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Abstract

Angiogenesis, which results in a capillary network formation, is one of the crucial events that
take place when there is tissue damage, being critical for successful tissue regeneration. It
does not only allow the arrival of oxygen, nutrients and waste removal, but it also allows the
arrival of progenitor cells necessary to induce tissue restoration. However, when there is an
excessive damage, tissues are unable to regenerate by themselves. During the last decades,
tissue engineering emerged as an alternative to improve tissue regeneration, with the
combination of biomaterials (which serves as scaffolds), cells and/or stimulatory molecules.
Therefore, one of the aims of tissue engineering is to incorporate stimulatory molecules within
scaffolds to promote blood vessel formation for successful tissue regeneration and integration.
Alternatively, there are some clinical situations in which high caliber vessels are needed
instead of capillary network formation. An example would be with cardiovascular diseases
(CVD), such as atherosclerosis or aneurysms, in which blood vessel replacement is needed.
Autologous and xenogeneic grafts present some limitations, mainly risk of disease
transmission and shortage of donors. Therefore, tissue engineered blood vessels (TEBVSs)

emerged as a promising alternative.

Regarding angiogenesis, generally, growth factors have been incorporated within scaffolds as
molecules of choice to stimulate blood vessel formation. Although they have demonstrated a
proper angiogenic response, they present some limitations, such as delicate handling
properties and short half-life. As naturally found in human body, ions have demonstrated to be
a promising alternative, being able to stimulate cellular functions, such as blood vessel
formation. However, sometimes there is no consensus about the appropriate non-toxic and
therapeutic doses, due to a lack of concentration screening studies before introducing them
into the scaffolds. Regarding TEBVs, different approaches have been described for their
development. However, they usually include several manufacturing steps and additional

biomaterial patterning or additional stimulus to acquire native vascular cell alignment.

This thesis is focused on angiogenesis stimulation and TEBVs, divided in two main blocks: i)
development of a drug delivery system (DDS) with the incorporation of ions to stimulate early
phases of bone regeneration, including angiogenesis; ii) development of TEBVs through

extrusion-based approach.

In the first part, an initial screening of different concentrations of therapeutic ions was
performed to assess non-toxic and therapeutic concentrations in angiogenesis and

osteogenesis, with endothelial cells (ECs) and human mesenchymal stem cells (hMSCs),

IX



respectively. Results allowed establishing therapeutic doses of both ions for blood vessel
formation, although they showed impairment when tested for osteogenic differentiation.
These ions were then incorporated within a biomaterial to allow forming a DDS, showing that
the incorporated therapeutic ions could have antibacterial and angiogenic potential, allowing a
sequential delivery of both ions. The designed DDS consisted of a fiber like structure
incorporating hydroxyapatite based microparticles which could potentially be used for bone

tissue regeneration.

In the second part, TEBVs were successfully developed with extrusion-based approach in one
single step procedure. Moreover, specific vascular cell types were incorporated, with high cell
survival and presenting native cell alignment and some vasoactive functionality. Furthermore,
we could improve their mechanical properties by extruding TEBVs with high concentrations of
collagen, allowing their perfusion with arterial shear stress. Further studies are required to
prove their functionality and maturation, with the potential to be used as blood vessel

replacement or even vascular disease modeling.



Resum

L’angiogenesis, que dona lloc a la formacié de xarxes capil-lars, és un dels esdeveniments més
importants que té lloc quan hi ha dany als teixits, sent fonamental per aconseguir la
regeneracio dels teixits. No només permet l'arribada d’oxigen, nutrients i eliminacié de
residus, sind que també permet l'arribada de cél-lules progenitores necessaries per induir la
restauracié dels teixits. Tot i aixi, quan es produeix un dany gran, els teixits no poden
regenerar-se per si mateixos. En les darreres decades, I'enginyeria tissular va sorgir com una
alternativa per millorar la regeneracié de teixits, amb la combinacié de biomaterials (que
serveixen com a bastides), cél-lules i/o molécules estimuladores. Aixi doncs, un dels objectius
de I’'enginyeria de teixits és la incorporacié de molécules estimuladores en els biomaterials per
promoure la formacié de vasos sanguinis per aconseguir amb exit la regeneracié de teixits i la
seva integracio en I’hospeda. Alternativament, hi ha algunes situacions cliniques en les que es
necessita vasos sanguinis grans en comptes de xarxes capil-lars. Un exemple el trobem amb les
malalties cardiovasculars, com |'arterioesclerosi o aneurismes, en els quals és necessari un
recanvi del vas sanguini. Els empelts autolegs i xenogenics s’han usat com a material
substitutori, perd presenten algunes limitacions, principalment el risc de transmissié de
malalties i escassetat de material o donants. Aixi doncs, I’enginyeria tissular de vasos sanguinis

va sorgir com una alternativa prometedora.

