main advantage of LBB is
printing relatively high-viscosity bioinks with a high level of resolution thanks to its nozzle-
free printing process.?>?® However, like every other bioprinting methods, LBB has some
disadvantages, such as some degree of cell damage that may occur thanks to the increasing
heat originated by the laser energy.?2® Additionally, prolonged fabrication times, the need
for photo-crosslinkable materials, and the complexity of this technique are also seen as the

main disadvantages.?*
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Figure 4 - Representation of laser-based bioprinting mechanism.

2.4. Photocuring-based bioprinting (PBB)

This method utilizes photosensitive polymers under controlled lighting.'? It avoids
disadvantages like nozzle plugging and shear stress compared to other 3D bioprinting
approaches, also presenting higher resolution and printing speed.*? This bioprinting method
can be subdivided into stereolithography (SLA) and digital light processing (DLP).*2

SLA relies on ultra-violet (UV) light to generate thin layers of solid material by
polymerizing liquid resins. The first layer is created by solidifying the bioink solution upon
exposure to UV light.12?" After the first layer is formed, the structure moves, allowing for
the creation of new layers, which adhere to the previous ones, resulting in a 3D structure.
This method does not depend on a nozzle, so as mentioned in other nozzle-free methods, it
has high cell viability (exceeding 95% in this case), also achieving high print repeat
accuracy, allowing the control over the porosity, resolution, and mechanical properties of
the final construct.?” However, the high equipment cost and the complexity in the usage of
this method are some of the disadvantages of it, such as the usage of UV light that can

sometimes affect cell viability.*?

In contrast to SLA, which solidifies a layer point-by-point, DLP can solidify a complete
layer at once since it uses a projector as a light source (Figure 5). This significantly reduces

the printing time since no matter how complex the final product might be, the printing time



of each layer remains the same.?® Also, the structures produced by this bioprinting method
are smoother than the structures made by inkjet-bioprinting and extrusion-based. 1228
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Figure 5 - Representation of DLP bioprinting principles. (Adapted from Zeming Gu. et al., 2019)*2,

3. Bioinks
Bioinks represent one of the essential parts of the bioprinting process. The selection of
the adequate bioink is made accordingly to specific parameters, such as the bioprinting

method and the type of cells.?

Two major types of bioinks have been developed for 3D bioprinting applications,
namely scaffold-based bioinks and scaffold-free bioinks.?® Scaffold-based are the most
common ones and are composed of cells and an exogenous material, as hydrogels and
microcarriers, which will be used in the course of this work. On the other hand, for scaffold-
free bioinks, cells are printed without the use of exogenous material in a process that mimics

embryonic development.®

Bioinks must have specific characteristics, such as high printability, being insoluble
in the physiological medium, having great mechanical stability, guarantee a suitable
degradation rate, and being cytocompatible and non-immunogenic.*® In the following
section, we will discuss the different bioink materials, focusing on their characteristics and

advantages/disadvantages.®3!



3.1. Scaffold-free bioink materials

Scaffold-free bioinks are cell suspensions rising in popularity for the fabrication of
tissues or organs since they mimic embryonic development through cellular self-assembly
mechanisms.®? These cells are bound by cadherin molecules and by producing their own
ECM. These cadherin molecules promote intercellular adhesion, enable signal transduction
and increase integrin expression.® Integrin will be later responsible for the cytoskeleton
adhesion to the ECM, subsequently resulting in a fully developed tissue. Scaffold-free
bioinks can be divided into three different types: tissue spheroids, cell pellets, and tissue

strands.%?

3.1.1. Tissue spheroids

Tissue spheroids are densely packed aggregates of living cells that can only be
bioprinted by EBB.>*? Tissue spheroids are typically formed following a three-step
procedure. Firstly, cells are compacted and fused, generating high-density aggregates of
cellular spheroids. The second step consists of the spheroid's proliferation, and lastly, there
is their aggregation, resulting in multicellular aggregates which can be used as bioinks for

3D bioprinting of tissue constructs.*?

There are various techniques for tissue spheroids' fabrication. The most popular one
is casting some cells into non-adhesive hydrogels, followed by their culture in microwells.
Whenever these cells are seeded in the microwells, they contact each other resulting in
cadherin production and cell aggregation.® The hanging drop method is another well-known
technique for the production of tissue spheroids.® In this case, the cells are dispensed in a
culture plate, turned upside down. Due to the surface tension and gravitational force, cell
spheroids begin to form at the bottom of the droplets (Figure 6. A).3

During the bioprinting process of tissue spheroids, they can be loaded into a
dispensing tip. Due to the pressure applied on this tip, the tissue spheroids are extruded one
by one generating a precise conformation.® Spheroids are not printed alone; typically, they
are printed alongside a mould which can be a hydrogel (Figure 6. B), which supports the
fusion and maturation of the spheroids. Later the spheroids will merge to create a more

extensive scale tissue that can be easily separated from the mould.®
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Figure 6 - (A) Schematic representation of the hanging drop method for the production of tissue
spheroids; (B) Bioprinting of tissue spheroids (Adapted from Monika H. et al. (2017))%.

3.1.2. Cell pellets

Cell pellets are increasingly becoming a standard method to prepare bioinks for
scaffold-free tissue fabrication.® This technique uses both centrifugal or gravitational forces
to concentrate cells at the end of a mould, which can be a conical tube or a micropipette
where intercellular interactions will occur (Figure 7. A) without the need for sophisticated
systems.>3® Even though this method is practical, it generates aggregates with limited
oxygen and medium circulation, which may decrease cell viability.>® These bioinks can only
be used with EBB. In Figure 7. B cell pellets are being extruded into a supporting agarose

mould, which facilitates the aggregation of the cells.

