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SUMMARY



Articular cartilage is a tissue with important functions in preserving and enabling
locomotion. However, it has limited intrinsic repair capacity when is damaged, which
requires medical intervention. Conventional treatments for cartilage regeneration are
not successful enough to repair articular cartilage defects. In the search of alternatives,
bioprinting technology approaches are being explored as a promising solution, allowing
the fabrication of viable cartilage substitutes by controlled deposition of cells and
biomaterials that mimic the native tissue. For this, the selection of a suitable bioink (cell-

carrier material), in terms of biological and mechanical properties, is crucial.

Among biomaterials, natural polysaccharides are one of the most attractive, due
to structural similarities and high-water retention, that resemble native environment of
cartilage. Another approach that has been recently explored is the use of decellularized
extracellular matrix derived from tissue (tdECM), which provides unique biochemical
cues and microenvironment. However, it entails some issues such as limited donor tissue
availability, morbidity or immunogenicity. As alternative source, cell culture is gaining a
lot of attention especially with mesenchymal stem cells (MSCs), as these allows to
generate easily biomimetic matrices, overcoming limitations that entail extracellular

matrix (ECM) derived from tissue.

The first objective of our study was to develop a new biomimetic bioink based on
natural biomaterials, such as hyaluronic acid (HA), a main cartilage component, and
alginate, which also provides suitable mechanical properties for cartilage tissue 3D
bioprinting. The analysis of the main characteristics required for this application
revealed an appropriate printability, jellying abilities, stiffness and degradability of this
natural biomimetic bioink. In addition, biological assays demonstrated the positive
effect of HA, improving the ability of chondrocytes to proliferate and produce ECM
components, collagen type Il and glycosaminoglycans (GAGs). The analysis of gene
expression also indicated that it facilitates phenotype maintenance for long-term

culture, increasing the expression of mature chondrocyte genes (collagen type Il,



aggrecan and Sox9) and reducing non-specific genes, such as fibrotic (Collagen type 1)

and hypertrophic (Collagen X) markers.

The second objective was to develop a biomimetic bioink that better resembles
chondrogenic environment based on decellularized ECM derived from MSCs in culture
(dECM). In this attempt, we first were able to generate a matrix with a composition
similar to that in early-step chondrogenic process, proving elements necessaries for
tissue development not present in mature cartilaginous ECM. After its effective
decellularization, demonstrated by maximal cellular removal and minimal matrix
subtraction, it was possible to formulate a bioink with suitable properties to be applied
in 3D bioprinting, such as shear thinning behavior, good shear recovery and gelling
abilities. In addition to mechanical properties, its biocompatibility and bioactive
properties were also demonstrated. We could evidence, by gene expression and
histological assays, that this novel biomimetic bioink, at different concentrations, was
capable to induce chondrogenesis of MSCs and cartilage tissue formation both in vitro e

in vivo.

Summarizing, here we present a robust and extensive study in which two
different biomimetic bioinks suitable for cartilage 3D bioprinting were developed,
demonstrating their biological and mechanical properties in vitro e in vivo, and

encouraging its future application in the clinical arena.
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RESUMEN



El cartilago articular es un tejido con funciones importantes en la preservacion y
ejecucion de la locomocién. No obstante, tiene una capacidad de reparacidn intrinseca
limitada cuando éste se dafia, que requiere intervencion médica. Los tratamientos
convencionales para la regeneracién del cartilago no son suficientemente efectivas para
reparar los defectos del cartilago articular. En la busqueda de alternativas, la tecnologia
de bioimpresidn se esta considerando una opcidon prometedora, puesto que permite la
fabricacidon de sustitutos viables de cartilago mediante la deposicion controlada de
células y biomateriales, que imitan el tejido nativo. Para ello, la seleccién de una biotinta

(material portador de células) adecuada, en términos biolégicos y mecanicos, es crucial.

Entre los biomateriales disponibles actualmente, los polisacaridos naturales son uno de
los mas atractivos, debido a sus caracteristicas estructurales y a su alta capacidad de
retencién de agua que permiten proporcionar un ambiente semejante al del cartilago
nativo. Otro posibilidad que se ha explorado recientemente es el uso de la matriz
extracelular descelularizada derivada de tejido (tdECM), capaz de proporcionar unas
sefiales bioquimicas y un microambiente unicos. Sin embargo, conlleva algunos
problemas, como la disponibilidad limitada de tejido donante, la morbilidad o la
inmunogenicidad. Como fuente alternativa, el cultivo celular esta recibiendo una gran
atencién, especialmente de las Células Madre Mesenquimales (MSCs), ya que éstas
permiten generar facilmente matrices biomiméticas, sin presentar las limitaciones que

supone la matriz derivada de los tejidos.

El primer objetivo de nuestro estudio fue desarrollar una nieva biotinta biomimética
basada en biomateriales naturales, como el acido hialurénico (HA), uno de los
principales componentes del cartilago, y el alginato, que ademads proporciona una
propiedades mecdnicas adecuadas para la bioimpresion 3D. El andlisis de las
caracteristicas principales requeridas para dicha aplicacidon determind que esta biotinta
bimimética poseia una adecuada printabilidad, capacidad de gelificacién, rigidez y
degradabilidad. Ademas, los ensayos bioldgicos evidenciaron el efecto positivo de HA, el
cual mejord la capacidad de los condrocitos para proliferar y producir componentes de

la matriz extracelular, colageno tipo Il y glucosaminoglicanos. El andlisis de la
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expresion génica también indicd una mejora en el mantenimiento del fenotipo para el
cultivo a largo plazo, aumentando la expresion de los marcadores especificos de
condrocitos maduros (colageno tipo Il, agrecano y Sox9) y reduciendo los no especificos
de cartilago hialino, como el marcador fibrético (colageno tipo 1) y el hipertréfico

(Colageno X).

El segundo objetivo fue desarrollar una biotinta biomimética que asemejara mejor el
ambiente condrogénico, a partir de matriz derivada de MSCs en cultivo. Para ello,
primero se generd una matriz con una composicion similar a la establecida durante el
proceso condrogénico embrionario, conteniendo los elementos necesarios para el
desarrollo del tejido y que no estan presentes en la matriz cartilaginosa madura.
Después de su efectiva descelularizacion, demostrada por la eliminacion maxima de
contenido celular y la sustraccion minima de la matriz, fue posible formular un biotinta
con propiedades adecuadas para su aplicacion en la bioimpresién 3D, como
viscoelasticidad, gran capacidad de recuperacién y de gelificacién. Ademas de las
propiedades mecdnicas, también se demostré su biocompatibilidad y propiedades
bioactivas. Mediante el analisis de expresidn génica e histolégicos se determiné que esta
nueva biotinta biomimética, a diferentes concentraciones, fue capaz de inducir la

condrogénesis de MSCs y la formacién de tejido de cartilago, tanto in vitro como in vivo.

En resumen, aqui presentamos un estudio robusto y extenso en el que se desarrollaron
dos bioenlaces biomiméticos diferentes adecuados para la bioimpresién 3D de cartilago,
demostrando sus propiedades bioldgicas y mecdnicas in vitro e in vivo, y alentamos su

futura aplicacién en el ambito clinico.
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I.1. ARTICULAR HYALINE CARTILAGE

Articular cartilage is a highly specialized connective tissue that belongs to the group
of hyaline cartilages. It is a thin layer of hydrated tissue that covers the ends of long
bones at the joints. Its principal function is to provide a smooth, lubricated surface for

articulation and to facilitate the transmission of loads with a low frictional coefficient

[1].

Unlike most tissues, articular cartilage does not have blood vessels, nerves, or
lymphatics. It is composed of a dense and organized ECM with a sparse distribution of
highly specialized cells called chondrocytes (2% of tissue volume). The ECM is principally
composed of water (68—85%), collagen (15-22%) and proteoglycans (4—7%), with other
non-collagenous proteins and glycoproteins present in less amount [2]. All these
components, which are continuously synthesized and modified by the chondrocytes, are
critical to maintain the unique mechanical properties of cartilage. The collagens, mainly
type Il, form fibrils that are arranged into a fibrous network and provide tensile strength
to the tissue especially at the surface, which is continuously subjected to shear strain
during articulation. Meanwhile, proteoglycans, principally aggrecan, forms large
aggregates in the matrix, binds to water and provides compressive stiffness to withstand
large loads. Minor constituents of the ECM, such as non-fibrillar collagens IX, XI or small
proteoglycans biglycan, fibromodulin, decorin and lumican also play an important role

in the regulation and formation of this collagen network [3,4].

The elements that constitute articular cartilage are not evenly distributed and
organized in the depth of the tissue (Figure 1). Therefore, it can be divided into four
distinct zones: superficial, middle, deep and calcified zones. The superficial zone (10%—
20% of total thickness) is characterized by tightly packed, tangentially oriented collagen
fibrils and a relatively low proteoglycan content. This arrangement provides tensile
properties, protecting the deeper layers from stresses and compression. The middle
zone (40-60% of cartilage volume) is characterized by randomly oriented collagen fibrils
and the highest proteoglycan content, which may contribute to the higher compression
modulus in this layer, caused by the larger osmotic water swelling effect. The deep zone

(30%—-40% of articular cartilage thickness) exhibits radially oriented, larger diameter
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collagen fibers and a lower proteoglycan content than the middle zone. The cell density
of chondrocytes decreases from the superficial zone to the deep zone, and their
morphology changes from a flattened discoidal shape in the superficial zone, to a more
spherical shape in the middle zone, to a slightly elongated form in the deep zone. The
calcified zone provides a transition between the hyaline cartilage tissue of the overlying
zones and the basal subchondral bone. Within this, the cartilage ECM is mineralized and

type Il collagen is replaced by type X collagen[5-8].

In addition to the zonal division of articular cartilage tissue, the ECM displays some
regional variation in the arrangement of its components around the cells (Figure 1).
These are defined as the pericellular matrix, territorial matrix and interterritorial matrix
[5,6,8]. All the chondrocytes are surrounded by a pericellular region, known as
chondron, which is characterized by the absence of collagen network, with the exception
of collagen type VI, and a high concentration of other molecules such as proteoglycans
(aggrecan, hyaluronan, decorin and biglycan) and glycoproteins (fibronectin, link
protein, and laminin). Surrounding the pericellular region, there is a fine fibrillar network
of collagen confined to an area defined as territorial region. All these molecules in both
regions (around 2-5 um of thickness each one) allow the chondrocytes to bind to the
interterritorial matrix and protect them during mechanical loading. The interterritorial
matrix, that is the largest portion of cartilage (more than 5 um from the surface of
chondrocytes) responsible for the zonal architecture of cartilage, contains the most type

Il collagen and the lowest amount of aggrecan.

Pericellular M. Territorial M.

. . Interterritorial M.

Calcified z.

Figure 1. Internal structure of articular cartilage tissue.
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I.2. CHONDRAL PATHOLOGY

Due to the unique tissue’s structure and physiology (avascular, abneural, low cell
density and proliferative activity), healing ability of articular cartilage is extremely
limited upon traumatic joint injuries, abnormal joint loading or degenerative joint
diseases such as Osteoarthritis [8]. The intrinsic repair response leads to the formation
of so-called fibrocartilage, which is functionally and biomechanically inferior to the
original hyaline cartilage. This fact makes the tissue more prone to further deterioration,
and thus initiates a vicious cycle that eventually results in the dysfunction of the joint

[4,9-11] .

I.3. CURRENT TREATMENTS

The defect or injury can be classified as partial thickness defects, confined to
cartilage zone, or full thickness defects, also affecting subchondral bone [12-15].
Currently, there are different treatments for patients depending on the severity of
damage (Table 1). Nonsurgical treatment that mainly alleviate the pain without
correcting the underlying pathology, includes activity modification, physical therapy,
dietary supplements, weight loss, anti-inflammatory drugs (e.g., aspirin, ibuprofen,
celecoxib) and injections of viscous hyaluronan preparations into the synovial cavity. In
an attempt to repair damaged tissue, surgical treatments have been used, involving
stimulation and replacement techniques. First procedures take advantage of the natural
ability of cells to repair, since they participate in the formation and restore of tissue. It
can be conducted by cell implantation, chondrocytes or MSCs (autologous chondrocyte
implantation (ACI)-like procedures), or by recruitment from surrounding tissues
(abrasion arthroplasty, drilling and microfracture). The other approach represents a
means of substituting the defect with healthy tissue (autologous, or mosaicplasty, and

allogeneic osteochondral grafting).

Despite these techniques have fairly acceptance in the clinic and are commonly
used, they present several limitations [12,13,15,16]. Generally, it still remains full

correction of the pathology. None of them have led to tissue formation with structural,
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functional and biomechanical properties equivalent to native cartilage and/or

subchondral bone. At long term, many cases result in joint deterioration, being total

joint replacement with artificial prosthesis the ultimate option at this stage. Currently,

researchers are trying to find effective approaches to treat cartilage defects and

overcome those drawbacks.

Treatment
Non-surgical

Arthroscopic
chondroplasty

Microfracture

Mosaicplasty/
osteochondral
autograft transfer

ACl

Osteochondral
allograft transfer

Joint arthroplasty

Description

Oral analgesia, weight loss,

physiotherapy

Minimally invasive resection
of loose cartilage to
decrease mechanical joint
irritation

Minimally invasive
arthroscopic surgical
procedure that breaches
the subchondral bone with
a pick to release
osteoprogenitor cells into a
defect to encourage
fibrocartilage growth

Uses multiple
osteochondral autografts
harvested from the
patient’s femur to fill an
osteochondral defect

Harvested chondrocytes are
cultured prior to being re-
implanted into the defect.
An evolving procedure due
to advances in tissue
engineering

Uses allogenic (cadaveric)
osteochondral tissue to fill
defect

Resects and replaces
arthritic bone with an
artificial joint, most
commonly metal implants
separated by a polyethylene
liner

Benefits
May avoid surgery

Simple procedure,
immediate weight
bearing

Minimally invasive, no
tissue grafts required,
only routine surgical
instruments needed,
used for lesions <2.5
cm?

No allograft,
theoretically fills in
with hyaline cartilage.
Used to treat lesions
from 1-4 cm?

May produce hyaline
cartilage, can treat
lesions 2-10 cm?

Can treat large
lesions, no graft-site
morbidity

Pain relief, variable
return to function

Limitations

Only masks symptoms,
chronic use of pain
medications

Only masks symptoms

Fibrocartilage
biomechanically inferior to
hyaline cartilage, brief
period of non-weight
bearing, unclear impact on
development of Arthritis

Graft-site mismatch may not
recreate native joint
mechanics, graft-site
morbidity, cannot treat large
lesions, lack of integration
with surrounding tissues

Graft delamination,
periosteal hypertrophy,
questionable ability to
produce hyaline cartilage

Allogenic tissue (potential
for disease transmission),
size/depth mismatch,
questionable chondrocyte
viability, lack of integration
with surrounding

Variable return to
function/activity

limitations, infection,
Implants wear out over time
(need for re-operation),
cannot completely recreate
native anatomy or
mechanics

Table 1. Current clinical options for the treatment of cartilage defects Modified from [17]
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1.4. NEW THERAPEUTIC STRATEGIES: TISSUE ENGINEERING

Technological advances in many areas have opened up a new concept to address
the previously described current limitations and to provide new and more effective
treatments. This area is usually named as tissue engineering [18] and it is included in the
novel medical approach known as regenerative medicine. It is a multidisciplinary
strategy that applies the principles of engineering, materials sciences and life sciences
to develop biological substitutes that restore, maintain, or improve tissue functionality.
In cartilage tissue engineering (CTE), the main goal is to create artificially cartilage-like
constructs with mechanical and biological characteristics that are reminiscent of native

tissue, to promote long-lasting, functional repair of defective articular cartilagelesions.

This approach involves three principal elements: scaffolds, cells and bioactive
molecules (i.e., growth factors and proteins), which are combined to produce
engineered tissues in vitro or as a regenerative medicine strategy in vivo [13,17,19]

(Figure 2).