Generalment, pel que fa I'angiogénesis, els factors de creixement s’han incorporat en els
biomaterials com a molecules d’eleccid per estimular la formacié de vasos sanguinis. Tot i que
han demostrat induir una resposta angiogénica adequada, presenten algunes limitacions, com
ara propietats delicades per la seva manipulacid i una vida de curta durada. Per altra banda, els
ions, que es troben de manera natural en el cos huma, han demostrat ser una alternativa
prometedora, ja que sén capacos d’estimular funcions cel-lulars com seria la formacid de vasos
sanguinis. Tanmateix, no hi ha un ampli consens respecte les concentracions apropiades que
no siguin toxiques i que indueixin un efecte terapeutic, degut a la falta d’estudis previs on es
faci un cribatge abans d’introduir-los en els biomaterials. Pel que fa a I'enginyeria tissular de
vasos sanguinis, s’han descrit diferents metodologies per desenvolupar-los. Tot i aixi, aquests
metodes inclouen diversos passos i I'addicié de patrons addicionals en els biomaterials o

estimuls addicionals per induir I'alineament cel-lular similar als vasos nadius.

Aquesta tesi es centra en l'estimulacié de l'angiogénesi i I'enginyeria tissular de vasos
sanguinis, dividida en dos blocs principals: i) el desenvolupament d’un sistema d’alliberacié de

farmacs amb la incorporacié de ions per estimular fases primerenques de la regeneracié de
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I’6s, incloent I'angiogenesi; ii) el desenvolupament de vasos sanguinis per enginyeria tissular

mitjangant un metode basat en I'extrusid.

En la primer part, es va fer inicialment un cribatge amb diferents concentracions de dos tipus
de ions terapeutics per determinar quin rang de concentracions no eren toxiques i tenien un
efecte terapeutic en l'angiogenesi i I'osteogénesis, usant cel-lules endotelials i cél-lules
mesenquimals humanes, respectivament. Els resultats obtinguts van permetre establir un rang
de concentracions terapeutiques dels dos ions per la formacié de vasos sanguinis, pero van
mostrar un efecte deleteri quan es van usar per induir la diferenciacid ossia. Posteriorment, es
va desenvolupar un sistema d’alliberacié de farmacs on es van incorporar aquests ions,
demostrant que els ions terapeutics incorporats poden tenir un potencial antimicrobia i
angiogénic, permetent I'alliberacié seqliencial d’ambdds ions. El sistema d’alliberacié de
farmacs dissenyat consistia en una estructura similar a una fibra incorporant microparticules
amb contingut d’hidroxiapatita que potencialment es podria utilitzar per la regeneracié de

teixit ossi.

En la segona part, els vasos sanguinis desenvolupats per enginyeria tissular van ser creats
satisfactoriament mitjancant el méetode d’extrusid, involucrant un sol pas. A més a més, es va
poder incorporar els tipus cel-lulars vasculars especifics, amb una alta taxa de viabilitat i
presentant I'alineament cel-lular nadiu i certa functionalitat vasoactiva. Posteriorment, es va
poder millorar les propietats mecaniques extruint aquests vasos amb concentracions altes de
col-lagen, permetent la seva perfusié amb un shear stress arterial. Es requereixen estudis
addicionals per demostrar la seva funcionalitat i maduracid, amb el potencial de ser usats com

a reemplagcament de vasos sanguinis o, fins i tot, com a model de malalties vasculars.
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CHAPTER 1. Introduction

The formation of new blood vessels after tissue damage is a critical event for the success of
tissue regeneration. When there is an excessive damage, the native regenerative capacity of
the body is unable to restore vascularization, leading to tissue necrosis and cell death. For this
reason, tissue engineering emerged, using the combination of biomaterials, cells and/or
stimulatory molecules. One of its main aims is the stimulation of scaffold vascularization for
successful tissue regeneration. For this purpose, it is important to know the mechanisms that
trigger blood vessel formation. Alternatively, other clinical situations require the development
of high caliber vessels, such as arteries. This would be the case of cardiovascular diseases, in
which blood vessel replacement is needed to restore normal blood flow and avoid tissue

ischemia.