Figure 7 - (A) Cell pellet in a nozzle tip; (B) Printed cell pellet inside an agarose mould mimicking an
aortic vessel (Adapted from Monika H. et al. (2017))2.
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3.1.3. Tissue strands

In the case of tissue strands, the cell aggregation occurs after packing and injecting
previously extracted cell pellets into hollow alginate tubes with high mechanical properties
and well-defined permeability. These cells then grow without attaching to the alginate
luminal surface, resulting in cylindrical strands (Figure 8. A).32 After the cells aggregate into
a neo-tissue, the alginate tubes are dissolved using a solution that reverts the cross-linking,
resulting in the final tissue strand (Figure 8. B).2 This tissue strand is later placed into a
bioprinter head being mechanically extruded. (Figure 8. C)® In order to assure an appropriate
bioprinting process, the tissue strands need to be matured to avoid the formation of undesired
shapes and disintegration during the bioprinting process.®> This method offers high cell
viability since it produces a favourable and safe environment for the cells.® For example, this
technique makes tissues with a high degree of ECM deposition when creating cartilage
tissues, which is fundamental for producing viable tissues.3* However, this procedure

requires a large expend of cells, making it a more laborious and costly method.3*

N

Pellet Formation

Pellet Injection

trand Formatio

Figure 8 - (A) Schematic representation of tissue strands formation; (B) Tissue strand made of
fibroblasts; (C) Long tissue strand (8cm long) during extrusion (Adapted from Monika H. et al.
(2017))3.
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3.2. Scaffold-based bioink materials

A scaffold-based bioink, as previously mentioned, requires a supportive biomaterial in
which the cells are laden, which is later degraded. Upon being biodegraded, the cells will
then expand, forming a structured tissue.®3! Scaffold-based bioinks materials can be further

divided into hydrogels, decellularized matrix components and microcarriers.

3.2.1. Hydrogels

Hydrogels are cross-linked polymeric networks capable of absorbing and retaining
large quantities of water.® This high water content allows to obtain high biocompatible
scaffolds due to their high hydrophilicity.>® As previously mentioned, hydrogels are
produced by cross-linking, which can be chemical or physical cross-linking.**=# The
chemical cross-linking regularly involves free radical polymerization and enzymatic induced
cross-linking as well as Diels-Alder "click™ reactions, Michael type-additions and Schiff
base formations.3®“? This type of cross-linking is mainly based on the formation of covalent
bonds, which are irreversible. Covalent cross-linking ends up giving firmness to the 3D
network, although these confines cells, making them unable to vascularize within engineered
tissues and proliferate.® On the contrary, physical cross-linking processes, such as reversible
intermolecular  interactions  (ionic/electrostatic  interaction),  hydrogen  bonds,
hydrophobic/hydrophilic interactions, etc.3** lack exogenous agents and chemical
interactions, thus being typically non-cytotoxic and displaying a reversible network
character.>34! Naturally-derived hydrogels are mainly formed by physical cross-linking

processes.

In tissue engineering, hydrogels can mimic a native 3D environment, being therefore,
more often used to produce cell-laden bioinks.® They can be classified into two main groups:
naturally-derived and synthetically-derived hydrogels.® This division is made accordingly to
the nature of the polymers used to produce them. Naturally-derived hydrogels can be further

categorized into protein-based and polysaccharide-based (Figure 9).%¢

Naturally-derived hydrogels, such as those based on gelatin, chitosan, and alginate
(Figure 9), are generally weak in terms of mechanical properties, have high biodegradability
rates, high biocompatibility, high variability, and lack of customization.® In contrast, the
synthetically-derived hydrogels, such as Pluronic® or poly(ethylene glycol) (PEG) based
ones (Figure 9), have good mechanical properties and can be customized, although some of
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them may lack biocompatibility.® To surpass these issues, from both naturally-derived and
synthetically-derived hydrogels, the creation of hybrid hydrogels by combining synthetic
and natural polymers has been rising in popularity.3”-3 Hybrid hydrogels can overcome both
the biocompatibility issue from the synthetically-derived hydrogels and the lack of tunability
from the naturally-derived hydrogels since they result from the cross-linking between natural
and synthetic polymers.®3 Thanks to the customization of these hybrid hydrogels, it is
possible to achieve higher biocompatibilities and tunable mechanical properties such as

hydrogel's distortion prevention.*?

Hydrogels
I

> | Polycaprolactone |

| Protein-based Polysaccharide-based

| Polyethylene Glycol |

> Collagen »| Glycosaminoglycans

b-| Poloxamers |

Elastin | Alginate |

> Fibrin b| Chitosan | »| Gelatin methacrylate

> Gelatin b-| Pectin |

Silk fibroin

Figure 9 - Schematic representation of the classification of hydrogels and some of the most used

polymers to produce them.

In Figure 10, there are some examples of bioprinted hydrogels from both natural and

synthetic based polymers.

Another strategy to improve the mechanical properties of hydrogels is the use of
reinforcing fibers.*? Cellulose, spider silk, and collagen are some of the natural fibers used
in 3D-bioprinting, conferring the mechanical resistances that the hydrogel lacks while
showing high biocompatibility, abundance and strength.*> However, reinforcing fibers can
also be synthetic, such as glass, ceramic fibers, or even polymers (i.e., polyamides and
polyesters). These can be altered in terms of molecular structure or even characteristics to

fit any specific application's needs.*?
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Chitosan Collagen type |

Matrigel} )

Figure 10 - Bioprinted hydrogels: (A) agarose filaments; (B) 3D printed alginate in brain shape with
anatomical features; (C) chitosan scaffold after 4 weeks of culture; (D) collagen type | construct for
skin tissue regeneration; (E) bioprinted fibrin into 3D tubular scaffolds; (F) gelatin bioprinted by laser
direct-write technique resulted in precise deposition of cells; (G) 3D bioprinted 'half-heart' scaffold
using an alginate/gelatin bioink; (H) bioprinted hyaluronic acid; (1) 3D bioprinted hepatic carcinoma
cell-laden Matrigel graft; (J) a 3D confocal image of cells in a GelMA (gelatin methacrylate) scaffold
fabricated by LBB; (K) bioprinted Pluronic® F- 127 fluorescent tube; (L) PEG hydrogel bioprinted into
aortic valve construct. (Adapted from Monika H. et al. (2017)3.