SCAFFOLD
Synthetic, Hydrogel

BIOACTIVE MOLECULES
TGFB-3, BMP-2

H
G
NH

Figure 2. Principal elements of Tissue Engineering: cells, scaffolds and bioactive molecules.
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o Cells

Among the various cell types that have been contemplated for CTE, chondrocytes
have been considered the logical option, as they are the unique cell type in mature
articular cartilage and are responsible for the secretion and maintenance of the ECM
[13,19]. These cells are mainly isolated from articular cartilage, although there are other
sources such as non-articular sites (e.g. septal or costal sites) or elastic cartilage (e.g.
auricular). However, these cells suffer from two major concerns: their instability in
monolayer culture and the scarcity of donor tissue [13,20,21]. A potential alternative is
the use of stem cells. Particularly, mesenchymal or progenitor stem cells have been
considered as an attractive source of cells for cartilage engineering as they have easy
availability, have high capacity of in vitro expansion and possess ability to differentiate
into chondrocyte lineages [22]. They are derived from a variety of tissues including bone
marrow, umbilical cord blood, periosteum, adipose tissue and dental pulp, but not all of
them have the same chondrogenic potential [9,23]. In this regard, a lot of efforts have
been focused on understanding the key signaling that regulates MSC chondrogenesis to
consistently generate improved and stable cartilage from MSCs. Similarly, chondrogenic
stem/progenitor cells (CSPCs), recently discovered in the superficial zone of articular
cartilage, have showed a high therapeutic potential, superior to chondrocytes. However,
there are certain issues related with identification and purification of these cells from
tissue, due to the lack of well-defined markers. The use of pluripotent stem cells, as
embryonic stem cells (ESCs) or induced pluripotent stem cells (iPS), is also a reality, but
it remains in an early stage [24]. More studies are needed to solve the problems related

with ethical issues, their capacity to develop tumors in vivo and antigenicity.

o Scaffolds

The role of the scaffold in tissue engineering is to provide a temporary substrate and
microenvironment for cells in order to grow and promote the formation of desired
tissue. A considerable amount of materials have been developed and evaluated for CTE
[13,16,25,26]. Scaffolds are classified based on the source of material, that can be
natural or synthetic. Natural materials are most widely used as they are both

biodegradable and biocompatible and provide a more physiological environment for
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cells. These materials may be further divided into protein-based matrices, being the
most common collagen, gelatin, fibrin or silk; and carbohydrate-based matrices such as
alginate, agarose, chitosan, or hyaluronan, although the best candidate currently is the
dECM obtained from native tissue. On the other hand, synthetic materials have the
advantage of being easily manipulated, with controllable chemical and physical
properties, in order to fabricate customized scaffolds that match the features of native
tissue or get enhanced chondrogenic potential. They generally include poly (glycolic
acid) (PGA), poly(lactic acid) (PLA), poly(lactic-co-glycolic acid) (PLGA), poly-caprolactone
(PCL), poly(ethyl glycol) (PEG), poly(vinyl alcohol) (PVA), poloxamers, polyurethane, and
self-assembling peptides. Despite this great diversity of biomaterials, the trend in CTE is
to combine natural and synthetic biomaterials to exploit the advantages of each one

and, therefore, to improve tissue formation.

As tissue formation is affected not only by composition but also architecture and
topography, scaffolds have been produced in several forms and different techniques
used in order to reproduce the structure of articular cartilage. These fabrication
methods include solvent casting, particulate leaching, phase separation, freeze-drying,

gas foaming, molding, stereolithography or electrospinning, among others [16,27,28].

o Bioactive molecules

Apart from an appropriate scaffold, cartilage formation will also require the use of
signaling factors that will induce specific differentiation pathways toward the
chondrogenic lineage or maintenance of chondrogenic phenotype. Several growth and
differentiation factors that are involved in regulating cartilage development and
homeostasis of mature articular cartilage have been identified and employed in CTE to
induce, accelerate, maintain, and/or enhance cartilage formation [17,29,30]. These
factors include transforming growth factor family (TGF-Bs), bone morphogenetic
proteins (BMPs), insulin-like growth factors (IGFs), and fibroblast growth factors (FGFs).
Other factors also involved in chondrogenesis are parathyroid hormone-related protein
(PTHrP) or thyroid hormone [28,31]. Furthermore, in an attempt to reproduce the
complexity of the biological environment, the combination of these factors, dose and

release regimes have also been studied. Several methods have been developed such as
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the incorporation into scaffolds for spatiotemporal control signaling, programmed
delivery by attachment or nanoparticles, or transfection of transcription factors into the

cells [28,29,31] .

1.5. 3D BIOPRINTING

Conventional methods that have been previously mentioned to fabricate
scaffolds allow to create constructs that may closely match the natural structure of
cartilage, by inducing patterns based on fibers or pores. However, most of them lack of
precise control of internal structural features and topology. Recently, three dimensional
(3D) printing technology has emerged in CTE as a powerful alternative to all these
approaches, promising to bridge the divergence between artificially engineered tissue

constructs and native tissue [32].

3D printing is a rapid prototyping and additive manufacturing technique used to
fabricate complex structures with precise deposition of a material through a layer-by-
layer building process [32—34]. Its application in regenerative medicine, known as
bioprinting, has enabled to create engineered tissue constructs by controlled delivery of
living cells, molecules and biomaterials, often referred as “bioink”, in predefined 3D
patterns that mimic native tissues. This technique not only allows to accurately
recapitulate microstructural features and complex architecture of target tissue but also
produce tailorable scaffolds for patients, based on medical images acquired with non-
invasive techniques such as Magnetic Resonance Imaging (MRI) and Computerized

Tomography (CT).

1.5.1. 3D Bioprinting Techniques

3D bioprinting was developed in several ways, depending on principles of material

releasing and it can be based on jetting, extrusion or laser technology (Figure 3).
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o Extrusion-Based 3D Bioprinting:

Among the printing options, this method has been the most utilized for the
fabrication of tissue engineering constructs, including cartilage tissue. In a extrusion
bioprinting system, the material or bioink is continuously deposited onto the printing
platform through a computer-controlled nozzle via motor-driven plungers or pneumatic
pressure. It has the advantage of printing at high speed a broad range of cell-carrier
materials, called bioinks, at different viscosities and minimal cell damage. Once the
bioink is printed, it can be crosslinked by ionic, photo, and/or thermal-based

mechanisms.

o Jetting-based 3D bioprinting

This technique consists in delivering small droplets of bioink (1-100 picolitres; 10—
50 um diameter) on a platform in a predefined pattern. These droplets are generated by
the aid of piezoelectric or thermal actuators, and jellify after deposition by UV light,
ionic, thermal or chemical cross-linking methods. Although the main drawback of inkjet
bioprinting is the limited bioink selection, only at low viscosities (~ 0.1 Pa), this technique
enables to control the small volume of liquid and achieve higher resolutions than

extrusion methodology.

o Laser-Based 3D Bioprinting

Laser-based 3D bioprinting is an expensive and complex technique that uses pulsed
laser energy to transfer materials to a receiving substrate. Laser pulses are targeted on
a layer of a ribbon, creating a high-pressure bubble, which drives the bioink towards a
substrate. This is a nozzle-free procedure that allows the fabrication of accurate micro-
structured scaffolds. However, its use is restricted due to the high cost, selection of low-

viscosity bioinks and poor cell viability in comparison to other techniques.
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Figure 3. Schematics of the major 3D bioprinting mechanisms.

1.6. 3D BIOPRINTING IN CARTILAGE TISSUE ENGINEERING

To date, there is a lot of research focus on cartilage 3D bioprinting [35,36].
Theoretically, this tissue should be relatively simple to replicate, since it is relatively
acellular, avascular, and abneural. For that, a variety of cell and biomaterials have been

used, involving mainly extrusion-based techniques.

[.6.1. Bioinks

With the emergence of 3D bioprinting, the role of material in tissue engineering
has changed. Now, it acts not only as a suitable substrate for cell adhesion, proliferation
and differentiation, in the guidance of tissue generation, but also as a cell-carrier
providing a supportive ECM environment that protects cells from printing-associated

stresses [37-39].
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In general terms, hydrogels are the most common materials used for bioink
formulation, as they facilitate homogeneous cell encapsulation in a highly hydrated and
mechanically supportive 3D environment, which is similar to that of articular cartilage
[39,40]. Ideally, hydrogels should: (i) have good printability; (ii) have a high degree of
biocompatibility, without being toxic or eliciting any immunological reactions; (iii) be
able to gel by a cell-friendly method; (iv) have good mechanical stability; (v) have good
biodegradability and (vi) be able to support cellular activities such as adhesion,
migration, proliferation and differentiation. Other important factors to be considered

are the price of material, regulatory issues, shelf-life, and easy-handling [38].

1.6.2. Biomaterials used for bioink formulation

Taking inspiration from ECM, which has an important role on cell regulation,
researchers have developed bioinks that recreate to some extent the composition or
properties of native articular cartilage to guide tissue-specific formation. To date,
numerous biomaterials have been explored for bioprinting cartilage constructs [35,41—

43] (Table 2).

o Natural components:

Alginate

Alginate, a linear anionic polysaccharide of mannuronic acid and guluronic acid
obtained from seaweeds and algae, has been one of the biomaterials mostly used in 3D
bioprinting. It has an excellent biocompatibility and properties that are required for a
good printability, such as viscosity and instant gelation by mixing with multivalent
cations [44,45]. Moreover, the high hydrophilic nature and lack of cell adhesion sites
make alginate a good candidate to reproduce cartilaginous ECM. In CTE bioprinting,
alginate has been widely used alone or in combination to improve the printability of

many biomaterials [19,41,45]. Additionally, it has been chemically modified with
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peptides (e.g. RGD) or by oxidation, to improve cellular functions and stability of 3D

printed structures [46—48].

Agarose

Agarose is other polysaccharide obtained from seaweed that has been
commonly used for CTE bioprinting due to its biocompatibility, gelation properties and
mechanical strength. Like alginate, it provides an environment that resemble native
tissue, retaining round morphology of cells and inducing chondrogenic differentiation of
MSCs [35,43]. Moreover, its gelation is based on a temperature-responsive process,

which makes it unnecessary to use another linker.

Collagen

Collagen, as the main protein components in natural cartilage, has been a
promising biomaterial for bioink development. Although around 90% of its dry weight is
collagen type Il, type | collagen has been mostly used for CTE bioprinting because of its
easy availability. Collagen-based bioinks display great biocompatibility and
biodegradation, related to many RGD domains which facilitates cell adhesion and
growth. However, it has some limitations, such as slow gelation rate and poor
mechanical properties, that difficult its bioprinting. In addition, collagen is known to
decrease in volume up to 20%—30% once gelled due to cellular contractile remodeling
[49]. In CTE, these issues have been overcome by additional crosslinking via photo-
polymerization, enzymatical procedures (genipin and transglutaminase) or other
chemical reaction (e.g. with aldehydes, carbodiimides, isocyanates) [50-53]. Its
combination with more biomaterials, such as poloxamer, agarose or alginate has also
improved tissue formation in 3D-printed cartilage constructs [54-56]. Nevertheless,
controversy persists about the perfect source of collagen since most of them come from
animals and cadavers, that could entail disease transmission and immunogenicity.
Currently, recombinant human collagen based on plant materials provides an
alternative. It has been evidenced to play a similar role as natural ECM collagen in the

tissue regeneration process.
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Gelatin

Gelatin is the denatured form of collagen. It has been widely used in CTE
bioprinting due to its inverse thermosensitive properties, which enable the development
of shaped fidelity structures at room temperature [38]. However, its low stability at
physiological temperatures has led to be chemically modified. In this way, methacryloyl-
modified gelatin (GelMA) has gained increasing attention to fabricate cartilage
constructs by 3D bioprinting, since it can be photo-crosslinked at mild conditions (e.g.,
neutral pH, room temperature, in water-based solutions), through exposure to UV light
[57]. Like collagen, other approaches have involved the combination of gelatin and
derivates with other natural biomaterials such as silk, hyaluronic acid (HA), alginate or
chondroitin sulfate (CS) [43,58—60]. Many studies that used gelatin for CTE bioprinting
have reported not only to improve mechanical properties of the constructs during

printing process but also to promote chondrogenesis [60].

Glycosaminoglycans (GAGs)

GAGs (HA, heparin, heparin sulfate -HS- and CS) are linear, anionic and highly
heterogeneous carbohydrate polymers composed of repeating disaccharide units, which
are commonly uronic acid and hexosamine (glucosamine or galactosamine). Except for
HA, such chains are bound to a central protein to form proteoglycans. Along with
collagen I, GAGs are the main components in cartilage ECM, where regulate matrix
assembly and cell-matrix interactions via interacting with various structural proteins
(e.g., fibronectin and collagen) and signaling molecules (e.g., growth factors and

chemokines) [3,4].

HA, as a main component of aggrecan, is important in regulating not only
cartilaginous matrix but also in some key cellular processes of chondrocytes, such as
morphogenesis, metabolism and proliferation [61]. However, HA alone is not suitable
for 3D printing due to its unstable polymerization properties [62]. In this regard, HA has
been widely used as bioink for cartilage 3D bioprinting through chemical modification

with crosslinkable groups and/or blending with printable hydrogels (i.e. GeIMA) [63—-65].
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So far, studies that used HA for CTE bioprinting have evidenced its protective and
chondro-inductive role. Among these, it is noteworthy the recent approach consisted in
combination of HA with collagen and CS, which resulted in an improved ECM-mimicking

bioink capable to induce chondrogenesis and cartilage-specific matrix deposition [36].

Other natural materials

Due to the importance of mechanical properties of bioink in the 3D bioprinting field,
other polymers such as gellan gum, nanocellulose or fibroin silk has been used in
combination with biomaterials described above, to prepare bioinks with attractive
rheological properties and to improve the shape fidelity of the bioprinted cartilage
constructs. Moreover, such polymers are relatively inexpensive to produce, and has fine
processability and tunable mechanical properties that are important for bioprinting

processes [35,62].

o Synthetic materials

Poloxamers

Poloxamers, also known by the trade names Synperonics, Pluronics, and Kolliphor,
are nonionic triblock copolymers composed of a central hydrophobic chain of
polyoxypropylene flanked by two hydrophilic chains of polyoxymethylene. They are
widely used in extrusion-based bioprinting. Like gelatin, its suitable printability is
attributed to inverse thermo-gelling properties, which allows to flow at low
temperatures and gel at room temperature [38]. In CTE bioprinting, poloxamers have
been chemically modified with photo-crosslinkable groups (acrylates) or degradable
sequences to improve mechanical stability and degradation of gels [66]. Moreover, it
has been used as temporal supportive material of bioink such as GeIMA or HA-derivative
[67,68]. Although poloxamers have demonstrated to exhibit suitable properties for 3D
bioprinting, unsatisfactory results related to long-term cell survival makes necessary to

improve its formulation [68].
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Poly(ethylene glycol) (PEG)

PEG is a linear polyether hydrophilic compound that can be conjugated with enzymes,
liposomes, and other biomolecules [69] . This synthetic polymer is water soluble andits
features can be manipulated through variation of its chemistry, being the most common
in printing application the addition of diacrylate (DA) and methacrylate (MA) [70,71]. Its
non-adhesive properties and great mechanical stiffness, in comparison to naturally-
derived polymers, have made PEG very suitable for CTE, therefore, it has been

extensively used for bioprinting of cartilage constructs [71] .

Bioink Cell type Polymerization | Reference
Alginate Chondrocytes; ACPCs; CaCl, [72-76]
MSCs; ATDCS cell line
Alginate /Agarose Chondrocytes CaCl,/Temperature [77]
Alginate/Methylcellulose MSC CaCl [78]
Alginate /Collagen | Chondrocytes CaCly/Temperature | [77]
Alginate/ Nanocellulose Chondrocytes; MSCs; CaCl, [79-81]
Human iPSC CaCly/H20;
Alginate/ Nanocellulose/HA iPSCs and Chondrocytes CaCl, [81]
Alginate/Pluronic F127 MSCs CaCl, [82]
Alginate/ dECM Chondrocytes CaCl, [83,84]
Agarose Chondrocytes; MSC; hMG- Temperature [73,85]
63 from osteosarcoma;
Collagen Chondrocytes Temperature [86]
Collagen I/ HA MSCs CaCl, [55]
Collagen /Fibrinogen Chondrocytes Temperature [87]
GelMA Chondrocytes; MSCs uv [73,88]
GelMA-Guar Gum Chondrocytes uv [89]
GelMA/HA MSCs uv [90]
GelMA/Pluronic F-127 ACPCs, MSCs, chondrocytes | UV/Temperature [91]
GelMA/HAMA ASCs uv [92,93]
GelMA/Poloxamer chondrocytes uv [94]
Collagen I Chondrocytes Temperature [95]
GelMA/CS-AEMA/HAMA MSC CaCl, [96]
CSMA/M35P1o ATDCS cells uv [97]
CSMA/M 5Py /HAMA Chondrocytes uv [97]
Atelocollagen/CBDAH MSCs - [98]
Cell ink Chondrocytes CaCl, [99]
PEGDMA Chondrocytes; MSCs uv [100,101]
PEGDMA + GelMA MSCs uv [26,70]
Peptide conjugated PEG MSCs - [26]
polyHPMA-lac-PEG/HAMA Chondrocytes uv [42]
PEG/Partially Chondrocytes uv [97]
methacrylated poly(N-
(2-hydroxypropyl)
methacrylamide mono/
dilactate)
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Table 2. Bioinks used in CTE bioprinting

1.6.3. Current approaches

o Internal structure and composition

As it has been previously mentioned, many bioinks based on individual biomaterials
have been developed for CTE bioprinting, but the current tendency is the use of
composites. The combination of several materials, both natural and/or synthetic, allows
to formulate bioinks that reproduce much better zonal composition of articular cartilage

[35,86,95,102,103].

To recreate biochemical complexity of ECM, biomaterials have also been loaded or
modified with various bioactive factors, sequences and portions from entire protein of
ECM, using techniques such as peptide-based self-assembly [19]. More recent strategies
have involved the use of dECM obtained from tissues as a novel source of material to
formulate a bioink [104-106]. It is a simple way to provide the specific composition of
native tissue and, therefore, to create an optimal microenvironment to support
biological tissue response. For the bioprinting process, decellularized ECM from tissue
(tdMEC) also offers some benefits, as the abundant collagenous proteins that facilitate
easy crosslinking through temperature-responsible gelation under physiological
conditions. Results from its recent application in CTE bioprinting have revealed that it
may contribute to support and guide the generation of articular cartilage better than
others materials commonly used. Cartilage dECM bioink has shown to have chondro-
inductivity and potential for supporting new matrix synthesis, without the need for

further functionalization [62,106] .

o Mechanical properties

The design of hard tissues like articular cartilage, requires mechanical properties that

are difficult to reproduce using only bioinks. This fact has promoted the development of
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hybrid bioprinting technology [69,107]. In this way, bioinks are reinforced with co-
printing of structural degradable polymers in order to match the mechanical properties
that are difficult to reproduce only with bioinks [108]. The materials mostly used in CTE
as supportive elements have been thermoplastic polymers such as PLA, PCL, poly PGA
and combinations such as PLGA or poly (e-caprolactone-co-lactide) (PLCL)

[26,75,98,106,109].