This chapter will introduce the structure and main components of human vascular system as
well as the mechanisms by which blood vessel formation occurs. The importance of tissue
vascularization will be introduced with bone tissue. The main components and strategies of
tissue engineering will be briefly described, and special attention will be given on drug delivery

systems and tissue engineered blood vessels.

1.1. Human vascular system

Human body is composed of different type of cells that together create tissues and
subsequently organs. For proper function and survival, these organs need a nutrient and
oxygen supply, and removal of cell waste at the same time. The main responsible of
nourishment and waste removal is the circulatory system, composed of different types of

blood vessels.
1.1.1. Types of blood vessels

Vascular system is a closed circulatory system composed of different types of blood vessels
that differ in size: arteries (0,1-10 mm), arterioles (10-100 um), capillaries (4-10 um), venules
(10-100 um) and veins (0,1- >1 mm) (1) (Figure 1). Generally, blood vessel wall is composed of
cell and matrix fibers organized in three tunica (intima, media and adventitia), although there
are some differences between them. In the next section, the three main layers of arteries will

be described, and differences between the other vascular structures will be mentioned.
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Figure 1. Vascular system. Schematic representation of blood vessels types, sizes and structures.

1.1.2. Architecture of blood vessels

1.1.2.1. Tunica intima

Tunica intima is the innermost layer of arterial wall. It comprises an endothelium, a basal
lamina and internal elastic lamina. The endothelium consists of a monolayer of endothelial
cells (EC) aligned in the longitudinal axis of the vessel due to the shear stress produced by the
blood flow (2)(3). One of the functions of the tunica intima is due to the glycoprotein
constituting the glycocalyx, found on the surface of EC, which confers anti-thrombogenic
properties to the lumen of the vessel (4). A part from that, endothelium is also responsible for
the vascular permeability, which would be defined as the sieve of plasma content from the
lumen into the wall, where molecules smaller than 40 kDa can diffuse through the wall
whereas larger molecules would require other active and selective mechanisms (5)(6).
Furthermore, EC control the vascular tone through the synthesis and release of nitric oxide
(4)(7). Adjacent to ECs there is the basal lamina, mainly composed of collagen type IV and
laminin (8), which is secreted by EC during development or injury. Basal lamina is supported by
the internal elastic lamina, mostly constituted by elastic fibers, providing flexibility and stability

for EC (3).
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All types of blood vessels have tunica intima with a continuous monolayer of EC, but the main
difference is that in capillaries EC can also be fenestrated or discontinuous (9), depending on

the tissue.

1.1.2.2. Tunica media

Tunica media is the second layer of the vessel wall. It is mainly composed of smooth muscle
cells (SMCs) which are concentrically arranged and provide the necessary mechanical strength
and contractility, acting as effectors of vascular tone due to paracrine loop found between EC
and SMCs (10). Another important function of SMCs is the deposit of extracellular matrix
(ECM). ECM is mainly composed of elastin and collagen type |, which correspond to ~50 wt% of
the vessel’s dry weight (11), organized in lamellar units. Each lamellar unit consists of a
circumferential fenestrated sheet of elastin fibers connected with other lamellar units through
interlamellar elastin connections. SMCs, collagen type | and proteoglycans are distributed
between the layers of elastin fibers (12). Although elastin has a low tensile strength, it
operates as an elastic reservoir and distributes stress uniformly throughout the wall and
collagen fibers (11). The outer part of tunica media is the external elastic lamina that provides

structural support.

Tunica media is thicker in arteries compared to veins, with a thickness that can reach 500 um
compared to medium-sized veins, which is described to be around 20-50 um. Going
downstream in the vasculature, arterioles possess about 2-3 layers of SMCs and venules
consist of 1-2 layers (13). Finally, capillaries do not have tunica media, and instead they have
pericytes abutting the single layer of ECs and basement membrane. Another important
difference is that the regulation of vascular tone is specific for arteries and can also occur in

the arteriole level (9).