Cellulose fibers are commonly used since they are the most abundant organic
macromolecule on earth.*® To form hydrogels, cellulose is usually modified, enhancing its
properties and its cross-linking capacity.** However, cellulose has been used more frequently
as a reinforcement element due to the emergence of nanometric forms of this polymer, such
as nanofibrillated cellulose, bacterial cellulose and cellulose nanocrystals.*>*
Nanocellulose has been widely researched and used in medical applications for being non-
toxic, non-carcinogenic and mainly biocompatible.** For example, Markstedt et al.
developed a bioink of alginate, which was reinforced with nanocellulose fibrils and laden
with human chondrocytes.*® The resultant bioink presented high biocompatibility, fidelity

and stability with optimal mechanical properties for 3D bioprinting*® (Figure 11).
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Figure 11 - (A) Bioprinting of alginate+nanofibrillated cellulose bioink; (B) alginate+nanofibrillated
cellulose 3D printed grids; (C) 3D printed human ear. (Adapted from Markstedt et al., 2015) 48,

3.2.2. Decellularized matrix components

The extracellular matrix (ECM) is a 3D structure secreted by the cell itself,
responsible for proliferation, signalling, tissue development, and cell attachment.® The
decellularized extracellular matrix (dECM) is obtained by removing cellular material by
chemical, enzymatic, or physical processes.® After decellularization, the obtained dECM can

be used to produce bioinks.

The decellularization processes tend to be time-consuming to guarantee complete
decellularization while minimizing ECM loss and damage.*® The chemical and enzymatic
processes are the most widely used.>® Detergents are usually used as chemical agents since
they can solubilize and dissociate the inner structure of the cell's membranes, being Triton
X-100 and sodium dodecy! sulfate (SDS) the most common ones.*® These detergents are
valuable and effective to eliminate cells from various tissues, mainly tissues which have high
protein levels.*® Triton X-100 mainly targets lipid-lipid and lipid-protein interactions, while
SDS tends to denature proteins, solubilizing both external and nuclear membranes. As for
the enzymatic agents, trypsin is the most commonly used enzyme for decellularization.*®
This enzyme targets amino acids like arginine and lysine and can even destroy cell-matrix
interactions when combined with ethylenediaminetetraacetic acid (EDTA), a chemical
agent.*® However, these processes can induce cytotoxicity.>® Thanks to this, physical process
has started to rise as an alternative to the chemical and enzymatic counterparts. Physical
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techniques as perfusion can sometimes be used to reach all tissue areas better. However,
these techniques are not enough to decellularize the tissue. To improve decellularization,
sometimes both methods can be combined, gathering both chemical and physical processes'
advantages, creating a dECM that is more suited for a specific application.*® After
decellularization, DNA is quantified to determine if the matrix is fully decellularized. If the
percentage of decellularization is around 98%, it means it was successful.®® The dECM
presents the ideal mechanical properties and micro-environment for cell proliferation and
differentiation.®*° In a recent study, after in-vivo implantation of dECMs with stem cells,
there were no signs of cytotoxicity or inflammation, which is one of this bioink’s
advantages.®?

In Figure 12, there is an example of a tissue construct that was printed with dECM,
and also a tissue construct that was printed with dECM in combination with a PCL

framework.>!

Figure 12 - Tissue constructs bioprinted with dECM bioinks: (A) Heart tissue construct was printed
with only heart dECM (hdECM); (B) Cartilage tissues printed with cartilage dECM (cdECM) in
combination with PCL framework; (C) Adipose tissue printed with adipose dECM (adECM) in
combination with PCL framework (scale bar, 5mm). (Adapted from Pati F. et al., 2014)5%,

3.2.3. Microcarriers

Microcarriers are supportive structures that provide a large surface area for cell
growth and expansion because of their interconnected pores in a spherical architecture,
representing a space-saving and cost-effective culture system.>%® Microcarriers, as
hydrogels, can be made either of natural (e.g. cellulose, gelatin, collagen and dextran) or
synthetic (e.g., glass, thermoplastics) materials.> The synthetic derived microcarriers suffer
from poor cell adhesion, which does not happen with the natural derived ones.>
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Microcarriers can be further divided into two major categories, solid or liquid,
considering the substance the cell grows on.>* Solid microcarriers protect the cells against
external stresses since they provide internal spaces for cells to attach. However, these
microcarriers lack oxygen/nutrient transportation systems, and the accumulation of toxic
metabolites inside their structure typically occurs.> To avoid some of these issues, liquid
microcarriers were created based on a liquid/liquid interface consisting of a growth medium
and a hydrophilic liquid.>* It is possible to harvest cells using enzyme-free methods using
perfluorocarbon and growth medium interface, leading to the diminishment of cell damage.
More advanced liquid interfaces can be created, diminishing the disadvantages and

improving the customization of these microcarriers.>

Microcarriers supporting role has been rising in attention since it can improve the
bioprinting viability and success. These structures can be loaded with bioactive compounds
that will control their spatial and temporal distribution, becoming a much more precise
method that can guide the development and differentiation of the cell to a specific goal,

maximizing cell-cell interactions®>*

Microcarriers embedded in hydrogels have revealed great potential for 3D-
bioprinting. Microcarriers can be used as reinforcement units in bioinks, giving the produced
inks shear-thinning properties optimal for bioprinting while also giving loaded cells
structural support thanks to the hydrogels' matrices.>>>’

For example, Levato et al.*® tried reinforcing gelatin methacrylate (GelMA)-based
hydrogels with poly(lactic acid) microcarriers. The results showed that the microcarriers
acted as a mechanical reinforcement to the hydrogel matrix without compromising the
printability.> Additionally, when loaded with Mesenchymal stromal cells, the microcarriers
ended up supporting bone matrix deposition, revealing high interest for the 3D-bioprinting
of bone tissue.® Figure 13 shows a microcarrier laden with cells from a study that aimed to
develop coherent 3D models of epithelia (Figure 13.A) as well as an immunofluorescence
image of the printed construct of Levato et al.>® (Figural3.B).

As mentioned previously, cellulose nanometric forms have already demonstrated
high potential in 3D-bioprinting. In this way, in this study, cellulose acetate microparticles
were loaded into an alginate hydrogel, aiming to reinforce the alginate hydrogel and give the
future loaded cells higher structural support.
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Figure 13 — Microcarriers for bioprinting. (A) A fluorescence image of a cell-laden microcarrier, where
cell surface and nucleus were stained in green and red, respectively (Adapted from Monika H. et al.
(2017))3; (B) Immunofluorescence staining for actin cytoskeleton of bioprinted microcarriers with
encapsulated cells loaded in a gelatin methacrylate (GelMA) hydrogel matrix. (Adapted from Levato
et al. (2014))%.
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4. Materials and Methods

In this chapter, the chemicals and materials used, and the methodologies employed to
produce the cellulose acetate microparticles and the corresponding bioinks will be described.
The characterization techniques employed to characterize all materials will be also
presented.