Polylactic acid is a highly versatile, aliphatic polyester derived 100% from renewable
agricultural resources. It has been approved by Federal Drug Administration (FDA, USA)
for use in medical applications owing to its mechanical property profile, thermoplastic
processability and biological properties, such as biocompatibility and biodegradability.
In cartilage and bone tissue engineering, PLA is one of the most favorable matrix
materials and provides excellent properties at low price. It has been reported to be an

effective scaffold agent alone or in combination with various hydrogels [110,111].

Polycaprolactone (PCL) is another synthetic polyester approved by FDA for clinical
use due to its exceptional qualities, including good mechanical properties,
biocompatibility, low immunogenicity and non-cytotoxicity of degradation products.
Unlike other polymers, PCL has a low melting point, which enable to maintain cellular
behavior during the fabrication process [111]. In CTE, this polymer has been widely
incorporated with hydrogels in construct designs in order to obtain mechanical
reinforcement, similar to that offered by native tissue. Moreover, it has been reported
to enable the formation of cartilage-like tissues both in vitro and in vivo, demonstrated

by the deposition of type Il collagen and GAGs [26,75,106].

I.7. NEW BIOMATERIALS: CELL-DERIVED EXTRACELLULAR MATRIX

Extracellular matrix derived from tissue (tdECM) has incomparable advantages
as biomaterial for 3D bioprinting cartilage constructs. However, there are still some
challenges and problems that should be noted. For instance, limited autologous tissue
availability or the potential risk of immunogenicity and pathogen transmission when

allogenic/xenogeneic sources are used [112,113].
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Extracellular matrix can alternatively be obtained from direct secretion of cells in
culture. During in vitro culture, cells secrete their own ECM depositing beneath them to
cover the substrate surface (Figure 3). This matrix consists of a complex assembly of
macromolecules, including fibrillar proteins (e.g. collagens, fibronectin, laminin) and
glycosaminoglycans (e.g. heparan sulphate), easy to obtain by simple monolayer culture
on a larger scale, as cells can be seeded in many flasks and dishes. Second, cell-derived
ECM has greater ability for customization by selecting the cell type and culture
conditions. In this way, using cells derived from different tissues it is possible to yield
matrices that mimic the relative composition of natural tissue matrix. Third, it can be
produced from autologous cells, thereby avoiding shortcomings related with immune

system [112-116].

/ Decellularization

Figure 3. ECM derived from cell cultures.

Based on these benefits, cell-derived ECM has been recently used in tissue
engineering as culture substrate, covering 2D culture systems or 3D polymeric templates
(PCL, PLGA...) and as a biomaterial to produce scaffolds [115,117,118]. Many studies
have evidenced that it provides a more suitable microenvironment for cellular expansion
and maintenance, improving cell proliferation, adhesion and decrease senescence or
intracellular ROS activity, in comparison to other culture substrates, including those
coated with single ECM components (fibronectin, collagen type |, Matrigel), and
biomaterials commonly used as scaffolds [119-123]. Moreover, dmECM has

demonstrated a significant potential as instructive matrix. It has the ability to induce
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specific-lineage differentiation, depending on the cell source, improving differentiation

capacity and tissue formation, both in vitro and in vivo [115,118,124-128].

Specifically, improvements have been evidenced in hyaline cartilage-like tissue

generation by using ECM derived from different sources:

ECM from somatic cells: since chondrocyte is the unique cell type that constitutes

articular cartilage, responsible for the secretion and maintenance of the ECM, it has
been the first option for researchers, which reported to be an excellent support for
chondrocyte, able to preserve and promote chondrogenic phenotype, and for
differentiation of MSCs, inducing chondrogenesis even without external signaling
factors, or improving this process in comparison to standard methods (pellet)
[125,129].

ECM from stem cells: this type of cells has gained a great attraction in recent years

as source of ECM for its easy availability, self-renewal properties that allows an
unlimited production of ECM, and its ability to differentiate into several cell lineages,
which endows flexibility to generate a wide variety of matrices depending on culture
conditions. Among cell sources, MSCs is the most common, although there are other
very popular such as synovium-derived stem cells (SDSCs). Studies that used their
matrices as coatings or to produce fiber mesh scaffolds in CTE indicated to be a
potential system to enhance the quantity and quality of seeded chondrocytes as well
as the chondrogenesis of MSCs, in comparison to those seeded on TP plates or other

scaffolds [127,130].

Additionally, stem cell culture has enable the obtention of tissue development-
mimicking matrices by controlling their stepwise differentiation to better reproduce
the dynamically changing microenvironment, which is known to sustain ECM during
tissue development [131-134]. Hence, recent evidences, not only in CTE but also in
bone and adipose tissue, have shown that ECM at early stage of maturity directs
tissue-specific cell lineage commitment and facilitate the creation of de novo specific

tissue better than those at late state of maturity [124,135-137].
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Il. HYPOTHESIS



3D bioprinting has been a step forward in the treatment of articular cartilage by
the creation of patient-specific engineered constructs with the structural and functional
features of native tissue. In this attempt, it has been required the identification of
biomaterials suitable to produce bioinks that provide the physiological conditions for

development of cartilage-like engineered constructs.
This thesis is based on the following hypothesis:

1) Natural polysaccharides are one of the most attractive materials for design of
bioinks in CTE due to structural similarities and high-water retention that
resemble native environment of cartilage. We hypothesize that the combination
of natural polymers such as hyaluronic acid, main component in cartilaginous
matrix, and alginate, which also exhibit ideal features for bioprinting, would
enable the production of a biomimetic bioink with biological and mechanical

properties suitable for CTE 3D bioprinting.

2) The best approach for the obtaining of biomimetic bioinks has been attained
recently by the use of dECM derived from native tissue. However, it entails some
issues such as limited donor tissue availability, morbidity or immunogenicity. As
alternative option, we hypothesize that ECM derived from cells, specifically from
MSCs, would be an ideal biomaterial to produce more affordably a new
biomimetic bioink suitable for CTE 3D bioprinting, since it can be easily

synthetized in large scales and customized by manipulation of culture conditions.
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lll. OBJECTIVES



Main objective

To develop biomimetic bioinks with suitable biological and mechanical

properties to be applied in CTE by 3D bioprinting technique.

Specific objectives:

1. Toproduce a biomimetic bioink based on natural polymers, HA and alginate, and

to characterize its biocompatibility, functionality and rheology.

2. To obtain 3D bioprinted cartilage constructs based on co-printing of biomimetic

bioink based on natural polymers and PLA.

3. To synthesize and characterize biomimetic ECM derived from MSCs previously

induced to the chondrogenic lineage.

4. To produce a bioink based on biomimetic decellularized MSC-derived ECM

(dmECM) through decellularization and solubilization processes.

5. To evaluate, in vitro and in vivo, the biocompatibility, functionality and

mechanical properties of the biomimetic dmECM.
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IV. MATERIALS AND METHODS
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IV.1. CELLS
IV.1.1. Isolation and culture of chondrocytes

Articular cartilage was obtained from patients with osteoarthritis (OA) during
joint replacement surgery after informed consent from all patients and approval from
the Ethics Committee of Clinical University Hospital of Malaga, Spain. Sample was
isolated from the femoral side, selecting the non-overload compartment: lateral condyle
in varus knees and medial condyle in the valgus cases. None of the patients had a history
of inflammatory arthritis or crystal-induced arthritis and only cartilage that
macroscopically looked relatively normal was used for this study. Articular cartilage was
minced and digested overnight in 0.08% collagenase IV (Sigma) at 37°C with gentle
agitation. Cells were centrifuged and rinsing to remove the collagenase. The remaining
cells were then plated in cultured flasks with chondrocytes media: Dulbecco's Modified
Eagle's Medium (DMEM, Sigma) supplemented with 20% fetal bovine serum (FBS,
Gibco), 5 ml of 1% ITS (Insulin-Transferrin-Selenium, Gibco), 50 ug/uL of I-ascorbic acid
2-phosphate (Sigma), 40 pg/uL of |-proline (Sigma) and 100 U/ml penicillin and 100
ug/ml streptomycin at 37°C in a humidified atmosphere of 5% carbon dioxide (CO,).
After 24 hours, the medium was replaced with fresh medium supplemented with 10%
FBS. At 80% of confluency cells were detached with TrypLE (Invitrogen) and sub-

cultured.

IV.1.2. Isolation and culture of adipose derived stem cells (ASCs)

Subcutaneous adipose tissue was obtained from patients undergoing liposuction
procedure after informed consent from all patients and approval from the Ethics
Committee of Clinical University Hospital of Malaga, Spain. Samples of adipose tissue
from lipoaspirates was minced and digested using an enzymatic solution of 1 mg/ml
collagenase type IA (Sigma) at 37°C for 1 h on a shaker. After digestion, collagenase was
removed by a single wash in sterile PBS, followed by two further washes in DMEM
supplemented with 10% FBS. The cell pellet was resuspended in DMEM (Sigma)
containing 10% FBS and 1% penicillin/streptomycin and cultured at 37°Cin 5% CO,. After
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48 hours, the medium was removed to discard non adherent cells. At 80% of confluency

the cells were released with TrypLE (Invitrogen) and sub-cultured.

IV.1.3. Flow cytometry analysis of ASCs

The immunophenotype of ASCs was analyzed by flow cytometry (FACS). Cells
were washed and resuspended in PBS with 2% bovine serum albumin (BSA, Sigma, St.
Louis, MO), and 2 mM ethylenediaminetetraacetic acid (EDTA, Sigma). Cells were
incubated in dark for 30 minutes at 4°C with the appropriate fluorochrome-conjugated
monoclonal antibodies. Markers used were: CD73-APC, CD90-FITC, CD105-PE, CD34-PE,
CD45-PerCP, and CD133-APC (Miltenyi). All cells were washed in PBS and analyzed in a

FACS Canto Il cytometer (BD Biosciences).

IV.1.4. Differentiation assays of adipose derived stem cells

ASCs isolated from lipoaspirates were plated at 2 x 103 cells/cm?in DMEM (Sigma)
containing 10% FBS (Gibco) with penicillin and streptomycin at 100 pug/ml (Sigma) and
allowed to adhere for 24 hours. The culture media was then replaced with specific
inductive media. For adipogenic, osteogenic and chondrogenic differentiation, cells
were cultured for two weeks in Adipogenic MSCs Differentiation Bullet Kit, Osteogenic
MSCs Differentiation Bullet Kit (Lonza) and NH ChondroDiff Medium (Miltenyi),
respectively. Differentiated cell cultures were stained with Oil Red O (Amresco) for
adipogenic differentiation, Alizarin Red (Lonza) for osteogenic differentiation or

Toluidine Blue (Sigma) for chondrogenic differentiation.

IV.2. BIOINKS

IV.2.1. Biomimetic bioink based on natural polymers

IV.2.1.1. Preparation of bioink based on natural polymers, Hyaluronic acid and Alginate.
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The bioink was prepared by dissolving alginate (A) (2 % (w/v)) and HA (0,1; 0,5; 1
or 5%(w/v)) in deionized water. The range of HA concentrations were selected based on
what’s reported in literature about HA-based hydrogels for cartilage tissue engineering.
Finally, to obtain the bioink, chondrocytes were suspended at the desired concentration
(1 x 10° cells/mL) in the solutions. Two other hydrogels consisting of A at 2% (w/v) and

HA at 1% (w/v) respectively, were also prepared as a control.

IV.2.1.2. Bioprinting of cartilage construct using biomimetic bioink based on natural

polymers

The design of the construct was based on the combination of the positive
attributes of the PLA synthetic polymer, that confers superior mechanical properties,
and natural biopolymers (Hyaluronic acid and Alginate), which provide a supportive
native-like environment for cell encapsulation. It was fabricated using the REGEMAT V1
bioprinter (REGEMAT, Spain). The bioprinting process involves a dual step procedure:
deposition of a thermoplastic polymer framework and injection of the bioink and CaCl;
solution into that structure. First, PLA was deposited by head (at 200°C) in a layer-by-
layer manner to generate the framework that was previously designed using software
REGEMAT 3D designer (porous cylinder-type structure, 10 x 10 mm; 600 um pore size).
After printing 4 layers, the HA-based bioink with chondrocytes loaded in a syringe (3 cc)
was injected into the pores of PLA structure. Then, it was physically cross-linked by
following injection of 100 mM Calcium chloride (CaCl,), loaded in another syringe. This
procedure was repeated until the scaffold was completely built. There were bioprinted
as many cell-laden scaffolds as we needed for following analytical studies. Finally, hybrid

constructs were cultured in growth medium at 37°C and 5% CO; atmosphere.

1V.2.2. Bioink based on biomimetic ECM from mesenchymal stem cells in culture

IV.2.2.1. Production of the early chondrogenic matrix derived from MSCs

At complete confluence, MSCs were released with TriPLE (Invitrogen) and sub-
cultured in Petri dishes at the cell density of 1 - 10*cells/cm?. To allow the formation of

ECM membrane, they were cultured in monolayer during 1, 2, 3 or 4 weeks in
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chondrocytes media supplemented with dexamethasone (100 nM) and TGF-B3 (10
ng/mL) at 37°C humidified atmosphere containing 5% CO,. The medium was refreshed
every 2 or 3 days. As a control, chondrocyte-derived ECM was generated in the same

way, but without using supplements in the culture medium.

IV.2.2.2. Decellularization of the early chondrogenic matrix derived from MSCs

At the completion of culture period, cells were removed from the underlying
matrix by exposition to a decellularization treatment, selected from a variety of
methodologies that have been reported to prepare cultured cell-derived ECM scaffolds
[138]. The chemical procedure consisted on incubation in a detergent solution
containing 0.25% Triton X-100 and 10 mM ammonium hydroxide (NH4OH) at 37°C for 5
min, followed by treatment with 50 units/mL Deoxyribonuclease (DNase) | and 50
mg/mL Ribonuclease (RNase) A (Invitrogen) for 2h. After several washes with PBS,
culture plates were examined by optical microscopy to ensure that all cellular material
had been removed. Finally, the supernatant was removed and matrix remaining on the

plate was scraped and lyophilized.

IV.2.2.3. Preparation of bioink based on early chondrogenic matrix derived from MSCs

Lyophilized decellularized early chondrogenic matrix derived from MSCs
(dmECM) was crushed into powder with the help of liquid N.. Required amount of
dmECM powder was weighed and digested in a solution of 0.5M acetic acid with 10 mg
of pepsin for 100 mg dECM (P7125, Sigma-Aldrich) for 48 h. After complete solubilization
of dmECM, the pH of the solution was neutralized with dropwise addition of cold 1M
NaOH and 10X PBS (to 1X final dilution), while maintaining the temperature below 10°C
to avoid gelation of the dmECM. The pH-adjusted pre-gel was stored in refrigerator at

4°C.
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IV.3. MOLECULAR ANALYSIS
IV.3.1. Rheological study

All the rheological tests were carried out in a torsional rheometer MCR302
(Anton Paar, Austria) using a cone-plate geometry (50 mm diameter and 1° angle). For
analysis of biomimetic bioink based on natural polymers, tests were performed at 25°C,
while for analysis of biomimetic bioink based on matrix derived from MSCs, tests were

performed at 15°C, except temperature sweep test.
IV.3.1.1. Steady shear and linear viscoelasticity of bioinks

The shear viscosity was obtained in a three-step protocol. First, the bioink was
pre-sheared at 1000 s* during 1 min. Then, it was allowed to rest (without a shear rate
applied) for another min. Finally, the shear rate was logarithmically increased from 0.1

to 1000 s! (acquisition time of 5 s) during 5 min.

The viscoelastic properties were also investigated in dynamic oscillatory shear.
We performed strain amplitude and frequency sweeps, again, in a three-step process.
The first and second steps were similar to those for steady shear tests, while the third
one consisted in either increasing the strain amplitude from 10 to 1000% at a constant
frequency of 1 Hz, or decreasing the excitation frequency from 100 to 0.1 Hz at a

constant strain amplitude of 10%.
IV.3.1.2. Dynamic oscillatory shear behavior of the crosslinked bioinks

The mechanical properties were measured using a plate-plate geometry with20
mm diameter and 5 mm gap. The viscoelastic properties were determined as follows.
After the specimen was placed on top of the lower base of the rheometer, the
rheometer head was displaced downwards at a constant velocity of 10 pum/s. Once the
head registers a normal force that is larger than 0.5 N, the rheometer head stops and
the normal force is kept constant at 0.5 N during 30 more seconds. Finally, the sample
is subjected to an oscillatory shear of 0.1% strain amplitude and an excitation frequency

of 1 Hz at a constant normal force of 0.5 N to quantify the viscoelastic properties.

IV.3.1.3. Degradation rate of bioinks using linear viscoelasticity
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The degradation rate of crosslinked bioink based on natural polymers was
studied through the evolution of their viscoelastic moduli as a function of time over a
month. We prepared as many identical samples as time points, keeping them under the
same culture conditions up to the measure time point. For the experiments, we followed

the same rheological protocol as described before.
IV.3.1.4. Gelation kinetics of bioinks

Viscoelastic moduli were measured at each temperature by exposing bioinks to
oscillatory shear stress (setting the strain and angular frequency to 1% and 10 rad s},
respectively) during heating up from 20 to 37°C with an increment rate of 1°C/min. In

addition, there were two incubation periods at 20°C and 37°C for 5 min.