1.1.2.3. Tunica adventitia

Tunica adventitia is the outermost layer of the vessel wall. It is constituted by fibroblast and
myofibroblasts which deposit an ECM rich in collagen. The collagenous fibers are generally
arranged circumferentially and its high content offers a high mechanical stability preventing
the rupture of the vessel at high pressures (11). Adventitia also contains the vasa vasorum,
which consists of small blood vessels that nourish cells populating the vessel wall.
Interestingly, it also contains residential progenitor cells with the potential to differentiate in

different cell types such as EC and SMCs, amongst others (14).



Not all types of blood vessels have adventitia. For instance, capillaries and cerebral vessels lack
this layer (13). Other differences are found regarding the components of adventitia. For
example, some large veins such as vena cava, have another cell type in adventitia, specifically
SMCs. A part from that, vasa vasorum is only present in arteries where the media contains

more than 29 lamellar units (4), which corresponds to a wall thickness above 200 pm.

1.2. Blood vessel formation

During the natural formation of vascular network two processes can be distinguished:
vasculogenesis and angiogenesis. Vasculogenesis takes place in the early embryonic
development and consists in de novo formation of blood vessel from angioblasts (mesoderm-
derived endothelial precursors), which differentiate into EC and form a primitive capillary
network (15). Later in the development and postnatally, vascular formation occurs via
angiogenesis, defined as the formation of blood vessels from pre-existing ones (16). In this
later case, new vessel formation can mainly take place through sprouting angiogenesis (Figure
2A), where EC form sprouts from the pre-existing vessel and elongate towards an angiogenic
stimulus (hypoxic signal), or by intussusceptive angiogenesis (Figure 2B), where protrusive
extensions of the endothelium are inserted in the lumen of the capillaries and split them (17).
After the formation of capillaries, a process known as arteriogenesis can occur, triggered
mainly by fluid shear stress, where mural cells (pericytes and/or SMCs) are recruited and
enwrap EC tubules providing stability, controlling the perfusion and increasing the diameter

and wall thickness (18).

A) Sprouting B) Intussusception
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Figure 2. Strategies of blood vessel formation. A) sprouting angiogenesis; B) Intussusception
angiogenesis.
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In the rest of the thesis, the term angiogenesis will refer to sprouting angiogenesis, which

represents a substantial fraction of blood vessel development and it is the most studied one.

1.2.1. Induction of angiogenesis

Angiogenesis is a complex process regulated by spatiotemporal presence of growth factors
triggered by a hypoxic signal, where HIF-1a plays a pivotal role. Under normoxic conditions,
HIF-1a is hydroxylated at two proline residues by prolyl-4-hydroxylase (PHD) (19) (Figure 3A).
This increases the affinity of von Hippel-Lindau (VHL) to HIF-1a, which ubiquitinates it inducing
proteosomal degradation. The proline hydroxylation of HIF-1la is recognized by factor-
inhibiting HIF-1 (FIH), which induces another hydroxylation to asparagine residue, inhibiting
the interaction with transcriptional co-activators (p300 and CREB-binding protein (CBP)).
Under hypoxic conditions, there is no oxygen available for proline hydroxylation and HIF-1a
translocates into the nucleus, where is associated with HIF-1B and p300/CBP (Figure 3B). Then,
this complex binds to a DNA region termed hypoxia response element (HRE) and several genes
involved in angiogenesis are transcribed, such as vascular endothelial growth factor (VEGF),

triggering the activation of EC to evoke blood vessel formation.

A) Normoxia B) Hypoxia
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ﬂ\ 3/

1
1
1
1
Nclews I — Nucleus "y
/ ; P
1 / ~ \
1
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Figure 3. Schematic representation of hypoxic signal pathway. A) Under normoxic conditions, HIF-1a is
hydroxylated by PHD and FIH, and ubiquitinated by VHL, inducing proteosomal degradation of HIF-1a. B)
Under hypoxic conditions, hydroxylation can not be performed and HIF-1a translocates into the nucleus
where it is associated with p300 and CBP. This complex binds to HRE and transcribes genes involved in
angiogenesis. Abbreviations: hypoxia-inducible factor 1-alpha (HIF-1a); prolyl-4-hydroxylase (PHD);
factor-inhibiting HIF-1 (FIH); von Hippel-Lindau (VHL); CREB-binding protein (CBP); hypoxia response
element (HRE); vascular endothelial growth factor (VEGF).