4.1. Chemicals and materials

Cellulose diacetate membranes were obtained from FILTER-LAB (Barcelona,
Spain). Alginic acid sodium salt from brown algae (low viscosity) was acquired from Sigma-
Aldrich. Calcium chloride anhydrous (96%) was supplied by Carlo Erba Reagents
(Barcelona, Spain). Dulbecco's Modified Eagle's Medium (DMEM) was obtained from
PAN-Biotech (Germany). Fetal bovine serum (FBS), phosphate buffer solution (PBS, pH
7.4), L-glutamine, penicillin/streptomycin and fungizone were obtained from Gibco® (Life
Technologies, Carlsbad, CA, USA). L-Glutamine solution 200 mM and
Penicillin/Streptomycin solution were obtained from Grisp (Porto, Portugal). Trypsin-EDTA
solution 10x (0.5% trypsin, 0.2% EDTA) was obtained from SIGMA-Aldrich. 3-(4,5-
dimethylthiazol-2-yl)-2,5-diphenyltetrazolium bromide (MTT, 98%) and dimethyl sulfoxide
(DMSO, >99.9%) were obtained from SIGMA-Aldrich. Other solvents were of laboratory
grade.

4.2. Production and characterization of cellulose acetate microparticles

4.2.1. Production of the cellulose acetate microparticles

To prepare the cellulose acetate microparticles, 79 mg of cellulose acetate were
dissolved in 20 mL of acetone under magnetic stirring at 500 rpm. Then, distilled water (15
mL) was added drop-wise using a syringe with a 0.45 mm needle gauge under continuous

stirring at 500 rpm to regenerate the CA microparticles by the water-on-polymer method.®

Afterwards, the resulting suspension was heated in an oil bath at 65-75 °C for 60
minutes, centrifuged at 6000 rpm for 15 min and the supernatant carefully removed. The
CA microparticles were then resuspended in distilled water and centrifuged again, repeating
this process two times. 15 mL of CA microparticles suspension is obtained following this
procedure with a concentration of 1.33 mg/mL. The actual concentration of the suspension
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was determined by calculating the dry weight of 3 ml of suspension. After obtaining the
value of the actual concentration, the yield of the microparticles' production process was

determined through the following formula:

[Real concentration]
M= —— x100
[Expected concentration]

4.2.2. Fourier transform infrared-attenuated total reflection (FTIR-ATR)
spectroscopy

The structure analysis of the freeze-dried cellulose acetate microparticles and of the

initial cellulose acetate (for comparison) was carried out by Fourier transform infrared

spectroscopy using a Perkin EImer FT-IR System Spectrum BX spectrophotometer (Perkin-

Elmer, Waltham, MA, USA), equipped with a single horizontal Golden Gate ATR cell. The

analysis was carried out in the range of 500 to 4000 cm™ with an interval of 1 cm™.

4.2.3. Scanning transmission electron microscopy (STEM)

To carry out the STEM analysis, a dilution of the cellulose acetate microparticles
suspension was performed. For this, 40 pL of the obtained cellulose acetate microparticles
suspension was diluted in 960 pL of ultrapure water (MilliQ). A single droplet of the diluted

solution was deposited on a copper (Cu) grid and left to dry overnight.

STEM analysis was performed at two magnifications (60000x and 10000%) to
evaluate the microparticles’ morphology with a SEM Hitachi SU-70 equipment (Hitachi
High-Technologies Corporation, Tokyo, Japan) operated at 4 kV. The average size of the
microparticles was determined by calculating the size of a total of 100 microparticles with

the ImageJ software (National Institute of Health, USA).

4.2.4. In vitro cytotoxicity assays

The in vitro cytotoxicity of the cellulose acetate microparticles was evaluated in a
human keratinocytes cell line (HaCaT cells) using the MTT assay.*® HaCaT cells were
grown in Dulbecco's Modified Eagle Medium (DMEM) culture medium supplemented with
10 % FBS, 2 mM L-glutamine, 100 U/mL penicillin, 10 pg/mL streptomycin and 250 pg/mL
fungizone, at 37 °C in a humidified atmosphere with 5 % CO.. Cells were observed regularly
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under an inverted phase-contrast Eclipse TS100 microscope (Nikon, Tokyo, Japan).
Suspensions were prepared, sterilized by ultraviolet radiation (4 cycles of 20 min), and
incubated with DMEM medium to obtain a concentration of 0.4 mg/mL, 2 mg/mL, and 4
mg/mL (for the assays corresponding to a microparticles concentration of 1%, 5% and 10%

(m/m) respectively) at 37 °C with 5 % CO> for 24 h to prepare the extracts.

Cells were seeded (60000 cells/mL for 24 h) in 96-well plates and incubated in the
culture medium for 24 h to promote adhesion. Next, the cell culture medium was removed,
and 100 pL of each extract was added to the wells and cells were again incubated for 24h.
As a positive control, HaCaT cells were incubated with DMEM medium and treated the
same way as the specimens. After the incubation time, 50 pL of MTT (1 mg/mL) in PBS
was added to each well and incubated for 4 h at 37 °C and 5 % CO.. After that, the medium
containing MTT was removed, and 150 pL of DMSO was added to each well. The plate was
placed in a shaker for 2 h in the dark to promote the dissolution of the formazan crystals.
The absorbance was measured with a BioTek Synergy HT plate reader (Synergy HT Multi-
Mode, BioTeK, Winooski, VT, USA) at 570 nm. Cell viability was determined with respect

to the control cells:

Absorvance(sample) — Absorvance (DMSO)
Absorvance (control) — Absorvance (DMSO) x

Cell viability (%) =

4.3. Production and characterization of alginate-cellulose acetate microparticles

based inks

4.3.1. Production of the alginate ink

An alginate solution (4% m/v) was prepared by dissolving 400 mg of alginate in 8
mL of ultrapure water (MilliQ) under magnetic stirring. Then, 2 mL of a 0.5% (m/v) calcium
chloride solution were added to the alginate solution to promote its’ crosslinking

(alginate:calcium chloride = 4:1, weight ratio).