IV.3.1.5. Recoverability of bioink

The recovery test was performed to determine the recovering abilities of bioinks
by oscillatory time sweeps in 200 s intervals at alternating 100 and 1% strains performed

at 1 Hz. Flow rate sweeps were run with a shear rate from 10~3to 103s72.

IV.4. Biocompatibility assays
IV.4.1. Cell viability

The Live/Dead assay (Thermo Fisher Scientific) was used to evaluate cell viability.
Briefly, samples were washed and stained with 4 uL of 2 uM calceine AM and 8 pL of 4
UM EthD-l in 4 mL of sterile PBS, incubated in the dark for 30 min. After washing with
PBS, samples were observed using confocal microscope and imaged. Green fluorescence
was visualized in live cells and red fluorescence in dead cells using two different filters.
Images were analyzed with Image J software (v. 1.52i, USA). For each cell type, six

regions were counted to obtain an average value of the percent of viable cells (n=3).
IV.4.2. Cell proliferation

The proliferation rate of cells embedded in bioinks were assessed by colorimetric
alamar Blue (aB) assay (Thermo Fisher Scientific) at different time points. Data were

normalized to the appropriate control without cells. Briefly, at each time point, samples
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were incubated with 10 pL of aB solution per each 100 plL of medium and incubated for
3 h. The fluorescence intensity was measured using a plate reader (Synergy HT, BIO-TEK)
with excitation and emission wavelengths of 570 and 600 nm, respectively. The
absorbance data were represented as fold increase to day 0. Experiments were

performed in triplicate (n =3).
IV.4.3. Karyotype Analysis

Karyotype analysis was performed before and after bioprinting process by G
band techniques. In order to obtain chromosomal preparations, cells were treated with
0.8 mg/mL colchicine and incubated at 37°C for 1.15 h. Then, cells were collected and
digested in 0.05% trypsin, continued with a hypotonic treatment using 0.075 mol/L KCI
and fixation in a mixture of methanol and glacial acetic acid. Mitosis metaphase spreads
were stained with Giemsa dye and imaged under the optical microscope. Approximately
20 metaphases were analyzed under the microscope. The final result was described to
account the recommendations from the International System for Human Cytogenetic

Nomenclature.

IV.5. Gene expression analysis

IV.5.1. Ribonucleic acid extraction

Total cellular Ribonucleic acid (RNA) was isolated using Trizol Reagent
(Invitrogen) according to the manufacturer's recommendations. Briefly, 1 ml of Trizol by
sample was added and homogenized by pipetting or vortex and then 0.2 ml of
chloroform added and leaved 15 minutes at room temperature (RT) to ensure complete
dissociation of nucleoprotein complexes. The resulting mixture was centrifuged at
12,000 x g for 15 minutes at 4°C. Then, the supernatant was transferred (colorless upper
aqueous phase) to a fresh tube and added 0.5 ml of 2-propanol, allowing the sample to
stand for 10 minutes at RT and centrifuged at 12,000 x g for 10 minutes at 4°C. The RNA
precipitated will form a pellet on the side and bottom of the tube. After that, the
supernatant was removed and the RNA pellet washed by adding a minimum of 1 ml of
75% ethanol, and then centrifuged at 7,500 x g for 5 minutes at 4°C. The RNA pellet was

dried for 5-10 minutes by air-drying and add 20 pul of free-RNAse water.
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IV.5.2. Reverse transcription—polymerase chain reaction

Total RNA was reverse transcribed using the Reverse Transcription System kit
(Promega, Madison, WI, USA). Briefly, 1 ug of RNA was incubated in a final volume of 10
ul (dilution in distilled water) at 70°C for 10 minutes. Then, we added the following
reagents: Magnesium chloride (MgClz) 25 mM (4 ul), Reverse Transcription 10X Buffer
(2 wl), deoxyribonucleotide triphosphate (dNTP) Mixture 10 mM (2 ul), Recombinant
RNasin Ribonuclease Inhibitor (0.5 ul), Avian Myeloblastosis Virus Reverse Transcriptase
(High Conc.) (15 ul), and Random Primers (0.5 pg). Then, the reaction was incubated at
RT for 10 minutes, and incubated at 42°C for 15 minutes, heated at 95°C for 5 minutes,

and then incubated at 0-5°C for 5 minutes.

IV.5.3. Real-time Polymerase Chain Reaction (RT-PCR) analysis

RT-PCR was performed using the SYBR-Green PCR Master mix (Promega)
according to the manufacturer's recommendations. PCR reactions were performed as
follows: an initial denaturation at 95°C for 2 min, 40 cycles of 95°C for 5 s and 60°C for
30 s, and a final cycle of dissociation of 60 — 95°C. The gene expression levels were
normalized to the corresponding GAPDH values and are shown as fold change relative
to the value of the control sample. All the samples were done in triplicate for each gene.

Primers used are shown in Table 3.

GENE FORWARD REVERSE

GADPH TGCACCACCAACTGCTTAGC GGCATGGACTGTGGTCATGAG
coLll GAGACAGCATGACGCCGAG GCGGATGCTCTCAATCTGGT
AGGRECAN AGGATGGCTTCCACCAGTGC TGCGTAAAAGACCTCACCCTCC
SOX9 ACTCCGAGACGTGGACATC TGTAGGTGACCTGGCCGTG

coLl ATGGATGAGGAAACTGGCAACT GCCATCGACAAGAACAGTGTAAGT
CoLX GCCCACTACCCAACAC TGGTTTCCCTACAGCTGA

Table 3. Sequences of the primers used in the RT-PCR reactions
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IV.6. Histological analysis

Samples were immersed in 4% paraformaldehyde in 0.1 M Phosphate Buffered
Saline (PBS) for 4 hours at 4°C, washed in 0.1 M PBS and embedded in paraffin in an
automatic tissue processor (TP1020, Leica, Germany). The paraffin blocks were cut into
4 um sections for staining. Tissue sections were deparaffinized in Xylene, 4 changes of 5
min per change, then hydrated in 100% ethanol, 1 change of 3 min, hydrated in 95%
ethanol, 1 change of 3 min, and washed in tap water for 3 min. After the staining, the
slides were dehydrated in 95% ethanol, 2 changes of 2 min per change, and in 100%
ethanol, 1 change of 2 min. After that, tissue sections were cleaned in Xylene, 2 changes
of 2 min per change. Finally, tissue sections were mounted and observed under

microscope.

IV.6.1. Hematoxilyn-Eosin staining

The following protocol was used:
1. Stain in hematoxylin (Panreac) for 3 minutes. Always filter before each use to

remove oxidized particles
2. Rinse in running tap water for 10 minutes

3. Counterstain in Aqueous Eosin 1 min: 1 g of eosin (Panreac) + 100 ml of

distillated water + 1 ml of acetic acid (add in the moment of the staining)

4. Wash gently in top water, approximately 4 changes or until excess dye stops

leaching out of tissue for 10 minutes

IV.6.2. Toluidine Blue staining

The following protocol was used:

1. Stain with 0.04% Toluidine O Blue solution for 20 min.

a. 0.1M Sodium Acetate Buffer: 13.6 g of Sodium Acetate anhydrous + 1 L of
deionized water. Adjust final pH at 4 using glacial acetic acid. Store at RT or 4°C for longer

storage
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b. 0.4% Toluidine O Blue Solution: 0.4 g of Toluidine Blue O (Sigma) + 100 ml of
0.1 M Sodium Acetate Buffer

2. Rinse gently with 3 changes of deionized water (30 sec each)

For Toluidine blue stain in monolayer, cells were washed twice in PBS and fixed
with 4% paraformaldehyde for 20 min at RT. Cells were stained in Toluidine Blue (Sigma)
solution (0.1% in distillated water) for 5 minutes at RT, and rinsed with deionized water

until the excess stain washed away. Finally, stained monolayer was kept in PBS.

IV.6.3. Masson’s Trichrome staining

The following protocol was used:

1. Bouin’s solution during 24h

a. Picric solution: 2 g of Picric acid (Fluka) + 100 ml of distillated water
b. 75 ml of Picric solution + 25 ml of formaldehyde (37 —40%) + 5 ml of glacial
acetic acid.

2. Rinse running tap water for 5-10 minutes to remove the yellow color.

3. Stain in Weigert's iron hematoxylin working solution for 10 minutes.

a. Stock Solution A: 1 g of Hematoxylin (Panreac) + 100 ml of 95% alcohol. Not
expired

b. Stock Solution B: 4 ml of 29% Ferric chloride in water (Merk) + 95 ml of
distillated water + 1 ml of Hydrochloric acid concentrated. Not expired

c. Mix equal parts of stock solution A and B. This working solution is stable for

about 4 weeks.

4. Rinse in running warm tap water for 10 minutes

5. Stain in Biebrich scarlet-acid fuchsin solution for 3 minutes (Add glacial acetic

acid). Solution can be saved for future use.

6. Wash in distilled water.
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7. Differentiate in phosphomolybdic-phosphotungstic acid solution for 15
minutes or until collagen is not red: 5 g of Phosphomolybdic acid x-hydrate (Panreac) +

5 g of Phosphotungstic acid hydrate PA (Panreac) + 200 ml of distilled water. Not expire.

8. Transfer sections directly (without rinse) to 0.02% light green solution and
stain for 7-10 minutes: 2 g of Light green SF yellowish (Merck) + 98 ml of distilled water

+ 1 ml of glacial acetic acid (add in the moment of the staining)

9. Wash in distilled water.

IV.6.4. Safronin O staining

The following protocol was used:

1. Stain in Weigert's iron hematoxylin working solution for 10 minutes.
2. Rinse in running tap water for 10 minutes

3. Differentiate in 1% Acid-Alcohol for 2 seconds.

4. Rinse gently with 3 changes of deionized water (30 sec each)

3. Counterstain in 0,02% Fast Green Solution (0,02g Fast Green (Sigma) in 100ml|

distilled water) for 1 minute
4. Rinse in 1% Acetic Acid for 2-10 seconds.

5. Stain in 0.1% Safronin O staining solution (0.1 g Safronin O (Sigma) in 100 ml

distilled water) for 30 minutes.

IV.6.5. Sirius Red straining

The following protocol was used:

1. Stain in Sirius Red (Sigma) solution (0.1% in picric acid) for 30 minutes

2. Rinsed with 0.1% acetic acid until the excess stain washed away.
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For staining in monolayer, cells were washed twice in PBS and fixed with 4%
paraformaldehyde for 20 min at RT. Cells were stained in Sirius Red (Sigma) solution
(0.1% in picric acid) for 30 minutes at RT, and rinsed with 0.1% acetic acid until the excess

stain washed away. Finally, stained monolayer was keept in PBS.

IV.6.6. Alizarin Red staining

The following protocol was used:
1. Stain in Alizarin Red (Sigma) solution (2 g of Alizarin Red + in 100 ml of

deionized water, and pH was adjusted to 4.3 with ammonium hydroxide) for 5 minutes.
2. Counterstain in Fast Green (0.02% in distilled water) for 1 min
3. Rinse in acetone for 20 seconds
4. Rinse in acetone : xilene (50:50) for 20 seconds

5. Rinse in xilene for 20 seconds

IV.7. Immunostaining assay

All samples were fixed with 4% paraformaldehyde (PFA) in PBS for 20 min at RT.
For inmunofluorohistochemistry, samples were embedded in Optimal cutting
temperature compound (OCT) and sectioned using cryotome in 10-mm thickness.
Samples were washed repeatedly with PBS solution to remove OCT compound. Then, it
was permeabilized with 0.1% Triton X-100 for 15 min and blocked in 3% Bovine Serum
Albumin for 1 h at RT. Primary antibodies were incubated overnight at 4°C, and
secondary antibodies were incubated at RT for 2 hours. Afterwards, they were washed
three times in PBS and the slides were mounted using Vectashield containing 4',6-
Diamidino-2-Phenylindole Dihydrochloride (DAPI,Thermo Fisher). Photographs were
taken with a Leica DM 5500B (Solms, Germany) fluorescent microscope, software Meta
Systems Isis, or confocal microscopy (Nikon Eclipse Ti-E A1, USA) and analyzed using NIS-
Elements software. Primary antibodies used for immunocytochemistry were: i) anti-

collagen type | (Santa Cruz Biotechnology), anti-collage type Il (Santa Cruz
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Biotechnology) and anti-Aggrecan (Sigma). All antibodies were diluted 1:100. Secondary
antibodies used were: Fluorescein Iso-thiocyanate (FITC) or Phycoerythrin (PE) (Santa

Cruz Biotechnology) diluted 1:200.

IV.8. Quantitative biochemistry assay

IV.8.1. Glycosaminoglycans quantification assay

GAGs content was estimated via quantifying the amount of sulphated
glycosaminoglycans by Dimethyl Methylene Blue (DMMB) colorimetric assay. With that
aim, samples were digested in 1 ml of papain solution (125 mg/ml papain in 0.1 M
sodium phosphate with 5 mM Naz-EDTA and 5 mM cysteine-HCl at pH 6.5) for 16 h at
60°C. The resulting extract was mixed with DMMB solution to bind GAG. The content
was calculated based on a standard curve of sulphate chondroitin from shark cartilage

(Sigma) at 570 nm on a microplate spectrophotometer.

IV.8.2. General Collagen quantification assay

Total collagen content was measured by picrosirius red staining. For this, it was
firstly solubilized by incubation matrix with pepsin in acetic acid 0.5 M (2 mg/ml) and
stained with 1 mL of Sirius red dye for 30 min at room. Then, the stain was dissolved
using 0.5 N Sodium Hydroxide (0.5 N NaOH) and the absorbance was measured at 560
nm using a Microplate Reader (Berthold technologies, USA). Collagen type | (rat tail) was

used as standard for the biochemical assays.

IV.8.3. Collagen Type Il quantification assay

Type |l collagen content was determined using a commercially available Type Il
collagen ELISA kit (Chondrex). For this, samples were digested by pepsin (1 mg/ml)in 0.5
N acetic acid for 48h at 4°C followed by adding 1 mg/ml pancreatic elastase solution at

4°C for 24 h. Finally, these were neutralized with 1 M Tris base. Insoluble material was
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removed by centrifugation at 10,000 rpm at room temperature for 5 min, and the
supernatant was collected for assay. Quantitative analysis was performed according to
manufacturer’s instruction and measured on micro-plate Spectrophotometer at

490 nm.

IV.8.4. Deoxyribonucleic acid quantification assay

DNA content was quantified by fluorometric assay using DAPI staining. For this,
samples were digested in papain solution for 16 h at 60°C. The resulting extract was
stained with DAPI. The fluorescence intensity was measured in fluorescence
spectrophotometer (excitation wavelength: 360 nm, emission wavelength: 450 nm). The
standard curve for DNA was generated in advance using calf thymus DNA and used for

guantifying the DNA in samples.

IV.9. Analysis by Mass Spectrometry (MS)

To more fully characterize the protein content of samples, tandem mass
spectroscopy (MS/MS) was performed. Proteins were extracted from culture dish with
5 M guanidine buffer containing 10 mM DTT (Sigma) and protease inhibitors (protease
inhibitor mix M, Serva) at 4°C over night (ON). The extracts were mechanically
homogenized on ice for 60 s followed by 2 h rotation at 4°C. The sample buffer was
exchanged using cellulose-membrane spin columns with an exclusion size of 3 kDa
(AmiconUltra-4, Millipore) against tissue protein extraction buffer (T-PER buffer, Pierce)
supplemented with 20 mM B-mercaptoethanol (Sigma). After washing in an equal
volume of T-PER buffer, samples were concentrated to a final volume of 500 pl. Proteins
were precipitated with four volumes of ice-cold acetone at -20 °C for 2 h. A pellet was
obtained after centrifugation at 18,000 g and was dissolved in 20 ul 4x sample buffer
(0.25 M Tris-HCl, 6% SDS, 40% glycerol, 0.04% bromophenol blue, 20% -
mercaptoethanol). Samples were separated by sodium dodecyl sulfate PAGE (SDS-
PAGE) on 1-mm-thick, 7% acrylamide gels at 120 V. Protein bands were visualized by
Coomassie brilliant blue stain (Coomassie G-250, Sigma). SDS-PAGE gels were imaged

using a LAS 3000 Bioimager (Fujifilm Life Sciences) before subsequent processing for
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mass spectrometry. SDS-PAGE—separated extracts were cut into 17-20 slices according

to major bands. In-gel digestion of proteins was performed using standard protocols.

IV.10. Scanning Electron Microscope (SEM) analysis

The internal microstructure of samples was examined using SEM. The specimens
were fixed in cold 2.5% glutaraldehyde and rinsed in PBS, followed by a dehydration
process through a graded series of ethanol (30-100%), and finally critically point dried in
an Emscope CPD 750 critical point dryer. The samples were attached to aluminum SEM
specimen mounting stubs (Electron Microscopy Sciences) and sputter coated with a gold
palladium alloy using a Sputter Coater 108 Auto. Finally, samples were examined using
a scanning electron microscope (Quanta 400 (FEl)). Images were taken at a 5,000 and

10,000x magnification.