1.2.2. Angiogenesis steps

As previously described, low concentration of oxygen induces the translocation of HIF-1a into
the nucleus and the transcription of genes involved in angiogenesis such as VEGF (20).
Subsequently, the delivery of VEGF from hypoxic cells triggers the activation of quiescent EC
into tip and stalk phenotype (Figure 4A). These phenotypes are transient and are only
expressed when angiogenesis takes place. Tip cell phenotype dictates the amount of sprouts
and the direction of migration, whereas stalk cell phenotype lengthens the sprout and form
capillary lumen (21). EC receiving more VEGF signal become tip cells and inhibit their neighbor
EC to acquire this phenotype and in turn, induce their specification to stalk cell phenotype. Tip
cells are enriched with matrix metalloproteases (MMPs), such as MT-MMP1, which mediates
basement membrane (BM) degradation (22). BM degradation exposes collagen type | which
promotes EC proliferation and migration. At the same time, ECs deliver Angiopoietin-2 (Ang-2)
which causes the detachment of mural cells (23), therefore allowing ECs migration towards
VEGF gradient. While tip cells migrate, stalk cells proliferate, establish cell junction (VE-
cadherin) with neighboring cells, produce basement membrane components to assure the
integrity of the sprout and form the lumen of the vessel (Figure 4B). Two models have been
described for lumen formation (24) (Figure 4C). One of them describes the formation of
intracellular (pinocytic) vacuoles which are fused with vacuoles of neighboring cells, resulting
in the formation of a lumen. In the other model, EC defines first the apical-basal polarity. Then,
the apical membrane, which would correspond to lumen surface, is negatively charged with
glycoproteins, consequently opening up the lumen due to repulsive signal. Once the lumen is
formed, as a next step, tip cells contact with other tip cells establishing junctions to
consolidate the connection, therefore adding new vessels into the existing vascular network
(Figure 4D). With the lumen formation, the onset of blood flow increases the oxygen
concentration, which reduces de VEGF expression and shifts activated ECs towards a quiescent
phenotype. In order to become functional, blood vessels must mature, which involves the
recruitment of mural cells and deposition of ECM (25) (Figure 4E). ECs deliver the plateled-
derived growth factor (PDGF), which induce mural cells proliferation and migration.
Furthermore, ECs delivers transforming growth factor B (TGF-B), which similar to PDGF,
promotes the proliferation and migration of mural cells, and also leads to their differentiation
and production and deposition of ECM. Finally, mural cells produce Angiopoietin-1 (Ang-1),

which stabilizes vessels by promoting pericyte adhesion and tightening ECs junctions.
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Figure 4. Schematic representation of blood vessel formation. a) Hypoxic cells deliver VEGF and
activate EC towards tip or stalk phenotype. b) While tip cells migrate, stalk cells proliferate, establish cell
junctions with neighboring cells and synthetizes basement membrane. c) Lumen vessel formation can
occur through the fusion of vacuoles (i) or by the repulsion of negatively charged glycoproteins of the
lumen surface (ii). d) Tip cells contact with other tip cells, connecting the newly formed vessels. e) The
onset of blood flow induces the EC switch towards a quiescent state, and the delivery of PDGF and TGF-
B for the recruitment of mural cells and ECM synthesis and deposition.

1.2.3. Importance of angiogenesis in bone regeneration

Angiogenesis or blood vessel formation is one of the crucial events that take place when there
is tissue damage, being critical for successful tissue regeneration (26). It not only allows the
arrival of oxygen, nutrients and waste removal, but it also allows the arrival of progenitor cells
necessary to induce tissue restoration. For instance, it has been recognized in bone fracture
healing process the importance of blood supply as a key component for a successful bone
regeneration, with a poor bone regeneration outcome when angiogenesis was not completely
restored (27). A part from that, blood supply also serves as a source of calcium and phosphate,
two key components for bone mineralization (explained in detail in the next section).
Moreover, as previously mentioned, blood vessel formation enables the arrival of
mesenchymal stem cells (MSCs), which undergoes to osteogenic differentiation and hence,

new bone formation (28).