4.3.2. Production of the alginate-microparticles inks
To prepare the alginate-cellulose acetate microparticles based inks, 400 mg of
alginate were mixed with variable volumes of microparticles suspension to achieve 1%, 5%

and 10% (m/m) of microparticles with respect to the alginate mass. Ultrapure water was
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added to the resulting alginate-microparticles suspensions achieving a final volume of 8 mL.
The obtained suspensions were left to homogenize under magnetic stirring for one hour.
Then, 2 mL of a 0.5% (m/v) CaCl, solution were added to the various alginate-microparticles
suspensions (1%, 5% and 10%), with the help of a mechanical mixer, promoting the pre-
crosslinking of the ink. The inks were placed in a falcon tube and let to rest overnight. Table

1 summarizes all solutions, suspensions and inks prepared in this study.

Table 1 - Identification and composition of the alginate solution, alginate-microparticles suspensions

and inks prepared in this study.

Alginate % Microparticles % Pre-crosslinker
Sample name (m/v) (m/m) % (m/v)
Alginate solution
Algd% | 4 | - | -
Alginate-microparticles suspensions
Alg4%-+Microparticles 1% 4 1 -
Alg4%-+Microparticles 5% 4 5 -
Alg4%+Microparticles 10% 4 10 -
Pre-crosslinked alginate solution
Algd% 4 | - ! 0.5
Pre-crosslinked alginate-micropatrticles (Inks)

Alg4%+Microparticles 1% 4 1 0.5
Alg4%+Microparticles 5% 4 5 0.5
Alg4%-+Microparticles 10% 4 10 0.5

4.3.3. Production of the alginate-microparticles hydrogels
Fully cross-linked alginate-microparticles hydrogels were prepared to be used in
rheology. These were produced by fully cross-linking the pre-crosslinked alginate solution

(for comparison) and alginate-microparticles suspensions with a 0.5% (m/v) CaCl> solution.

4.3.4. Rheology

To investigate the rheological properties of the developed inks (and corresponding
fully cross-linked hydrogels), rotational and oscillatory tests were performed in a Kinexus
Pro Rheometer (Malvern Instruments Limited, Malvern, United Kingdom) with a cone-plate

geometry (cone angle of 4° and diameter of 40 mm).
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Rotational tests were performed for both alginate solution and alginate-
microparticles suspension (before and after pre-crosslinking with a 0.5% (w/v) CaCl>
solution) with a measurement gap of 1 mm and a shear rate applied from 0.1 to 100 s (at

least five samples per decade).

In order to determine the recovery rate of the alginate and alginate-microparticles
based inks an oscillatory test consisting in 3-steps was carried out: (i) measurement of the
storage modulus (G’) in a relaxation stage, at 1 Pa for 1 min; (ii) measurement of the G’ in
a stress phase, at 100 Pa for 10 s; and (iii) a second measurement of the G’ in a relaxation
stage, at 1 Pa for 1min. The initial storage modulus was defined as the average storage
modulus in the initial 1 min when the material was submitted to 1 Pa of shear stress. The
recovered storage modulus was defined as the storage modulus measured 5 s after the shear
stress reduced from 100 Pa back to 1 Pa. The percent recovery was defined as the recovered
G’ divided by the initial G* and multiplied by 100%.

The oscillatory stress sweep tests to determine the storage modulus (G') and the loss
modulus (G") of the fully cross-linked hydrogels were performed at a frequency of 1 Hz, in

a shear strain range from 0 to 100 %, and with a measurement gap of 2.5 mm (at 20 °C).

All measurements were performed using a water lock to prevent dehydration of the
samples and a Peltier module for temperature control. All analyses were carried out at 20 °C.

4.3.5. 3D-printing studies
4.3.5.1. Optimization of the printing parameters: monolayer filaments
The printing tests were performed on a 3D-BIOPLOTTER from EnvisionTEC

(Germany), represented in Figure 14.

The printing parameters, such as air pressure and printing speed, were determined
by extrusion printing monolayer filaments with 10 cm length of the alginate ink. Initially,
using a nozzle with 0.41 mm width, the speed was kept at 10 mm/s, and the air pressure
varied from 0.5 bar to 2.0 bar. After that, to observe the relation between printing speed
and strand width, the air pressure was fixed at the value which previously resulted in better
resolution, and the printing head speed was varied from 5 to 25 mm/s. This process was
repeated with nozzles with different widths (0.25 mm and 0.20 mm) and air pressure

variations (1.5-3.5 bar and 2-5 bar, respectively).
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Figure 14 - 3D Bioplotter® Developer Series (EnvisionTEC, Germany).

4.3.5.2. Optimization of the printing parameters: 3D constructs

Then, constructs with the pattern illustrated in Figure 15 (consisting of 10 layers with
a space between filaments of 1.5 mm and 10 mm x10mm dimensions) were printed to
evaluate the ink's printability and resolution. Both the alginate and the alginate-
microparticles inks (1%, 5% and 10% microparticles) were printed by extrusion printing
with the conditions optimized before (air pressure: 1.5 or 2 bar, printing speed: 10 mm/s,
temperature of the cartridge containing the ink: 18 °C, the temperature of the platform =
room temperature: ~25 °C). The printed constructs were then fully cross-linked with a 0.5%

(m/v) CaClz solution.

Top View Side View

B T T

Figure 15 - Top and side representation of the printed construct template used in this study.
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To improve the resolution of the printed constructs, additional printing studies
maintaining the printing parameters previously defined (air pressure: 1.5 or 2 bar, printing
speed: 8.5 or 10 mm/s, the temperature of the cartridge containing the ink: 18 °C, the
temperature of the platform = room temperature: ~25 °C) and varying the space between
filaments were carried out (1.5, 2.25, 3.0 mm). The number of scaffold layers was also varied
(2, 4, or 6 layers). The printed samples were also cross-linked with a 0.5% (w/v) CaCl>

solution.