IV.11. In vivo study

In-vivo biocompatibility was assessed in immunocompetent CD1(ICR) mice.
Acellular gels were introduced in PCL scaffolds, for easy localization, and transplanted
into the back subcutaneous tissue of mice anesthetized by isoflurane inhalation (n=6).
Animals were maintained in a micro-ventilated cage system with a 12-h light/darkcycle
with food and water ad libitum. Mice were manipulated in a laminar air-flow to maintain
specific pathogen-free conditions. Two and four weeks later, mice were sacrificed via an

overdose injection of anesthetics, and gels were excised for further histologic analysis.

In vivo tissue formation was evaluated in immunodeficient NOD SCID gamma
(NOD.Cg-Prkdcscid I112rgtm1Wijl/SzJ, NSG) mice. dmECM gels and pellets cultured during
2 weeks were transplanted into the back subcutaneous tissue of mice anesthetized by
isoflurane inhalation (n=8). Animals were maintained in a micro-ventilated cage system
with a 12-h light/dark cycle with food and water ad libitum. Mice were manipulated in a
laminar air-flow to maintain specific pathogen-free conditions. Two and four weeks
later, mice were sacrificed via an overdose injection of anesthetic, and dmECM gels and

pellets were excised for further histologic analysis.
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In vivo assays were carried out in accordance with the approved guidelines of
University of Granada following institutional and international standards for animal
welfare and experimental procedure. All experimental protocols were approved by the

Research Ethics Committee of the University of Granada.

IV.12. Statistical analysis

Statistical analysis was performed using SPSS software (version 17.0). Unpaired
t-test was used for single comparison between groups. All results are shown as means
and standard deviations. A difference between the mean values for each group was

considered statistically significant when the p value was lower than 0.05.
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V. RESULTS AND DISCUSSION
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V.1. CHAPTER I:

Development of bio-inspired hydrogel
composed of hyaluronic acid and
alginate as a potential bioink with
application in 3D bioprinting of cartilage-
like engineered constructs.
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V.1.1. Results



V.1.1.1. Preparation of biomimetic bioink based on natural polymers, Hyaluronic acid
and Alginate

To formulate the biomimetic bioink based on natural polymers, first we
determined the optimal HA concentration for preservation and improvement of
chondrogenic phenotype. It was analyzed by gene expression of chondrocytes
embedded in hydrogels of alginate (2% w/w) and HA, at different concentrations (0.1,
0.5, 1 and 5% w/w) after 14 days in culture. These concentrations were selected based
on that is reported in the literature about HA-based hydrogels for CTE[139-141][139-
141][139-141][139-141]. As Figure 4 indicates, the addition of HA to alginate hydrogel
caused an overall increased expression of chondrogenic markers such as Collagen type
Il (COL2A1), aggrecan (ACAN) and SOX9, especially in 1% HA. It showed significantly
higher levels for all these genes in comparison to the rest of conditions, although in the
case of ACAN and SOX9 were similar to 0.5% and 5%, respectively. Moreover, there was
a trend towards a reduction of dedifferentiation markers, such as fibrotic marker
collagen type | (COL1A1) and hypertrophic marker (COL10A1), in presence of HA,
without significant differences among concentrations. Altogether, these results
indicated that 1% HA provided the most favorable environment to preserve and
enhance the phenotype of chondrocytes. Therefore, this combination was chosen to

formulate the biomimetic bioink.
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Figure 4. Expression of chondrogenic (SOX9, COL2A1, ACAN), non-chondrogenic (COL1A) and
hypertrophy (COL10A) markers, after 14 days in culture, represented as fold increase compared
to the house keeping gene GADPH. The different concentrations of HA are indicated in the x-
axis. Statistical significance is indicated with different symbols (p <0.05): (*) between
chondrocytes in alginate hydrogel (Alg) and chondrocytes in alginate hydrogel containing HA; (#)
between chondrocytes in alginate hydrogel with different concentrations of HA.

V.1.1.2. Characterization of biomimetic bioink based on natural polymers

The rheological properties of the bioink are crucial for an optimal performance
in the extrusion process through the syringe. For this reason, both steady shear and

dynamic oscillatory properties were investigated.

As it is observed in the viscosity curve (Figure 5A), the biomimetic bioink based
on HA and alginate exhibited a shear thinning behavior. It was evidenced by a decrease
in viscosity with shear rate that is characteristic of large molecular weight HA. Figure 5A
also indicated that the presence of alginate in the composition of biomimetic bioink

produced an increase in its viscosity in comparison to HA solution.

The measurement of storage and loss modulus versus a wide range of strains
indicated viscous fluid behavior (G"’> G’) of the bioink (Figure 5B). Frequency sweep test
also shows that bioink acted as viscous material in a wide range of frequencies (G” > G’)
(Figure 5C). After crosslinking with calcium, the storage modulus G’ of bioink became
larger than the loss modulus G’ and clearly above those measured in non-crosslinked

bioink. The storage modulus reached a value of approximately 3 kPa.

The long-term stability of the crosslinked HA-based bioink was investigated
through changes in material rheological behavior with time. Compression and
viscoelastic moduli were recorded over a culture period of 4 weeks, exhibiting similar
trends. As shown in Figures 5E and 2F, there was a significant decrease in both moduli

after 1 week, but then they were kept unchanged until the end of the test.
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Figure 5. Rheological characterization. (A) Viscosity curves of alginate (A), hyaluronic acid (HA)
and A+HA hydrogels. (B) Strain amplitude sweeps in dynamic oscillatory shear of the three
hydrogels. Frequency 1 Hz. (C) Frequency sweep in dynamic oscillatory shear of the three
hydrogels. Strain amplitude 0.1%. (D) Viscoelastic moduli of HA-based hydrogels and crosslinked
HA-based hydrogel (A+HA). Compression (E) and viscoelastic moduli (F) of the crosslinked HA-
based hydrogel after 1 month in culture. Mean % SD, n=3, Student's t-test, *p <0.05.
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V.1.1.3. Fabrication of cartilage construct using biomimetic bioink based onnatural
polymers

Cartilage construct was successfully produced using the bioprinter REGEMAT 3D
V1. Figure 6 shows the 3D printing system and bioprinting procedure, respectively. It
was obtained through simultaneous deposition, layer by layer, of a porous PLA
thermoplastic framework, that confers superior mechanical properties, and bioink
injection into these pores. This bioink was immediately gelled by following injection of
ionic crosslinker (calcium chloride) at the same position. Eventually, it resulted in a 10

mm high x 10 mm wide structure.
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Figure 6. Scheme of 3D bioprinting process of articular cartilage engineering.

V.1.1.4. Cell viability in biomimetic bioink based on natural polymers after 3D
bioprinting

The viability of chondrocytes was examined by live/dead staining (Figure 7 A and
B). The bioink was found to retain more than 85% of cell viability with no significant
changes, prior to, and after bioprinting. Results from karyotyping analysis of
chondrocytes also revealed no changes during this process, obtaining a typical diploid

karyotype (46, XX) (Figure 7 C and D).

Cell viability was slightly decreased after 1 day, but steadily recovered afterwards
(Figure 8 A-F), evidenced by predominant green fluorescence of chondrocytes over 1
month in the biomimetic bioink. These results were confirmed by the proliferation assay
that indicated cell growth over this period with a significant increase in biomimetic

bioink in comparison to control constructs with A (p < 0.05) (Figure 8G).
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Figure 7. Cell viability during bioprinting process. Live/Dead cell imaging analysis. (A)
Representative image of bioprinted human chondrocytes in HA-based bioink, showing live
(green) and dead (red) cells. (B) Percent of chondrocytes viability in HA-based bioinks before and
after the bioprinting process. (C) Karyotype of chondrocytes before and after bioprinting

process.
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Figure 8. Cell viability of chondrocytes in bioprinted construct along time in culture.
Representative images of bioprinted human chondrocytes in HA-based bioink after 24 h
(a), 1 (b), 2 (c), 3 (d) and 4 weeks (e) in culture, showing live (green) and dead (red) cells.
(f) Percent of chondrocytes viability in HA-based bioinks along time in culture. (g) Cell
proliferation inside the HA-based (white) and alginate bioink (black). Error bars
represent standard deviations (n = 3). Scale bar: 100 um.
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V.1.1.5. Functionality of hybrid 3D bioprinted constructs of HA-based biomimetic
bioink

We investigated the capacity of HA-based biomimetic bioink to enhance
chondrogenic phenotype and, therefore, cartilage formation in hybrid constructs. Figure
9C shows gene expression of chondrocytes in biomimetic bioink, after 4 weeks in
culture, compared to chondrocytes in control alginate bioink. We observed an increased
expression of hyaline cartilage-specific genes such as SOX9, COL2A1 and ACAN (9.7, 2.3
and 3.2-fold, respectively), while the expression of the fibrotic marker gene COL1A1 was
significantly decreased. The hypertrophic marker gene COL10A1 were undetectable in
both conditions. Quantification of hyaline cartilage-specific ECM components also
revealed a higher content of Collagen type Il and GAGs in matrix formed by chondrocytes
after 4 weeks in biomimetic bioink (18.32 ng and 41.37 pg/scaffold, respectively). In both

cases, values were significantly higher than controls (Figure 9A and 9B).
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Figure 9. Cartilage formation in hybrid 3D bioprinted constructs after 1 month in culture.
Quantitative analysis of type Il collagen (a) and GAG (b) in the total extract per scaffold (in 1 mL).
(c) Gene expression levels of hyaline-specific chondrogenic marker genes (COL2A1, ACAN and
SOX9) and fibrotic maker (COL1A1) in bioprinted 3D hybrid construct (mean + SD, n=3, Student's
t-test, *p <0.05, **p <0.01).
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V.1.2. Discussion



3D bioprinting represents an advantage in CTE and this technology has enabled
the creation of biomimetic constructs by spatial distribution of living cells and supporting
biomaterials at pre-defined sites [34]. In this field, bioinks play a critical role, providing
the desired 3D environment to embedded cells, which is essential to achieve a functional
construct. Natural polymers are particularly attractive as material to formulate bioink
for CTE due to features such as biochemical structure and high capacity of water uptake
that resemble the natural environment of cartilage [40,142]. Here, we have developed
a biomimetic bioink using a combination of natural polysaccharides to produce cartilage
constructs by 3D bioprinting. One of these components was HA, a main element of
articular cartilage ECM. It is involved in the maintenance of cartilage homeostasis by
regulating cell functions that includes promotion of chondrogenic phenotype, and
synthesis and retention of cartilaginous matrix elements [61]. The other component was
alginate, a biostable material outstanding in CTE bioprinting. It exhibits bioinert
properties, that allow retaining phenotype of embedded chondrocytes, and fast gelation

kinetics, suitable for 3D printing [19,41,44,45].

Physical properties of bioinks are important to be considered since they are
directly correlated with printability. For extrusion-based bioprinting, it is required that
the material retains cells but also remains sufficiently fluid to be extruded through the
nozzle[143,144]. Results from rheological analysis indicated that our biomimetic bioink
based on natural polymers was a viscous solution, exhibiting shear thinning behavior
characteristic of HA. This polymer facilitates the flow through fine nozzles during the
bioprinting process and, therefore, reduces cell damage caused by extrusion forces.
Many studies have reported the use of HA as “building block” in various bioinks
formulations for cartilage bioprinting because of its viscoelastic properties [145]. The
presence of alginate also allowed rapid gelation, evidenced by the increase in G’ when
it was exposed to calcium, helping to maintain 3D structure after bioprinting and keeping
cells in a 3D environment adequately for long-term culture. In accordance with
Honghyun Park et al, the reached value for G’ is sufficient to hold the cells in place, still
allowing them to proliferate and grow [146]. Results from long term stability shows that

there was a significant decrease in both moduli after 1 week, probably due to the gel
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dissociation by ionic exchange of the Ca*? with Na* in the culture medium and the
degradation of HA by hyaluronidases secreted from cells [147-149]. Over time, a slight

increase was observed that could be correlated with new tissue synthesis.

In addition to physical properties, another essential condition for a bioink is to
exhibit biocompatibility and cell protection during the printing process [143,150].
Hyaluronic acid and alginate are some of the materials that have been approved by FDA.
Their excellent biocompatibility has been well documented in many studies [151]. In
accordance, we evidenced high cell viability in our biomimetic bioink (>85%), which was
maintained even after extrusion. This fact could be explained through the shear thinning
behavior described previously, which reduces shear stress causative of cell disruption.
Observations at long time confirmed that bioink offered a cell-friendly environment,
maintaining a high percentage of viability over 3 weeks in culture. Moreover, it was
evidenced the positive effect of HA on cell proliferation that has been reported in several

studies [152-154].

A cartilage construct generated by 3D bioprinting has an ultimate objective, i.e.
the replacement of damaged tissue. Therefore, it is required to assure the correct
maturation of this bioprinted construct in order to achieve a better approach to native
articular cartilage. Here, we could evidence how a bioink based on natural polymers
improved cartilage-like tissue formation by embedded chondrocytes. So far, alginate has
been a gold standard for CTE, promoting growth of chondrocytes and the chondrogenic
phenotype [155-157]. In this study, the combination with HA to formulate this
biomimetic bioink led to an increase in hyaline-specific ECM production as well as an
improvement in the quality of chondrocytes embedded into it after the 3D bioprinting
process. We determined a significant higher content of cartilage-specific ECM
components, Collagen type Il and GAGs, compared to a control of alginate. Gene
expression analysis also revealed that there were an up-regulation of chondrogenic
genes, such as COL2A1, ACAN and SOX9, and a down-regulation of non-chondrogenic
marker, COL1A1. The beneficial effect of hyaluronate on chondrogenic matrix

production has been extensively reported in numerous studies [73,154,158]. In
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accordance with our results, it has been evidenced a stimulatory effect on the synthesis
of collagen type I, glycosaminoglycan (particularly aggrecan) and hydroxyproline,
according to various mechanisms. This effect is expected to be the result of cell receptor
binding with HA (i.e. CD44, hyaluronan mediated motility receptor). Chondrocytes and
MSCs have membrane receptors capable of binding with HA and, thus, being influenced

by its presence [61].

Taking all data together, we concluded that hyaluronic acid-alginate forms a
promising combination to produce a biomimetic bioink for CTE bioprinting, providing a

suitable environment for cartilage formation in vitro.
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V.2. CHAPTER II:

Development of a new biomimetic bioink
based on extracellular matrix derived from
MSCs in culture
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V.2.1. Results



V.2.1.1. Isolation and characterization of Adipose tissue-derived Stem Cells

Stem cells used as source of ECM to produce a new biomimetic bioink were
isolated from adipose tissue of patients undergoing a liposuction surgery for aesthetic
issues. Following the recommendation of the International Society for Cellular Therapy
(ISCT), Adipose tissue-derived Stem Cells (ASCs) were characterized according to the
minimal criteria to define multipotent mesenchymal stromal cells. Freshly isolated ASCs
presented a typical spindle shape fibroblastic morphology when they were cultured on
plastic surfaces under standard culture conditions. At passage 4, cells were tested for
specific surface human MSCs markers (CD73, CD90, CD105), and endothelial and
hematopoietic markers (CD133, CD34, CD45) expression. Fluorescence-activated cell
sorting analysis in MSCs showed a high expression of CD73 (100%), CD90 (98%) and
CD105 (95,7%), while there was a low expression of endothelial and hematopoietic

markers: CD45 (4,6%), CD133 (3,7%) and CD34 (6.4%) (Figure 10A).

We further tested the plasticity potential of the isolated cells checking their
differentiation capacity towards chondrocytes, adipocytes and osteoblasts. ASCs were
cultured under standard in vitro culture-differentiating conditions during 3 weeks. The
acquisition of an adipocyte-like phenotype was confirmed by the lipid deposits stained
with Oil Red. Osteogenic differentiation was confirmed by calcific deposition using
Alizarin Red staining. Finally, chondrogenic differentiation was assessed by the presence
of proteoglycans stained with Toluidine Blue. In conclusion, cells isolated from adipose
tissue were capable of differentiating into other mesenchymal tissue types, including

adipocytes, chondrocytes and osteoblasts (Figure 10B).
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Figure 10. Phenotypic characterization and differentiation potential of MSCs. (A) FACS
characterization of MSCs showed a positive expression of the surface markers CD105, CD90,
CD73 and negative or low expression of CD45, CD133 and CD34. (B) The differentiation potential
of MSCs obtained from lipoaspirate towards osteogenic, adipogenic and chondrogenic lineage
was confirmed by alizarin red S, oil red O, and toluidine blue staining, respectively. Scale bar:
100 um.

V.2.1.2. Production and characterization of biomimetic ECM derived from MSCs

In an attempt to produce a bioink that better recreates the environment during
chondrogenesis, we synthetized an early chondrogenic matrix from MSCs, since it
contains the factors that are necessary for tissue development, not present in mature

ECM.

Firstly, we determined the culture time necessary to obtain an early
chondrogenic matrix. For this, MSCs were cultured under chondrogenic media during

different time periods (1, 2, 3 and 4 weeks). Quantification of main components of
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articular cartilage, Collagen type Il and Sulfated glycosaminoglycans, were performed to
investigate the different stages of chondrogenesis. As it can be appreciated in Figure
11A, after 1 week in conditioned culture, the content of GAGs per pg DNA of MSCs was
at the same level as that cultured in normal conditions (growth medium). The GAGs/DNA
ratio raised significantly with increasing culture time. Similar situation was observed for
Collagen type Il, whose levels were inappreciable in the first week, but remarkably
detected after 2 weeks in culture (Figure 11B). Since a high content in collagen and GAG
is characteristic of mature cartilaginous matrix, we considered 2 weeks as the culture

time required to generate an early chondrogenic matrix.
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Figure 11. Quantitative analysis of cartilage-specific components, Glycosaminoglycans (GAGs)
(A) and Collagen Il (B) in ECM derived from MSCs cultured under chondrogenic culture
conditions during 4 weeks in vitro. Data represent mean = S.D. (n = 3). **, p < 0.01; ***, 6 p <
0.001.