1.3. Bone tissue

1.3.1. Bone function

Bones are innervated and vascularized organs involved in many body functions, for instance: i)
provide structural support for the body; ii) protect internal structures and organs; iii)
locomotion; iv) provide maintenance of mineral homeostasis through its reserve of calcium
and phosphate ions and by regulating the concentration of some electrolytes in the blood; and

v) provides blood cell formation through hematopoiesis within bone marrow (29).
1.3.2. Bone structure and composition

From a macroscopic point of view, bone tissue is organized into cancellous bone (also known
as trabecular or spongy bone) and cortical bone (also known as compact bone) (30) (Figure 5).
Cortical bone is a dense and nearly solid tissue found in the peripheral regions. It is highly
mineralized and is important for structural and mechanical properties. Surrounding the outer
surface of cortical bone is the periosteum layer, which contains blood vessels, osteoblasts and
osteoprogenitor cells that are activated during bone growth and repair (31). Conversely,
cancellous bone is an interconnected porous network with higher surface area compared to
cortical bone, localized in the interior of bones, neighboring marrow cavity. It is involved in the

homeostasis of calcium and acid/base regulation.
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Figure 5. Schematic overview of bone structure and components. Representation of different parts and
components in the macro (cortical and cancellous bone), micro/sub-micro (osteons) and nano/sub-nano
level (collagen and hydroxyapatite crystals). Figure modified from (32,33).
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In a microscopic level, cortical and cancellous bone are organized in osteon structures. Cortical
osteons are called Harvesian systems, whereas cancellous osteons are called packets with less
hierarchical structure (29). Cortical osteons are composed of cells and ECM organized in a
lamellar pattern, surrounding the Harvesian canal which contains nerves and blood vessels. In
a nano-size level, the lamellar structure is formed by collagen (type |) fibrils which are laid
down in alternating orientations. Calcium and phosphate are present in bone ECM in the form
of hydroxyapatite crystals (HA), which precipitate within and between collagen fibrils. Both
collagen and HA are the main organic protein and inorganic mineral, respectively, present in

the bone, and together account for 95% of bone dry weight (34).
1.3.3. Bone cell components

Bon tissue presents three main cell types (35), as shown in Figure 6:

e Osteoblasts: they are cuboidal cells derived from mesenchymal stem cells (MSCs) and
are located along the bone surface. They are known for their bone forming function, as
they synthetize and deposit osteoid (unmineralized collagen) and promote its
mineralization through the deposition of calcium and phosphate as HA crystals.
Through this process, osteoblasts eventually become surrounded and trapped by
mineralized bone matrix, where they mature into oscteocyte phenotype.

e Bone lining cells: they are quiescent flat-shaped osteoblasts on bone surface where

bone resorption or formation does not occur.
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e Osteoclasts: they are large mononucleated cells derived from mononuclear cells of the
hematopoietic stem cell lineage. The plasmatic membrane of osteoclasts which is in
contact with bone matrix folds and forms a ruffled border, releasing lysosomal
enzymes and acids. Consequently, protein and mineral components of the underlying
bone matrix are digested and delivered. This process is known as resorption and helps

to maintain calcium levels from blood.
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Figure 7. Bone remodeling. Schematic representation of the main phases phases (Figure 7): i)

of bone remodeling. This figure was produced using Servier Medical Art )
(http://smart.servier.com/). resorption, where

osteoclasts digest old bone; ii) reversal, where mononuclear cells (macrophage-like cells)
appear on bone surface and prepare it for osteoblasts migration and differentiation; iii)

formation, when osteoblasts form new bone until the resorbed bone is replaced for new one.

1.3.3.1. Osteogenic differentiation

The transition process from MSCs to osteoblastic lineage can be divided into 4 phases:
proliferation, differentiation, matrix deposition and mineralization. This process is tightly
regulated by transcription factors and proteins in a spatio-temporal manner, as schematically
illustrated in Figure 8. Initially, MSCs are induced to differentiate into osteoprogenitor cells
under the influence of some growth factors such as bone morphogenetic proteins (BMPs).
After an active proliferation phase, osteoprogenitor cells express two transcription factors
which are absolutely essential for osteoblast differentiation and function: runt-related
transcription factor-2 (Runx-2) and Osterix (OSX) (37). On the one hand, Runx-2 induces the
commitment of MSCs to osteogenic lineage. On the other hand, both Runx-2 and OSX regulate
the gene expression of major bone matrix proteins during osteoblast differentiation. As they
mature and acquire the pre-osteoblast phenotype, they start to produce abundant matrix