4.3.6. Scanning electron microscopy (SEM) of the printed constructs

The presence of the CA microparticles on the fully cross-linked 3D-printed
constructs, and their morphology, was observed through scanning electron microscopy
(SEM). Alginate-microparticles (5% and 10%) 3D-printed constructs were freeze-dried for
24h prior to the analysis. The samples were coated with a carbon film and analyzed with a
SEM Hitachi SU-70 equipment operated at 4kV and 3 different magnifications (30x, 500x
and 1500x), obtaining surface micrographs. With the help of ImageJ software (National
Institute of Health, USA), the space between filaments of the printed construct was

determined and compared to the value set for the printing study.
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5. Results and Discussion

The present work aimed to develop a novel biopolymeric microcarrier based bioink with
improved mechanical properties and high cell viability taking advantage of the unique
properties of cellulose acetate microparticles. In this perspective, cellulose acetate
microparticles were produced and characterized in terms of their chemical structure (FTIR-
ATR spectroscopy), morphology (STEM) and in vitro cytotoxicity. Then, alginate-
microparticles suspensions with a concentration of alginate of 4% (m/v)*® and variable
concentrations of microparticles, namely 1%, 5% and 10% (m/m) (in respect to the alginate
mass), were prepared. These suspensions were pre-crosslinked to adjust their viscosity and
characterized in terms of their rheological behaviour. Finally, the 3D-printing process
parameters, namely air pressure, printing speed, nozzle diameter, and space between
filaments, were defined. The morphology of the printed constructs was also evaluated. A

schematic representation of the procedure used in this study is presented in Figure 16.
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Figure 16 — Schematic representation of the procedure used to prepare and characterize the cellulose

acetate microparticles suspensions, the inks, and the 3D printed constructs.
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5.1. Production and characterization of cellulose acetate microparticles

Cellulose acetate microparticles were produced by the water-on-polymer method.*® In
this method, cellulose acetate is initially solubilized in acetone and later regenerated with
the addition of distilled water drop-wise. When adding the distilled water, the solubility of
cellulose acetate drastically falls, resulting in their precipitation and nucleation,**® forming
the cellulose acetate microparticles. Upon evaporating the remaining acetone, a suspension

of microparticles is obtained. The yield of this process was 77.6%.

5.1.1. FTIR-ATR spectroscopy

The structural analysis of the microparticles was carried out by FTIR-ATR spectroscopy.
The microparticles suspension was freeze-dried prior to the analysis. Figure 17 presents the

FTIR spectra of the cellulose acetate microparticles and of the initial cellulose acetate (CA)

for comparison.
.
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Figure 17 - FTIR-ATR spectra of the cellulose acetate (CA) and corresponding microparticles.
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The spectrum of the initial cellulose acetate show several absorption peaks at 3399 cm™
(-OH stretching), 2898 cm™ (symmetric C-H stretching ), 1634 cm™ (C=0 stretching), 1331
cm™ (CH:z wagging), and 1160 cm™ (C-O-C stretching), which are characteristic of this
cellulose derivative.®*%*, When comparing the spectra of CA and CA microparticles (Figure
17), the absorption peaks are precisely the same, confirming that both microparticles and CA
have the same chemical structure and, therefore, the methodology for the fabrication of the

microparticles does not affect the chemical structure of CA.

5.1.2. Scanning transmission electron microscopy (STEM)
STEM analysis of the cellulose acetate microparticles suspension was carried out to
analyze their morphological features and determine the average microparticles’ size. This is
an essential parameter for 3D-printing studies since it can lead to nozzle clogging.%®

Micrographs of the obtained microparticles are presented in Figure 18.

The microparticles revealed a spherical structure with an average size of 573.83+178.76
nm, which is in accordance with the average particle size of CA microparticles (100-
1000nm).%¢

Figure 18 - STEM micrographs of the obtained CA microparticles.
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5.1.3. Invitro cytotoxicity assays
The in vitro cytotoxicity of the CA microparticles was studied towards HaCaT cells
to confirm their compatibility with living cells. The results of the cell viability for 24 h for

these samples is shown in Figure 19.

The obtained results show that the microparticles suspension is non-cytotoxic towards
HaCaT cells since the cell viability values were higher than 70% for every sample,
confirming their potential to develop cell-laden bioinks.*®" Specifically, for the samples
with 1% and 5% of microparticles, the cell viabilities were 99.7 + 6% and 107 * 6.3%,
respectively. As for a microparticles concentration of 10%, the cell viability of HaCaT cells

was 75+18%, thus also suggesting the non-cytotoxicity of the cellulose microparticles,*:%
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Figure 19 - HaCaT cells viability after exposure to different concentrations of cellulose acetate
microparticles (1%, 5% and 10%) for 24 h.

5.2. Characterization of alginate-cellulose acetate microparticles based inks

Alginate-microparticles suspensions (and inks) with different CA microparticles
concentrations (1%, 5% and 10% (m/m) in respect to the mass of alginate) were produced
and characterized in terms of their rheological behaviour and the printing parameters

optimized. The morphology of the printed constructs was also evaluated.
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5.2.1. Rheological studies

The printability of hydrogel-based inks is highly dependent on their rheological
properties.%® Rheology aims to study how inks behave under certain stress and, therefore,
predict how they will behave during a 3D-printing assay.®®’® Thus, several rheological
studies were carried out to characterize the responses of the different alginate-microparticles
suspensions and corresponding inks and hydrogels to different shear rates and evaluate the

effect of the addition of microparticles on the viscosity and shear stress of the alginate
solution.

Both alginate solution (Alg4%) and the Alginate-microparticles suspensions
(Alg4d%+Microparticles1%, Alg4%+Microparticles5% and Alg4%-+Microparticles10%)
were characterized in terms of their viscosity and shear stress as a function of shear rate.

These results are presented in Figure 20.
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Figure 20 - Shear stress (left) and shear viscosity (right) as a function of shear rate for the alginate

solution and alginate-microparticles suspensions with different CA microparticles concentrations.