To confirm these observations, we compared 2 week MSC-derived ECM and
mature chondrogenic matrix derived from chondrocytes in culture. Histology and
immunofluorescence staining revealed differential presence and distribution of the
main ECM components. Figure 12 shows that both ECMs expressed similar levels of
collagen and GAGs, however, only ECM-derived from chondrocytes showed high
expression of collagen type Il. These observations were in accordance with quantitative
results, which revealed that matrices were rich in collagen (430 pug/mg for chondrocyte-
derived matrix and 760 pg/mg for MSCs-derived matrix), being 70% of this content
collagen type Il in matrix from chondrocytes, in contrast to MSC-derived ECM that was
only 2,45%. Meanwhile, GAGs content expressed values around 60 pg/mg in
chondrocyte-derived ECM, and 47 ug/mg in MSC-derived ECM.
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Figure 12. Characterization of matrix derived from MSCs and Chondrocytes after 2 weeks in
culture. (A) Qualitative analysis of main components, Collagen and GAGs, by histological staining
(Sirius Red, Toluidine O) and immunofluorescence (Collagen type Il and Aggrecan). Quantitative
analysis of collagen (B) and GAGs (C) content. Scale bar: 50 um. Data represent mean +S.D. (n =
3). *** p<0.001.

In order to get more details about the composition of this matrix, we performed
the characterization by mass spectrometry. Results revealed the presence of a complex
protein matrix, identifying 100 proteins that included core matrisome and matrisome
associated proteins. Core matrisome, consisting of structural proteins that confer
mechanical properties and cell adhesion to the ECM, was the main presence. It includes
collagens, glycoproteins and proteoglycans. A large variety of collagens were identified,
most of them constituents of cartilaginous ECM. There were some members of fibrillar
family (collagen type I, lll and V), fibril associated collagens with interrupted triple
helices (FACIT) (collagens type Xll, XIV and XIV) and network-forming collagens (collagen
type IV and VIII). Other subtypes of collagen such as Collagen VI, which is the primary

collagen located in the pericellular matrix of cartilage, was also present. Between

glycoproteins, it was found some MSC matrix markers like Emilin-1 but also typical
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structural proteins of cartilage matrix such Cartilage Oligomeric Matrix Protein (COMP),
Tenascin-C, Lumican (LUM), Chondroitin sulfate proteoglycan core protein 2 (CSPG2 or
Versican), Prolargin (PRELP) and Transforming growth factor-beta-induced protein,
although the mostly detected was fibronectin. Biglycan, Decorin and Versican core
protein, which are also very common in cartilage, were the principal proteoglycans in
our MSC-derived ECM. In less abundance were identified other affiliated proteins
including regulators e.g. matrix metalloproteinases (MMP) and their inhibitors (TIMPs),

ECM-associated proteins (i.e. Annexins and Galectins) and signaling ligands (Table 4).

Table 4. Detectable proteins in early chondrogenic matrix derived from MSCs.

COLLAGENS

REGULATORS
Collagen | Matrix metallopeptidase-3
Collagen llI Matrix metallopeptidase-14
Coliagen V Matrix metallopeptidase inhibitor 1
Collagen VI Matrix metallopeptidase inhibitor 3
Collagen VII Type IV collagenase
Coliagen VIl Matrix-remodelling-associated protein 5
Collagen X! Cell migration-inducing and hyaluronan-binding protein
Collagen XlI Interstitial collagenase
Collagen XXl Disintegrin and metalloproteinase with thrembospendin motifs 2 (ADAMTs)
GLYCOPROTEINS Disintegrin and metalloproteinase with thrombospondin motifs 3 (ADAMTs)
Fibulin 1 Disintegrin and metalloproteinase with thrembospendin motifs 4 {ADAMTs)
Fibulin 2 Adipocyte enhancer-binding protein 1
Filamin 14-3-3 protein eta
Emilin 1 Collagen triple helix repeat-containing protein 1
Emilin 2 Dermcidin
Fibronectin Serine protease HTRAL
Fibromodulin Cartilage intermediate layer protein 1
Cartilage intermediate layer protein 2 Cathepsin B
Chitinase-3-like protein 1 ECM-AFFILIATED PROTEINS

Perioscin

Thrombospondin 1

Tenascin

Cartilage oligomeric matrix protein (COMP)

Laminin

SPARC

EGF-containing fibulin-like extracellular matrix protein 1

Latent-transforming growth factor beta-binding protein 1
Transferming growth factor-beta-induced protein ig-h3
Cartilage-associated protein

Prolargin

Procollagen C-endopeptidase enhancer 1
Microfibrillar-associated protein 2
Microfibrillar-associated protein 5

EGF-containing fibulin-like extracellular matrix protein 2 Annexin Al
Vitronectin Annexin A2
Lactadherin Annexin A4
Podocan Annexin AS
QOlfactomedin-like protein 3 Annexin A6
Secretoglobin family 1D member 2 Annexin A7
Semaphorin-3C Galectin1
Thyroglobulin Galectin 3

Protein CYR61

Elastin
PROTEOGLYCANS SECRETED FACTORS
Byglican Connective tissue growth factor
Decorin Guanylate-binding protein 1

Heparin sulphate core protein (Perlecan)
Lumican (keratan sulphate)

Versican Core Protein

Mimecan

Pentraxin-related protein PTX3

Myeloid-derived growth factor

Hepatoma-derived growth factor

Leukocyte elastase inhibitor

Mesencephalic astrocyte-derived neurotrophic factor
Spondin-1

Sushi repeat-containing protein 1

Sushi repeat-containing protein 2
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V.2.1.3. Decellularization of biomimetic ECM derived from MSCs.

Early chondrogenic MSC-derived ECM was decellularized according to a protocol
that has been widely used to treat ECM from monolayer culture. The goal was to
maximize the removal of cellular material, while minimizing ECM loss and damage.
Treatment containing Triton X-100 and NH4OH successfully reduced cellular content,
that was estimated by the absence of nuclei on phase-contrast images and H&E-stained
sections of decellularized matrix (Figure 13A), as well as the reduction in ~98% in DNA
content (Figure 13B). In parallel, it was demonstrated that ECM composition was
properly preserved. Comparative information about protein content by MS revealed
similar patterns before and after decellularizing treatment (Supplementary Table 1).
Similarly, histological analysis using Masson’s Trichrome and Toluidine O staining also
showed the persistence in dmECM of collagen and GAGs, respectivelywith non-

significative differences in remaining content, in terms of quantification (Figure 13C-D).
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Figure 13. Decellularization of early chondrogenic matrix derived from MSCs. (A) Qualitative
analysis by Optical microscope image (Phase-contrast light) and histological staining: H&E
(cellular content), Masson’s Trichrome(Collagen) and Toluidine Blue (GAGs) staining.
Quantitative analysis of DNA (B), Collagen (C) and GAGs (D) content. Scale bar: 50 um (phase-
contrast) and 200 um (histological staining). Data represent mean = S.D. (n = 3). *** p <0.001.
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V.2.1.4. Preparation of bioink based on biomimetic ECM derived from MSCs

After decellularization, the early chondrogenic dmECM was lyophilized, milled
into a fine powder and then solubilized with pepsin to liquify it at final concentrations of
3 and 6% w/v. (Figure 14). The resulting solubilized acidic biomimetic matrix solutions
were adjusted to physiological pH before encapsulating cells. At low temperatures,
biomimetic dmECM was freely flowing and slightly viscous but formed a stable gel once

incubated at 372 C.

cdECM membrane

cdECM solution

cdECM powder

49

Figure 14. Schematic elucidating preparation of bionk based on early chondrogenic
decellularized matrix derived from MSCs.

V.2.1.5. Characterization of bioink based on biomimetic ECM derived from MSCs

V.2.1.5.1. Rheological characterization

The flow behavior and gelling abilities of dmECM bioink were investigated

through measurement of steady shear and dynamic oscillatory properties.

In Figure 15A, viscosity curve indicated that dmECM bioink exhibited a shear
thinning behavior. It was evidenced by a decrease of viscosity with shear rate, ranging
values from 3,96 Pa-s and 4,9 Pa-s at 0.01 s'shear rate to 0.005 Pa-s and 0.0126 Pa-s at
1000 st shear rate for 3 and 6%, respectively. We also observed that a higher content of

matrix produced a slight increase in bioink viscosity.

Shear recovery test determined that bioink was capable to recover after being

exposed to cycles of large shear deformation. As it is observed in Figure 15B, viscosity of
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dmECM bioink at both concentrations drops when they were subjected to large
amplitude oscillatory strain, while it was quickly reestablished when returned to the low

amplitude oscillatory strain, with no significant difference from the initial value.

In Figure 15C, temperature sweep test shows that storage modulus G’ and loss
modulus G” of ECM bioinks changed significantly after raising the temperature from
20°C to 37°C. We observed that, for both concentrations, storage modulus exceeded
loss modulus even at the lower temperature, indicating that bioink was acting as a gel-
like material. At 37°C values of both moduli raised, especially for storage modulus. The
higher value exhibited at 6% indicated that a more robust gel was generated in

comparison to that formed at a lower concentration.
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Figure 15. Rheological characterization of dmECM bioink with two concentrations (3 and 6%).
(A) Flow curves of bioink viscosity as a function of shear rate. (B) Recovery behavior of the bioink
at different shear rates. (C) Gelation of the bioink determined by monitoring viscoelastic moduli
(Storage modulus G’ and loss modulus G”’) at 20°C and 37°C.

V.2.1.5.2. Biocompatibility

Cell survival of MSCs encapsulated inside 3% and 6% dmECM bioinks was
determined using a live/dead staining during 28 days in culture. As it is shown in Figure
16, more than 90% of embedded cells were viable along this period in both gels, without
significative differences between them. In addition to the good viability of the bioink,
Alamar Blue assay revealed a tendency to maintain cell proliferation along culture time
in both concentrations, although it showed an increase during the first days in the 6%
dmECM bioink, remaining significatively higher than in the case of the 3% sample until

2 weeks. Nonetheless, at day 14 similar cell proliferation were found (Figure 16C).
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Figure 16. Cell viability inside the dmECM bioink at different concentrations. (A) Representative
images from live/dead assay at 1, 10 and 28 days (green for live cells, red for dead cells). (B)
Survival rates of MSCs inside the dmECM bioink. (C) Proliferation rate of MSCs cultured in
dmECM bioink in comparison to day 0 of culture. Scale bar: 100 um. Data represent mean +S.D.,
n=3.

V.2.1.5.3. Functional characterization

To investigate the chondro-inductivity of dmECM bioink, gene expression from
MSCs were analyzed during 1 month in culture without any inductive factor (Figure 17A).
gPCR results evidenced a constant increase in the expression of chondrogenic markers

and decrease on non-chondrogenic markers over time. High levels in COL2A1, ACAN and
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SOX9 genes were observed by day 14 in both gels, although it was more significative in
3% than in 6% dmECM. At day 28, this upregulation was even more evident, in a
concentration dependent manner. The decrease in fibrotic marker gene COL1A1 was
also significant from day 14, and much more after 28 days, in both gels, whereas the

expression of hypertrophic marker gene COL10A1 was undetectable from the beginning.

To confirm results from gene expression, we evaluated chondrogenesis in
dmECM bioink using histologicaltechniques (Figure 17B). Immunofluorescence staining
revealed the presence of Collagen type Il and Collagen type | after 14 days in culture. In
accordance with the qPCR results previously described, it was observed a good evolution
of the hyaline cartilaginous matrix over time, with more positive staining for Collagen
type Il and less for Collagen Type | by day 28, without appreciable differences between

concentrations.

Altogether these results indicated that dmECM environment promoted
chondrogenic commitment of MSCs and tissue-specific formation, more efficiently at

higher concentrations.
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Figure 17. Evaluation of chondro-inductivity of dmECM bioink in vitro. (A) Gene expression analysis
of specific (COL2A1, ACAN, SOX9) and non-specific chondrogenic (COL1A1) genes of MSCs in 3 and
6% dmECM after 2 and 4 weeks. (B) Histological analysis of chondrogenic and non-chondrogenic
markers in MSCs-dmECM gel using safranin O staining (GAGs) and immunostaining for Collagen Il and
Collagen 1. Scale bar 100 um. Data are expressed as mean + S.D.; n=3; **p < 0.01.
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V.2.1.5.4. Morphological characterization

To examine the internal ultrastructure of the dmECM bioink, SEM was
performed. Our results show that it had a 3D sponge-like appearance with a randomly
oriented fibrillar structure (Figure 18). Both concentrations appeared visually similar,

although interconnectivity was higher with increasing concentration.

3% dmECM

6% dmECM

Figure 18. Scanning electron micrographs of crosslinked dmECM bioink at varying magnifications
from 5,000x to 23,000x.

V.2.1.5.5. Evaluation of dmECM bioink in vivo

To evaluate the in vivo maintenance of chondrogenic properties, dmECM bioinks
were subcutaneously injected into mouse dorsal regions at two concentrations.
Previously to implantation, dmECM gels were inserted in 3D-printed PCL scaffolds in
order to easy localization once in mice.

Biocompatibility was assessed by subcutaneous implantation of the scaffold-
based on acellular bioink in subcutaneous pockets along the dorsal skin of
immunocompetent mice. After 2- and 4-weeks post-implantation, animals were
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euthanized, and the constructs containing dmECM gels were retrieved for analysis.
During the retrieval process, we found no red or swelling appearance, and the scaffolds
were well integrated with surrounding tissues (Figure 19A). DAPI staining demonstrated
the distribution of cells in the acellular gel, suggesting infiltration of surrounding cells.
The increasing number of nucleus over time indicated that cells were able to attach,

penetrate, and grow into the 3D structure of the bioink (Figure 19B).

3% dmECM

6% dmECM

Figure 19. Biocompatibility of dmECM bioink in vivo. (A) Images at 4 weeks of post-implantation.
(B) DAPI staining to show cell infiltration in subcutaneously implanted acellular dmECM gels
after 2 and 4 weeks.

Tissue formation after implantation was examined by histology (Figure 20). H&E
staining showed that cells in dmECM gel, especially at the highest concentration,

acquired the typical shape of chondrocytes embedded in lacunas after 2 weeks in vivo.
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Pellet

3% dmECM

6% dmECM

Using Safranin O and Toluidine O staining it is also evidenced an increase in the
deposition of GAGs, showing an intense staining in four-week implanted 3% and 6%
dmECM gels. Although these results from both concentrations of dmECM were
comparable to that produced by implanting a control pellet, which is the current
methodology to promote chondrogenesis; however, it can be observed that dmECM was

able to induce a more dense and compact matrix.
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Figure 20. Tissue formation in dmECM gels in vivo. Histological analysis of dmECM gels and pellet
at 2 and 4 weeks after subcutaneous implantation in mice.
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V.2.2. Discussion



Cell-derived ECM offers an alternative option to produce ECM-based bioink as it
contains a complex assembly of macromolecules, including fibrillar proteins and
glycosaminoglycans, and it is easy to obtain on a larger scale by simple monolayer
culture. Especially, an advantage for those derived from MSCs is that they are able to be

customized depending on culture conditions [112-116].

During tissue development, including chondrogenesis, the composition of
extracellular microenvironments is constantly changing in order to regulate the process
and provide appropriated signals at each development state [131-134]. Studies that
compared several states of maturity have evidenced different effects on cells, such as in
MSCs differentiation, which was more favorable in early matrices [124,137]. These
better results were related to biochemical composition, as early matrix contain factors
that are not present in the mature one.Taking all this in consideration, we generated an
early chondrogenic matrix that was confirmed by the initial expression of major
components of native tissue, collagen type Il and GAGs, as well as proteins that have
been linked to the first steps of chondrogenesis such as fibronectin, collagen type |,
versican or tenascin-C [133]. In addition to those markers, mass spectrometry also
allows the identification of other components that constitute this rich and complex
matrix, including structural proteins that confer mechanical properties and cell
adhesion, as well as affiliated proteins that contribute to ECM function and dynamics.
Among structural proteins, collagens such as type lll, V, VIII or XlI, which are involved in
formation and assembly of the main collagen in cartilage (collagen type IlI) were
detected, or collagen VI, which is the primary collagen located in the pericellular matrix
of that tissue. Also, we found glycoproteins, including MSC matrix markers like Emilin-1
but also typical structural proteins of cartilage matrix such as COMP, LUM, CSPG2 or
PRELP; and proteoglycans such as Biglycan or Decorin. As affiliated proteins we found
regulators, which maintain a balance between ECM stability and remodeling by
degrading proteins, such as MMPs and its inhibitors, TIMPs; and ECM-associated
proteins, such as Annexins and Galectins, involved in the assembly of ECM structural
elements, as well as cell-adhesion proteins ([133,159,160]. For example, annexin A2 is
bound to the tenascin-C and has a role in regulating cell functions by inducting signaling

pathways such as migration and mitogenesis. Since ECM serves as a reservoir for
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numerous secreted factors that bind to core matrisome proteins, as well as ECM-
associated proteins, we could identify some like hepatoma-derived growth factor
responsible for mitogenic activity, or connective tissue growth factor implicated in
various cellular processes such as cell proliferation and differentiation of chondrocytes,

among others [10,114,133,161].

The formulation of the cell-derived ECM bioink, as in the case of tissue-derived
ECM, involves a process that includes decellularization and solubilization of matrix. The
first step was the most important, since it should ensure that the minimum possible
cellular material remains while preserving the most ECM components, which provide
matrix functionality. In the literature, there are several protocols that have been applied
to decellularize ECM from monolayer culture [138]. Among these, the most frequent has
been the combination of Triton X-100 (mild detergent) and ammonium hydroxide
(alkaline reagent), to break down cellular and nuclear membranes, followed by
enzymatic treatment based on nucleases, to disrupt cytoplasmatic content and break
down remnant DNA and RNA [162,163]. Using this method, researchers have
demonstrated decellularization efficiency without influencing ECM intactness. Here, we
also effectively decellularized the early chondrogenic matrix derived from MSCs. The
absence of nuclei and DNA content, which was lower than the upper limit content
considered (<50 ng/mg DNA) [164], confirmed the complete removal of cellular content,
while similar patterns in terms of composition indicated minimal subtraction of ECM

elements.

A biomimetic bioink based on MSCs-derived ECM was finally attained after
solubilization and neutralization of the decellularized matrix at different concentrations
(3 and 6% w/v). Due to the high presence of collagen, it showed thermo-sensitivity,
remaining in solution state at low temperatures, but becoming gel when incubated at

37°C.

There are fundamental aspects to be considered when designing bioinks for 3D
bioprinting. Material requirements include mainly printability and gelling abilities
[143,165-167]. Results from rheological analysis revealed that dmECM bioink could

have suitable properties to be applied in 3D bioprinting. On the one hand, it had a
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viscosity in the range required for extrusion-based bioprinting [165], that could be
improved by increasing matrix concentration. Moreover, it exhibited shear-thinning
behavior, which is essential to assure good extrusion and cell protection during the
printing process. The bioink also demonstrated quick shear recovery, which would
ensure shape retention after extrusion. On the other hand, the rheological study also
showed that dmECM bioink was capable to jellify at 37°C, more strongly at the highest
concentration, although it exhibited a gel-like behavior even at low temperature [168].
This feature was expected due to the presence of self-assembling molecules responsible
for the gelation such as collagens, laminins, and proteoglycans, and it would assure

stability of printed bioink for long time [104,106,150].

In addition to mechanical properties, an ideal bioink have to satisfy some
biological requirements, which include biocompatibility and bioactivity [143,150]. Here,
we showed that dmECM bioink provided a cell-friendly environment, supporting a high
cell viability at different concentrations of 3% and 6%, which were evidenced by the
live/Dead assay. These results are in line with many other studies, which previously
reported the benefits of ECM as biomaterial in tissue engineering, including
improvement cell maintenance, cell adhesion, reduction of apoptosis, and intracellular
ROS activity decrease [119-122]. In terms of functionality, dmECM bioink was capable
to induce chondrogenic differentiation of MSCs and cartilage tissue formation without
any external stimuli. These effects were observed by an increase in cartilage-specific
markers, both at genetic (COL2A1, ACAN and SOX9 genes) and proteomic (collagen type
Il and proteoglycans) levels using qPCR and histological techniques, respectively. These
results highlight the role that ECM plays on cell behavior and, therefore, the importance
of its structural composition. There are many studies that have evidenced the capacity
of specific ECMs, from tissue or cells isolated from these, to direct stem cell fate toward
particular cell lineages [124,126,169-172]. Promising results have been recently
reported by using stepwise-mimicking matrices derived from stem cells, as it presents a
composition that reproduce better the environment and contain adequate factors
necessaries for tissue development [117,124]. Otherwise, cell differentiation could also
explain the maintenance of proliferation that was observed along the culture period in

both concentrations, although 6% showed an increase during the first days. This fact
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could be related to a higher content in fibronectin, which is involved in the promotion
of cell survival and proliferation during the first stage of chondrogenesis [133] and/or by

restriction of cell migration and viability due to the high density of the fibrillar structures.

As a follow-up step, we evaluated the potential of dmECM bioink in vivo by its
subcutaneous implantation in a mice model. Similar to the in vitro study, it was
demonstrated the biocompatibility by the high cell infiltration and no immune reaction
or inflammation. Although it is known that ECM can cause this adverse effects, however,
our results could be explained by the presence of immunomodulatory factors, secreted
by MSC during matrix production, and retained in dmECM after decellularization
[173,174]. Histological analysis also revealed that dmECM bioink was supportive of
hyaline cartilage development once in vivo, showing an increased deposition of cartilage
components (GAGs and Collagen) over 4 weeks, in a concentration-dependent way. The
neo-cartilage tissue formed in both concentrations of dmMECM gels was better that

control pellet, which is the current methodology to promote chondrogenesis.

In conclusion, we have demonstrated that MSCs are an attractive source of ECM
useful to produce biomimetic bioinks. Its stem cell properties, such as self-renewal and
capacity to commit towards several cell lineages, allowed the generation of a stepwise
biomimetic cartilaginous ECM easily and at low cost. It was useful to formulate a new
bioink capable to induce chondrogenesis and further hyaline cartilage formation.
Although it has been addressed to cartilage regeneration, our results encourage

applying this strategy for engineering other tissues and organs by 3D bioprinting.
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VI. CONCLUSIONS



10.

11.

To produce a biomimetic bioink based on natural polymers, 1% HA (w/v) and 2%

alginate (w/v) shows the most effective formulation for CTE application.

The biomimetic bioink based on natural polymers exhibits good mechanical
properties, including easy extrusion ability, shear thinning behavior and gelling

capabilities to be applied to 3D bioprinting.

The co-bioprinting of biomimetic bioink based on natural polymers and PLA

enable to generate 3D cartilage-like constructs.

The biomimetic bioink based on natural polymers preserves cell viability and
genomic stability during the 3D bioprinting process and, then, in the cartilage-

like constructs.

The biomimetic bioink based on natural polymers provides a suitable
environment for cartilage development, by promoting chondrogenic phenotype

in cartilage-like constructs.

In vitro cultures of MSCs enable the production of a biomimetic matrix that

better reproduce the environment established during chondrogenesis.

The ECM derived from MSCs in culture allows the production of a new
biomimetic bioink for cartilage tissue 3D bioprinting after its complete

decellularization and solubilization.

The biomimetic bioink based on dmECM exhibits suitable mechanical properties,
including shear thinning behavior, good shear recovery and gelling abilities useful

to be applied to 3D bioprinting.

The biomimetic bioink based on dmECM offers a suitable environment for cells,

preserving high viability at long time in culture.

The biomimetic bioink based on dmECM has high bioactive properties, including

chondrogenesis of MSCs in vitro.

The biomimetic bioink based on dmECM is biocompatible and provoke well

integration in immunocompetent mice.
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12. The biomimetic bioink based on dmECM allows cartilage-specific tissue

formation in vivo.

13. Our results clearly suggest the great potential of bioinks based on dmECM to
generate other mature tissues and encourage further studies to translate 3D

bioprinting technology based on these conditioned dmECM to the clinical arena.
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VIl. CONCLUSIONES
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1. Para la producciéon de una biotinta biomimética basada en polimeros naturales, el 1% HA

(p/Vv) y 2% alginato (p/v) resulta la formulacién mas eficaz para la aplicacion de CTE.

2. La biotinta biomimética basada en polimeros naturales exhibe buenas propiedades
mecanicas, incluyendo la capacidad de extrusidn facil, propiedades viscoeldsticas y rapida

gelificacion, para ser aplicada a la bioimpresién 3D.

3. La co-impresidn de la biotinta biomimética basada en polimeros naturales y PLA permiten

generar constructos en 3D similares al cartilago.

4. La biotinta biomimética basada en polimeros naturales preserva la viabilidad celular y la
estabilidad gendmica durante el proceso de bioimpresion 3D y, posteriormente, en los

constructos 3D.

5. La biotinta biomimética basada en polimeros naturales proporciona un entorno adecuado
para el desarrollo del cartilago, mediante la promocién del fenotipo condrogénico en los

constructos 3D.

6. El cultivo de células madre mesenquimales in vitro permite la produccidon de una matriz

biomimética que reproduce mejor el entorno establecido durante la condrogénesis.

7. La matriz derivada de células madre mesenquimales en cultivo permite la produccién de
una nueva biotinta biomimética util para la bioimpresion 3D de cartilago, tras su completa

descelularizacion y solubilizacion.

9. La biotinta biomimética basada en matriz de células en cultivo exhibe propiedades
mecanicas adecuadas, incluyendo viscoelasticidad, buena recuperacién tras un esfuerzoy

capacidades de gelificacién, para su aplicacion en la bioimpresion 3D.

10. La biotinta biomimética basada en matriz de células en cultivo ofrece un entorno adecuado

para las células, preservando la alta viabilidad durante todo el tiempo del cultivo in vitro.

11. La biotinta biomimética basada en matriz de células en cultivo tiene altas propiedades

bioactivas, incluyendo la condrogénesis de las células madre mesenquimales in vitro.

12. La biotinta biomimética basada en matriz de células en cultivo es biocompatible y provoca

una buena integracién en ratones inmunocompetentes.

13. La biotinta biomimética basada en matriz de células en cultivo permite la formacién de

tejido especifico del cartilago in vivo.
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14. Nuestros resultados sugieren claramente el gran potencial de los bioinks basados en
dmECM para generar otros tejidos maduros y alentar mas estudios para traducir la tecnologia

de bioimpresién 3D basada en estos dmECM condicionados a la arena clinica.
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VIil. ABREVIATIONS LIST
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3D: Three-Dimensional
A: Alginate
ACI: Autologous Chondrocytes Implantation

ADAMTS: A Disintegrin-like and Metalloproteinase-like Domain Thrombospondin
Domain

ASC: Adipose derived Stem Cell

BMP: Bone Morphogenetic Protein

COMP: Cartilage Oligomeric Matrix Protein

CS: Chondroitin sulfate

CSPCs: Chondrogenic Stem Progenitor Cells

CSPG2: Chondroitin Sulfate Proteoglycan Core Protein 2
CT: Computerized Tomography

CTE: Cartilage Tissue Engineering

CTG: Cell tracker Green

DAPI: 4',6-Diamidino-2-Phenylindole Dihydrochloride
dECM: Decellularized Extracellular Matrix

dmECM: Decellularized MSC-derived extracellular matrix
DMMB: 1,9-Dimethylmethylene Blue

DMEM: Dulbecco's Modified Eagle's Medium

DNA: Deoxyribonucleic Acid

DNase: Deoxyribonuclease

dNTP: Deoxyribonucleotide Triphosphate

ECM: Extracellular Matrix

EDTA: Ethylenediaminetetraacetic Acid

ESC: Embryonic Stem Cells

FACIT: Fibril Associated Collagens with Interrupted Triple Helices
FACS: Fluorescence-activated Cell Sorting

FBS: Fetal Bovine Serum
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https://www.sigmaaldrich.com/catalog/product/sigma/ampd1

FDA: Federal Drug Administration
FITC: Fluorescein Iso-thiocyanate
FGF: Fibroblast Growth Factor
G’: storage modulus

G”: loss modulus

GAPDH: Glyceraldehyde-3-Phosphate Dehydrogenase

GAGs: Glycosaminoglycans

GelMA: Methacryloyl-modified Gelatin
H&E: Hematoxylin and Eosin

HA: Hyaluronic Acid

HS: Heparin Sulfate

IGF: Insulin-like Growth Factor

iPS: Induced Pluripotent Stem Cell
ISCT: International Society for Cellular Therapy
LUM: Lumican

MMP: Metalloproteinases

MRI: Magnetic Resonance Imaging
MRNA: messenger RNA

MS: Mass Spectroscopy

MSC: Mesenchymal Stem Cell

OA: Osteoarthritis

OCT: Optimal cutting temperature compound
PBS: Phosphate Buffered Saline

PCL: Poly-caprolactone

PCR: Polymerase Chain Reaction

PE: Phycoerythrin

PEG: Poly(ethyl) Glycol

PEGDA: Poly(Ethylene Glycol) Diacrylate
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PEGDMA: Poly(Ethylene Glycol) Dimethacrylate

PFA: Paraformaldehyde

PGA: Poly (glycolic acid)

PLA: Poly(lactic acid)

PLCL: Poly (e-caprolactone-co-lactide)

PLGA: Poly(lactic-co-glycolic acid)

PRELP: Prolargin

PTHrP: Parathyroid Hormone-related Protein

PVA: Poly(vinyl alcohol)

gPCR: Quantitative Polymerase Chain Reaction

RNA: Ribonucleic acid

RNase: Ribonuclease

RT: Room Temperature

RT-PCR: Reverse Transcription Polymerase Chain Reaction
SEM: Scanning Electron Microscope

tdECM: Decellularized Extracellular Matrix derived from Tissue
TE: Tissue Engineering

TIMPs: Metalloproteinases Inhibitors

TGF-B: Transforming growth factor
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Supplementary Table 1. Detectable proteins in early chondrogenic matrix derived from MSCs
previously and after decellularization process.
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Coliazen alnha-2{1v] chain D5=Homo sapisns SH-O0LAAT PES1 Tv=d EMILIN-2 05=Homo sapiens SH=EMILNZ PE=1 V=3

Coliazen alpha-1¥I| chain OS=Homao sapisns GN=COL1151 FES1 SW=4  Galectin-1 O5=HOmo sapiers GH=LGALS1 PES1 SW=2

Fibrilin-2 O5=Homao sapians GN=FENZ FE=1 ¥=3 T2 kD type [V colagenase O5=Homo samiens GN=MMFZ PESL Sv=2
[EMILN-2 O5=Homo ﬂiﬂrﬂ EREEMILINE FE=L BN=3 Protein RRF3 homolog DE=Homo Fu_:itr‘E GH=PDCOAL FE=1 3W=3
‘Galectin-1 OS=Homo sapiens GN=LEALS] PES1 Sv=2 Lavbent-transforming srowth factor bets-binding protein 1 O5=Homo sapiens |
72 kiDa type IV collagenese 05=Homo sapiens GHEMMPL FESL W= Fibromodulin Oi5=Homa sapiens GR=FMOD PE=1 SW=2

Letent-transforming growth factor bete-tinding protein 1 05=Homo sapier Dermidin 05=Homa sapiens SH=DCD PESL Tv=2

Fibromodulin C5=Homo sapiens GH=FIA00 FE-1 5¥=2 Cartilage-sssocsted protein OE=Homo sapiens GM=CATAF FE=1 3V=1
Dermcidin O3=Homo sapians GH=DCD FES1 S¥=2 Frotarsin O5=Homa sapiens GM-FRELF FES1 SW=1

{H‘h‘lﬂF—mﬁ‘!nﬂ Pﬁﬁnmqﬂﬂ'ﬂmﬂ PE=15W=1 Laminin suiteanit Sate-2 OS=Hioma EF'H'EEH.AHIEP‘EH.E'-‘:Z

Frolargin OE=Homao sapiens GH=PRELF PE=1 5V=1 hicrofionillar-associsted protein 3 05=Homo sapiens GHN=MFAFY PES1 SV=1
Leiirin subunit beta-2 OE=Homo saniens GH=LAMER PE=15v=2 SPARLC OE=Home sapiens GH=SPARC FESL SW=L

sicrofibrilsr-sssocisted F‘IIE'I1!| mqﬂ!rﬂ EN=MFAPT I'-‘B:LE.\E-EDI#H HF‘IH—:L[I"-'] chain O5=Hamo mﬁmbﬂd FE=15%=3

SPARC OE=Homo sapiens GN=5FARC PES1 5W=1 EGF-containing fibulin-fike sxtraceilinr metiy protein 1 0S=Homa sapiens &
Coliazen alpta-1) V] ohain OS=Homo sapiens GREC0L4A1 PES1 Sv=3 Laminin sutunit samma-1 05=Homo sapiens SH=LAMCL PES1 Sv=3
EGF-conksining fizulin-ike extracsfiuiar matrix probein 1 05=Home sapiens Nerilysin 05=+omea sapisns GR=MME FE=1 =2

Lesmirin subunit gamme-1 Oi5=Homao sapiers GH=LAMCL FE=1 SW=3. Efastin O5=Homo sepens SH=ELN FE=1 S¥=3.