As expected, the increase in the CA microparticles concentration generally leads to
an increment of the shear viscosity and shear stress of the alginate solution.®®"* This means
that the microparticles are responsible for the increase in the viscosity of the various alginate-
microparticles suspensions when compared to the alginate solution. A similar behaviour was

reported by Heggset et al. "X, who studied the viscoelastic properties and printability of
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cellulose nanofibrils (CNFs)-alginate inks and revealed that an increase in CNFs
concentration leads to an increase in the ink’s viscosity. In addition, the CA solution and all
the suspensions present a shear-thinning behaviour, i.e., increasing shear rates lead to a

decrease in shear viscosity, typical of time-independent non-Newtonian fluids.®%2

Then, pre-crosslinked (with a 0.5% (m/v) CaCl. solution) alginate solution and
alginate-microparticles suspensions (inks) were submitted to the same rheological studies.
The results of the shear viscosity and shear stress as a function of the shear rate of these
samples are presented in Figure 21. As previously observed for the alginate solution and
alginate-microparticles suspensions, an increase of the microparticles concentration also
leads to an increment of the shear viscosity and shear stress of the alginate inks. Moreover,
the values for both shear stress and shear viscosity of the pre-crosslinked samples (inks) are
noticeably higher than those obtained for the alginate-microparticles suspensions.®®’
However, the differences between the viscosities of the alginate-microparticles inks are not
as significant as those observed for the corresponding suspensions prior to the pre-
crosslinking process, meaning that the cross-linking is the step that most affects samples
viscosity. This pre-treatment reveals to be helpful to tune the printing parameters since all

samples have identical rheologic properties.
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Figure 21 - Shear stress (left) and shear viscosity (right) as a function of the shear rate for pre-
crosslinked (with a 0.5% (w/v) CaCl2 solution) alginate solution and alginate-microparticles
suspensions with different CA microparticles concentrations (inks).
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The inks recovery rate, which shows how well the original mechanical properties are
recovered after the printing process’®, was determined, and the values are presented in Figure
22. The recovery rates for the alginate-microparticles inks were 93.78+0.72%, 93.59+0.67%
and 83.81+1.48% for 1%, 5% and 10% (w/w) microparticles, respectively. As for the
alginate ink, the recovery rate was 88.28+0.94%. We followed the minimum threshold of
85% to be a reasonable starting point and guideline for novel bioinks entering the literature,
as suggested in Kiyotake et al.”®. In this way, we can conclude that the alginate and the

alginate-microparticles inks are adequate for extrusion printing applications.
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Figure 22 — Recovery rates of alginate and alginate-microparticles inks.

Then, alginate and alginate-microparticles hydrogels were prepared by fully cross-
linking the alginate solution and alginate-microparticles suspensions with a 0.5% (m/v)
CaCl, solution. These hydrogels were submitted to oscillatory rheology tests, thus obtaining
the storage (or elastic) G' and the loss (or viscous) G™ moduli. These parameters are essential
to describe the viscoelasticity of the hydrogels.®® The results for both G' and G" moduli are
presented in Figure 23.

Regarding the results, the values obtained for the storage (G') modulus are
significantly higher than those obtained for the loss (G") modulus (G'>G"), which indicate
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that the hydrogels have a solid-like behaviour since G' represents the hydrogel firmness, and

therefore are fully cross-linked.®% "
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Figure 23 - Storage (G") and loss (G") moduli of alginate and alginate-microparticles hydrogels

measured as a function of shear strain.

5.2.2. Optimization of the 3D-printing parameters

The printing parameters, namely nozzle width, printing speed and air pressure, were
optimized by printing ink filaments using different nozzle widths and varying air pressure
applied and printing speed. These tests were performed for the alginate ink (pre-crosslinked
alginate solution) since the pre-crosslinked alginate-microparticles suspensions and the pre-
crosslinked alginate solution had similar viscosities as referred above. Firstly, the tests were
performed with a nozzle width of 0.41 mm. For this test, the air pressure was varied with a
constant printing speed of 10 mm/s. In this way, the air pressure that presented the best
resolution was selected, being 0.9 bar. Then, for this pressure, the printing speed was varied
from 5 to 25 mm/s. Figure 24 presents the results for the different tests for the nozzle width
of 0.41 mm.
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Figure 24 - Printing studies with the alginate 4% (w/v) ink using a nozzle with a width of 0.41 mm.

These results revealed that a large amount of ink is deposited for the 0.41 mm nozzle
width, leading to filaments with a low resolution. Therefore, this width was discarded for
these samples. To achieve higher resolution, a nozzle with 0.20 mm width was tested.
Similarly, air pressure was varied, maintaining the printing speed at 10 mm/s. After choosing
the pressure that led to the best resolution (2.8 bar), the printing speed was varied from 5 to

25 mm/s. The results obtained in these tests are presented in Figure 25.

Regarding the nozzle with a width of 0.20 mm, higher resolution filaments were
obtained for an air pressure of 2.8 bar and printing speeds of 10 and 15 mm/s. However, its
narrow width may endanger the viability of future loaded cells due to high pressure when
extruded.”®’” Along these lines, a final nozzle width of 0.25 mm was tested. For this nozzle's
width, air pressure was again varied with a constant printing speed of 10 mm/s. The filament
that presented the highest resolution was the one printed at a pressure of 2 bars. As follows,
air pressure was maintained at 2 bar whilst the printing speed was varied from 5 to 25 mm/s.
Figure 26 presents the results of the printing tests for this nozzle.
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Figure 25 - Printing studies with the alginate 4% (w/v) ink using a nozzle with a width of 0.20 mm.
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Figure 26 - Printing studies with the alginate 4% (w/v) ink using a nozzle with a width of 0.25 mm.

The best results were obtained for the nozzle with a width of 0.25 mm with a good
balance between printing resolution, air pressure and printing speed, without extruding large
quantities of ink, as the 0.41 mm nozzle width, neither applying high pressure as for the 0.20
mm nozzle width. An air pressure of 2 bar was chosen for this nozzle since it presented the

highest resolution out of the variously air pressures tested. As for the printing speed, 10 mm/s
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was chosen as the one leading to the best results since higher speeds led to filament break
and lower speeds led to excessive quantities of extruded ink. An air pressure of 1.5 bar was
also taken into account since even though it presented less resolution than the filament

printed with a pressure of 2 bar, it was enough to print a well-defined filament.

Then, alginate and the alginate-microparticles inks were printed using the selected
printing parameters (air pressure: 1.5 or 2 bar; printing speed:10 mm/s; nozzle width: 0.25
mm) and a more complex printed structure (1.5 mm between strands and 10 deposited layers)
(Figure 15). The results for these printing assays are shown in Figure 27.

P: 1.5 bar; v: 10 mm/s; 10 layers; nozzle width: 0.25 mm

Alga% Alg4%-+Microparticles1%

'

Figure 27 - Printed constructs of alginate and alginate-microparticles inks obtained using a 0.25 mm

nozzle width and a space of 1.5 mm between ink strands.