Meprilysin O5=Homo sapiens GNEMME PESL Svs2 EGF-comtaining fibulin-like svtraceliuiar matria profein 2 05=Homo sapiens 5
[Elmstin O5=Homo sapiens GH=ELN PE=15V=3 hztrix metalioprobeinase-14 05=Homo sapiens SHEMBPL PESL SV=3

EGF-rontaining fioulin-ike sxiraceliulsr matnix probein 2 O5=Homo sapisns Mireon 05=Homo sapiens SK=0EN PESL SW=1
Matric metalloproteinase-14 08=Homo sapiens GH=MMF14 PES1 5V=3 A disintegrin and metalioprotsinase with thrombospondin motits 4 O53=Homc

Mimemn O5=Homo sapierns GN=0GN PESL Sv=1 Vitronectin OS=Homio sapiens GN=VTH PES1 Sv=1
& disintesrin and metalioprotainase with thrombaspondin motifs £ 05=Ha Collagen alphs-1[X00] chain 0S=Homa sapiens GNSO0L2A1 PESZ Su=1
itronectin 05=Homo semens SH=VTH FE=L Sv=1 ‘Sushi repeat-roniaiming protein SAFX 05=Homo sapiens SHESRFX PES1 5v=1

Sushi repast-containing protein SAPX OS=Homao sapians GHSSRPN PESL Sv: Chitinase-3Hike protein 1 O5=Homi sapiens GN=CHEL PESL Sv=

Colinzen: alsha-1¥x]| chain O5=Homo sapéens GR=COL21A3 PES2 =1 Temmsdn-X OS=Homo sapiens GN=THNE PE=L Sv=4

ritinase-3-ike protein 1 05=Homo sapiens GN=CHISL PES1 SV=2 Cll migration-nducing and fyjaluronen-oinding protein O5=Homo sapiens Gt
Tenascin-% I5=Homo sapiens GN=THAE PE=1 Tv=4 ‘Coliag=n aipha-1[¥'H] chain 05=Homo sapiens EN=00LEAL PE=1 3W=2

el migration-incucng and kysluronan-binding protein 05=Homo sapiens Collagen alpha-3[¥| chain 05=Homo sapiens GNCOLIAS FE=1 5¥=3
Conmactive tssue prowth factor O5=Homo sapiens GH=CTGF PESLSW=2  Galertin-3 OS=Homo sapiens GN=LEALS3 FES1 V=1

Coliazen alpha-2V1Il| chain O5=Home sapiens GN=COLEAL PESLSV=2  Collagen alpha-L{XWi] chain C5=Homo sanizns GN=COLLEAL FESL 5v=2
Coliagen alohe-3{V] chein (5=Homa sapiens SN=COLSA3 PES1 5v=3 Wietalloprobeinase infibitor 3 05=Homa sapiens SN=TIMPE PE=1 Sv=2
Hmmwmﬂﬂ:mmsﬁzmﬁﬁmFPE:im m#nﬂwqdﬁnmqﬁm:muﬂ&im
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Leukocypte elmstace inhibitor 05=Homo sapiens GN=SERPINEL PE=L Sv=1  Interstitial collggenase O5=Homo sapiens GN=MMP1 PES1 5v=3
Meszncephalic astrocyte-genved neurotrophic facor O3=Homo sapiens S A disintegrinand metalioprotsinase with thrombospondin metits 3 O5=Hom

‘Suanyiate-binding protein 1 O5=Homo saniens GN=GBP1 PESL D=2
Proktein CYREL O5=Homo sapiens GHECYREL PES1 5v=1
Matrix-remodsling-assocated protein 3

calectin-3 Mmﬁm PE=L =3

Coliazen alpha-1{21] chain O5=Horm sapiens SRECDL1GA1 PEST U2
Metalloproteiness inhibitor 3 O5=Homo sapiens GH=TIMF3 PES1 5W=2
Faptraxir-raiates protein FTEE O5=Homo sapiens GH=FTHE FES1 3W=3
Coliaz=n algfe-1V11] chain GS=Home sapiens GN=COLTAL PESL Sv=2

Imerstitial colapenase O5=Homo sapiens GH=MMPL FE=1 Sv=3

& gisintegrin and metalicorotsinase with thrombaspondin mokits 2 O5=Homi
Metalicproteinase infibiter L 05=Heme sapiens SN=TIMPL FE=1 5%=1
Spondin-1 O3=Homo samiens GH=SPOML PESL Sv=2
Mnmwmmmmm
Difactomedin-iike protein 3 05=30mo sapiens GNSOLAVILS PES2 W1
Sushi repent-rontaining protein SR 05=Homo sapiens GR=SAPKE PESL ¢
‘Sacretosiobin family 10 memder 2 D3=Homo fapisns GN=S0G8102 FE=Z 3w
Colisgen aipha-2[VIN| chein 05=omo sapiens GN=COLBAD PE=1 5v=2

A disinkesrin and metalioproteinase with frembaspondin motits 3 05—Ho Certilage intemreciate laper protein 2 05=Homo sapisns SHE0LF2 PESZ 5=
A disintesrin and metalloproteinase with thrembospondin motifs 2 05=Ho Samaphonin-3C 05=Home sapiens GHSEMASC PES2 SW=1

Metalloproteinase inhibior 1 CS=Homo samens GH=TIMPL PES1 =t
Spondin-1 05=Home sapiens GH=SPONL PE=L SW=2

L=ctndherin O5=+omo Sapiens GN=MFSEE PES1 SW=2
Ofactomedin-ike protein 3 05=Homo sapiens GH=O0UFMILS PE=2 Sv=1

mm@ummmz

Thyrogiobulin G5=Homea sapiens GN=TH FE=1 Tv=3
Laminin susunit alpha-3 05=Homa sapiens GH=LAMEAS FE=1 Sv=4

mmzmmmmm1

B . .
Colinz=n: alshe-2VIIl| chein 05=Homo sapiens GN=COLEAZ PESL SWV=2

Cartilaze intermediste kayer protein 2 O5-Homo sapiens GN=CILF2 PE=2 V=2

Semaphorin-3C O5=Hom sapiens GNSSEMAIC PES2 SWs2
Podocen D5=Homo saphens GN=PODN FESL SV=2
Thyraglobulin 05=Homo sapiens GN=TE FE=1 5=3

Lzeimins subunit alphe-4 QS=Homa sapiens GH=LANMSS PES1 SW=d
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Xl1.2. Curriculum
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EDUCATION

Master’s Degree in Tissue Engineering
Department of Histology, Faculty of Medicine, University of Granada, Spain. 2015
Graduate in Biomedicine

Faculty of Medicine, University of Barcelona, Spain. 2010-2014

PUBLICATIONS

e Jiménez G, Lopez-Ruiz E, Grifidn-Lisén C, Antich C, Marchal JA. Brown adipose

tissue and obesity. Libro Obesity: A practical guide. Springer (2015) pp 13-28.

e Ldpez-Ruiz E, Jiménez G, Garcia MA, Antich C, Boulaiz H, Marchal JA, Perdn M.
Polymers, scaffolds and bioactive molecules with therapeutic properties in

osteochondral pathologies: what’s new? Expert Opin Ther Pat. (2016) Aug;

26(8):877-90.

e Jiménez G, Lopez-Ruiz E, Antich C, Chocarro-Wrona C, Marchal JA. Models of

Disease. Adv Exp Med Biol. (2018) 1059:331-350

e Jiménez G, Cobo-Molinos J, Antich C, Lépez-Ruiz E. Osteoarthritis: Trauma vs

Disease.Adv Exp Med Biol. (2018) 1059:63-83.

e J. Melchor, E. Lopez-Ruiz, J. Soto, G. Jiménez, C. Antich, M. Perdn, J.M. Baena,

J.A. Marchal, G. Rus, In-bioreactor ultrasonic monitoring of 3D culture human
engineered cartilage. Sensors and Actuators B: Chemical,(2018) 266:841-852.

e Juan Melchor, Juan M. Soto, Elena Lopez-Ruiz, Suarez J, Jimenez G, Antich C,

Perdan M, Marchal JA, Rus G. High-Resolution Strain Measurement for

Biomechanical Parameters Assessment in Native and Decellularized Porcine

Vessels. Mathematical Problems in Engineering (2019) vol. 2019, Article ID

2402606, 14 pages.

e Baena JM, Jiménez G, Lépez-Ruiz E, Antich C, Grifan-Lisén C, Peran M, Galvez-

Martin P, Marchal JA. Volume-by-volume bioprinting of chondrocytes-alginate
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https://www.ncbi.nlm.nih.gov/pubmed/?term=Per%C3%A1n%20M%5BAuthor%5D&amp;cauthor=true&amp;cauthor_uid=30630373
https://www.ncbi.nlm.nih.gov/pubmed/?term=G%C3%A1lvez-Mart%C3%ADn%20P%5BAuthor%5D&amp;cauthor=true&amp;cauthor_uid=30630373
https://www.ncbi.nlm.nih.gov/pubmed/?term=G%C3%A1lvez-Mart%C3%ADn%20P%5BAuthor%5D&amp;cauthor=true&amp;cauthor_uid=30630373
https://www.ncbi.nlm.nih.gov/pubmed/?term=G%C3%A1lvez-Mart%C3%ADn%20P%5BAuthor%5D&amp;cauthor=true&amp;cauthor_uid=30630373
https://www.ncbi.nlm.nih.gov/pubmed/?term=Marchal%20JA%5BAuthor%5D&amp;cauthor=true&amp;cauthor_uid=30630373

bioinks in high temperature thermoplastic scaffolds for cartilage regeneration.
Exp Biol Med (2019) Jan;244(1):13-21.

e Lépez-Ruiz E, Jiménez G, Alvarez de Cienfuegos L, Antic C, Sabata R, Marchal JA,
Galvez-Martin P. Advances of hyaluronic acid in stem cell therapy and tissue
engineering, including current clinical trials. Eur Cell Mater. 2019 Mar 19;37:186-
213

e Jiménez G, Venkateswaran S, Lépez-Ruiz E, Peran M, Pernagallo S, Diaz-Monchdn
JJ, Canadas RF, Antich C, Oliveira JM, Callanan A, Walllace R, Reis RL, Montafiez
E, Carrillo E, Bradley M, Marchal JA. A soft 3D polyacrylate hydrogel recapitulates
the cartilage niche and allows growth-factor free tissue engineering of human
articular cartilage.Acta Biomater. (2019) May;90:146-156.

e Antich C, Vicente J, Jimenez G, Chocarro C, Carrillo E, Montafiez E, Galvez-Martin
P, Marchal JA. Bio-inspired hydrogel composed of hyaluronic acid and alginate as
a potential bioink for 3D bioprinting of articular cartilage engineering constructs.
Acta Biomater. (2020) In press. https://doi.org/10.1016/j.actbio.2020.01.046

CONTRIBUTIONS TO CONGRESS

e VI Jornadas doctorales internacionales: Avances en la Investigacién biomédica y
biotecnoldgica. Jaen, Spain. 2019
Oral communication: Development of bioink based on cell-derived extracellular
matrix for cartilage tissue engineering.

e Wake Forest Institute of Regenerative Medicine (WFIRM) Annual Retreat.
Pinehurst, USA. 2019
Poster: Development of bioink based on cell-derived extracellular matrix for
cartilage tissue engineering

e |Jornadas de Jovenes Investigadores. Granada, Spain. 2018
Poster: 3D bioprinting of tissue constructs for regenerative medicine applications

e |lI  Jornadas de Investigadores en Formacion: Fomentando |Ia
interdisciplinariedad. Granada, Spain. 2018
Pdster: 3D printing of hyaluronic acid-based constructs for fabrication of articular
cartilage
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https://www.ncbi.nlm.nih.gov/pubmed/?term=L%C3%B3pez-Ruiz%20E%5BAuthor%5D&amp;cauthor=true&amp;cauthor_uid=30889270
https://www.ncbi.nlm.nih.gov/pubmed/?term=Jim%C3%A9nez%20G%5BAuthor%5D&amp;cauthor=true&amp;cauthor_uid=30889270
https://www.ncbi.nlm.nih.gov/pubmed/?term=%C3%81lvarez%20de%20Cienfuegos%20L%5BAuthor%5D&amp;cauthor=true&amp;cauthor_uid=30889270
https://www.ncbi.nlm.nih.gov/pubmed/?term=Antic%20C%5BAuthor%5D&amp;cauthor=true&amp;cauthor_uid=30889270
https://www.ncbi.nlm.nih.gov/pubmed/?term=Sabata%20R%5BAuthor%5D&amp;cauthor=true&amp;cauthor_uid=30889270
https://www.ncbi.nlm.nih.gov/pubmed/?term=Marchal%20JA%5BAuthor%5D&amp;cauthor=true&amp;cauthor_uid=30889270
https://www.ncbi.nlm.nih.gov/pubmed/?term=G%C3%A1lvez-Mart%C3%ADn%20P%5BAuthor%5D&amp;cauthor=true&amp;cauthor_uid=30889270
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https://www.ncbi.nlm.nih.gov/pubmed/30889270
https://www.ncbi.nlm.nih.gov/pubmed/?term=Jim%C3%A9nez%20G%5BAuthor%5D&amp;cauthor=true&amp;cauthor_uid=30910621
https://www.ncbi.nlm.nih.gov/pubmed/?term=Venkateswaran%20S%5BAuthor%5D&amp;cauthor=true&amp;cauthor_uid=30910621
https://www.ncbi.nlm.nih.gov/pubmed/?term=L%C3%B3pez-Ruiz%20E%5BAuthor%5D&amp;cauthor=true&amp;cauthor_uid=30910621
https://www.ncbi.nlm.nih.gov/pubmed/?term=Per%C3%A1n%20M%5BAuthor%5D&amp;cauthor=true&amp;cauthor_uid=30910621
https://www.ncbi.nlm.nih.gov/pubmed/?term=Pernagallo%20S%5BAuthor%5D&amp;cauthor=true&amp;cauthor_uid=30910621
https://www.ncbi.nlm.nih.gov/pubmed/?term=D%C3%ADaz-Monch%C3%B3n%20JJ%5BAuthor%5D&amp;cauthor=true&amp;cauthor_uid=30910621
https://www.ncbi.nlm.nih.gov/pubmed/?term=D%C3%ADaz-Monch%C3%B3n%20JJ%5BAuthor%5D&amp;cauthor=true&amp;cauthor_uid=30910621
https://www.ncbi.nlm.nih.gov/pubmed/?term=D%C3%ADaz-Monch%C3%B3n%20JJ%5BAuthor%5D&amp;cauthor=true&amp;cauthor_uid=30910621
https://www.ncbi.nlm.nih.gov/pubmed/?term=Canadas%20RF%5BAuthor%5D&amp;cauthor=true&amp;cauthor_uid=30910621
https://www.ncbi.nlm.nih.gov/pubmed/?term=Antich%20C%5BAuthor%5D&amp;cauthor=true&amp;cauthor_uid=30910621
https://www.ncbi.nlm.nih.gov/pubmed/?term=Oliveira%20JM%5BAuthor%5D&amp;cauthor=true&amp;cauthor_uid=30910621
https://www.ncbi.nlm.nih.gov/pubmed/?term=Callanan%20A%5BAuthor%5D&amp;cauthor=true&amp;cauthor_uid=30910621
https://www.ncbi.nlm.nih.gov/pubmed/?term=Walllace%20R%5BAuthor%5D&amp;cauthor=true&amp;cauthor_uid=30910621
https://www.ncbi.nlm.nih.gov/pubmed/?term=Reis%20RL%5BAuthor%5D&amp;cauthor=true&amp;cauthor_uid=30910621
https://www.ncbi.nlm.nih.gov/pubmed/?term=Monta%C3%B1ez%20E%5BAuthor%5D&amp;cauthor=true&amp;cauthor_uid=30910621
https://www.ncbi.nlm.nih.gov/pubmed/?term=Monta%C3%B1ez%20E%5BAuthor%5D&amp;cauthor=true&amp;cauthor_uid=30910621
https://www.ncbi.nlm.nih.gov/pubmed/?term=Monta%C3%B1ez%20E%5BAuthor%5D&amp;cauthor=true&amp;cauthor_uid=30910621
https://www.ncbi.nlm.nih.gov/pubmed/?term=Carrillo%20E%5BAuthor%5D&amp;cauthor=true&amp;cauthor_uid=30910621
https://www.ncbi.nlm.nih.gov/pubmed/?term=Bradley%20M%5BAuthor%5D&amp;cauthor=true&amp;cauthor_uid=30910621
https://www.ncbi.nlm.nih.gov/pubmed/?term=Marchal%20JA%5BAuthor%5D&amp;cauthor=true&amp;cauthor_uid=30910621

Il Congress of Young Researchers in Biomedicine. Valencia, Spain. 2018
Péster: Desarrollo de un nuevo sistema de bioimpresion 3D para la regeneracién
de tejidos y drganos.

| Jornadas Cientificas del Centro de Investigacién Biomédica. Granada, Spain.
2017

Péster: Desarrollo de un nuevo sistema de bioimpresion 3D para la regeneracién
de tejidos y 6rganos

| Jornadas Cientificas del Centro de Investigacidn Biomédica. Granada, Spain.
2017

Oral communication: Impresién 3D de constructos bioactivos basados en acido
hialurénico para la formacién de neocartilago in vitro

2nd Annual Conference and Expo on Biomaterials 2017. Madrid, Spain. 2017
Pdster: Design and characterization of bioink with hyaluronic acid for tissue and
bone-3D bioprinting

ISCT 2017 Annual Meeting. London, UK. 2017
Oral communication: Design of 3d bioprinted articular cartilage of MSCs-loaded
for osteochondral injuries

VIl Jornadas Fundacién Garcia Cugat de Investigacidon Biomédica. Valencia, Spain.
2016

Oral communication: Bioimpresidn de un cartilago artificial 3D para la aplicacion
en ingenieria tisular de lesiones osteocondrales

CELLS | Musculoskeletal 2016 Conference. Amsterdam, Holand. 2016

Oral communication: Novel Bioinks in Hyaluronic Acid Hydrogels-Based for
Articular Cartilage 3D Bioprinting
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ADDITIONAL DATA

Silver Winner in Wake Forest Institute of Regenerative Medicine (WFIRM) Annual
Retreat, Pinehurst, USA. 2019. Pdster: A Novel Cell-derived Extracellular Matrix
(ECM) Bioink for Cell-based Cartilage Tissue Bioprinting

Silver Winner in CELLS | Musculoskeletal 2016 Conference. Amsterdam, Holand.
2016. Oral communication: "Novel Bioinks in Hyaluronic Acid Hydrogels-Based
for ArticularCartilage 3D Bioprinting"
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