The resulting structures presented low resolution since it was not possible to observe
the space between strands, and therefore the gride structure. To achieve higher resolutions
for the printed constructs, additional printing studies were carried out varying space between

ink filaments. In these tests, the number of deposited layers was also varied.
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5.2.3. Optimization of the printing parameters: 3D constructs

Expressly, the space between filaments was set at 1.5 mm, 2.25 mm and 3mm and

the number of printed layers at 2, 4 or 6. The other printing parameters were an air pressure

of 1.5 or 2 bar and a printing speed of 8.5 mm/s. For alginate and Alg4%-+Microparticles1%,

the construct with 6 layers was not fabricated since it was observed, when printing 2 or 4

layers, that the constructs have low resolution. In Figure 28 are presented the results of these

tests for both alginate and alginate-microparticles inks.
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Figure 28 - Printing constructs of alginate and alginate-microparticles inks.

Regarding these results, Algd% and Alg4%-+Microparticles1% inks led to low

resolution printed constructs since most do not maintain the pretended grid structure. On the

contrary, Alg4%-+Microparticless% and Alg4%-+Microparticles10% inks led to high

resolution printed constructs with a space of 3 mm between construct filaments.



According to these results, a higher concentration of microparticles leads to better-
printed constructs, indicating that the microparticles give firmness to the structure. Space
between the construct filaments and the number of deposited layers are two critical factors
to obtain high resolution. In this way, the structures which showed higher resolution (3mm
space between filaments, with 4 and 6 layers of Alg4%-+Microparticles5% and
Alg4%+Muicroparticles10% inks) were cross-linked with a 0.5% (w/v) CaCl; solution. These

fully cross-linked printed constructs are presented in Figure 29.

All the cross-linked constructs kept their structure upon being cross-linked. In this
way, the optimal parameters to print higher resolution structures are air pressure: 2 bar;
printing speed: 8.5 mm/s; nozzle width: 0.25 mm; space between strands: 3mm).

Alg4%-+Microparticles5% Alg4%-+Microparticles10%

3 mm between filaments 3 mm between filaments

4 Layers

6 Layers

Figure 29 - Cross-linked structures obtained with  Alg4%-+Microparticles5%  and
Algd%+Microparticles10% with four layers (top) and six layers (bottom) with 3mm space between

filaments.

5.2.4. Scanning electron microscopy (SEM) of the printed constructs

In order to confirm the presence of microparticles in the printed constructs, SEM
analysis of the constructs printed with the alginate inks containing 5% and 10% of
microparticles was carried. Surface images of these constructs are presented in Figure 30.

The images show the presence of cellulose acetate microparticles in both samples.
Moreover, it is also perceived that the microparticles were evenly distributed over the entire
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surface of the construct and retained their original spherical form, not being damaged by the
pressure applied during the extrusion printing.

Alg4%-+Microparticles5% Alg4%-+Microparticles5% Alg4%-+Microparticles5%

1.00 mm 100 pm 30 pm

Alg4%-+Microparticles10% Alg4%-+Microparticles10%,

100 pm 30 um

Figure 30 - Scanning electron microscopy (SEM) images of the surface of the 3D-printed constructs

of alginate-microparticles hydrogels with 5% and 10% of CA microparticles.

The space between the printed constructs' filaments was determined using the ImageJ
software, and the results are shown in Figure 31. Although the original constructs were
printed with a space between filaments of 3 mm, this parameter is much smaller in the SEM
micrographs. These differences are certainly associated with the spreading of the inks during
printing and/or shrinkage of the constructs during drying.

Alg4%-+Microparticles5%,

SU-70 4.0kV 10.2mm x30 SE(M) 1.00mmll SU-70 4.0kV 10.3mm x30 SE(M)

Figure 31 — SEM micrographs of the surface of the 3D-printed constructs of alginate-microparticles

hydrogels with 5% and 10% of CA microparticles and respective measured space between filaments.
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6. Conclusion and future perspectives

The objective of this work was the development of a novel biopolymeric microcarrier
based bioink with improved mechanical properties and high cell viability for application in
3D-bioprinting. To achieve this goal, firstly, cellulose acetate microparticles were produced
by dissolving cellulose acetate in acetone and regeneration following the water-on-polymer
method. The obtained microparticles were characterized accordingly to their chemical
structure and morphology, which proved to be spherical with an average size of
573.83+£178.76 nm. The microparticles' suspension also revealed high cell viability towards
HaCaT cells, with cell viability values over 75%. Then, various alginate-based inks were
prepared by adding different amounts of cellulose acetate microparticles to the alginate
solution to achieve concentrations of microparticles of 1%, 5% and 10% (m/m), followed by
a pre-crosslinking step with a CaCl, solution. The viscosity and shear stress of the inks
increased with the amount of microparticles, and all revealed a shear-thinning behaviour
which is optimal for extrusion bioprinting. The G' and G" moduli of the fully cross-linked
hydrogels (obtained after cross-link with a CaClz solution) showed how the storage modulus
was prevalent compared to the loss modulus revealing the consistency and solid-like
behaviour of the printed structure, as well as confirming their complete reticulation. Then,
the 3D printing process was optimized, and the best conditions were selected, namely a
pressure of 2 bar, a printing speed of 8.5 or 10 mm/s, and a nozzle width of 0.25 mm. Upon
carrying out printing tests to improve the resolution of the printed structures, the sample with
the most promising result was the Alg4%-+Microparticles10% ink, which allowed to print
up to 6 layers with a space of 3 mm between strands of ink. The printed structures were fully
cross-linked with a 0.5% (m/v) CaCl. solution, and the obtained constructs were analyzed
by SEM, confirming the presence of the microparticles homogeneously distributed in the

printed structures.

Even though the alginate-cellulose acetate inks revealed considerable potential for the
3D-bioprinting of living tissue, there are still important topics that require further studying,
such as:

e Loading of the hydrogels with cells, and confirmation of their rheological
properties and printability;
e Evaluation of the mechanical properties of the printed constructs by compression

tests;
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Determination of the cell viability after the extrusion printing process;
Investigation of the cell proliferation and tissue formation in 3D-bioprinted
constructs;

Investigation of the rate of degradation of the hydrogel compared to the formation

of new tissue.
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