proteins such as collagen type | (COL1), which is deposited as osteoid or non-mineralized bone
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matrix. Additionally, they also begin to express alkaline phosphatase (ALP), involved in the
mineralization of ECM with phosphates that, together with calcium, form hydroxyapatite
crystals (38). When pre-osteoblasts mature and fully differentiate into osteoblasts, they
express high levels of bone sialoprotein (BSP) and osteocalcin (OC). BSP is a non-collagenous
protein that binds to collagen and acts as a nucleus for the formation of hydroxyapatite crystal.
OC is the most abundant non-collagenous protein considered the promoter or initiator of
calcium deposition (29). After the mineralization process, the osteoblasts become bone lining
cells, while another subset of osteoblasts become surrounded by its own deposition of ECM

and terminally differentiate to osteocytes, playing a role in bone cell communication.
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Figure 8. Osteogenic differentiation process. Schematic representation of osteoblast differentiation
steps indicating the main transcription factors or proteins involved in each phase.

1.3.4. Bone regeneration steps

Bone is able to regenerate in response to trauma and fractures. During bone regeneration
there is a multistep process, which can be divided in four phases (inflammation, angiogenesis,
chemotaxis and osteogenesis), where many biomolecules are involved on each stage (Figure
9). In a fracture healing, there is first an inflammatory phase mediated through interleukine-1
(IL-1), 1I-6 and tumour necrosis factor a (TNF-a), and then an anti-inflamatory phase mediated
by 1l-4, IL-10 and IL-13, which promotes first bone remodelling followed by bone formation,
respectively (39). Then, angiogenesis restoration is carried out with the stimulation of some
growth factors such as vascular endothelial growth factor (VEGF), fibroblast growth factor
(FGF) and platelet-derived growth factor (PDGF), amongst others (40). The newly formed
vessels allow the rapid access of metabolites and the recruitment of progenitor stem cells,

through chemotactic factors such as stromal derived factor 1 (SDF-1) (41), and there, they
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undergo the osteogenic differentiation with the stimulation of some growth factors such as

BMPs, FGFs, PDGFs and insulin-like growth factors (IGFs) (42).
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Figure 9. Bone regeneration steps in bone fracture healing. The four main phases are represented with
the main growth factors involved in each one. This figure was produced using Servier Medical Art
(http://smart.servier.com/).

Although bone tissue possesses a regenerative capacity, it is only sufficient for the healing of
small size damage, such as cracks and small fractures. Bone defects exceeding = 2.5 cm
(considered the critical size threshold) are unable to regenerate without aid (43). The main
cause for the inability to regenerate the tissue is due to lack of vascularization, especially in the
inner site of the defect zone, where the lack of oxygen leads to necrosis and cell death. Large
defects caused by traumatic injury, tumor resection or congenital defects amongst others,
require clinical intervention for healing. For instance, the use of autologous bone grafts has
been used to treat large defects, which are osteoconductive and osteoinductive, which refer to
their ability to allow and induce bone growth, respectively. Furthermore, they are as well
biocompatible and non-immunogenic, therefore avoiding an immune response. However, they
have some disadvantages, such as morbidity, available amount of the graft and an elevated
cost related to the surgeries (42,44). Allogeneic bone grafts, derived from human donors, have
also been used, but they have immunogenicity issues and rejection reactions, as well the
possible risk of diseases transmission (44,45). As an alternative to natural bone grafts,
synthetic grafts have emerged, which can be further enhanced with tissue engineering

strategies, providing limitless supply and no risk of pathogen transmission.
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1.4. Tissue engineering

The term of tissue engineering was originally introduced by Langer and Vacanti as an
interdisciplinary field involving the principles of biology and engineering to create functional
tissues or organs in vitro to replace the damaged ones as an alternative of donor material (46).
Generally, tissue engineering uses a combination of biomaterials (which serve as scaffolds),

cells and stimulatory molecules.

1.4.1. Components of tissue engineering
1.4.1.1. Biomaterials

Biomaterials serve as a temporary scaffold allowing tissue ingrowth providing an appropriate
3D extracellular matrix for cells. At the same time, they can contain stimulatory molecules

which induce cell migration, proliferation and/or differentiation.

Generally, an ideal scaffold should degrade in a similar rate to the regeneration rate. At the
same time, they must be biocompatible, porous (to allow cell ingrowth, nutrient diffusion and
development of vascular structures) and allow a customized shape to fill the tissue defect.
More specifically for bone regeneration, it should also be able to promote the differentiation
of progenitor cells to an osteoblastic lineage and to have mechanical properties of the bone to

be regenerated.
Commonly, biomaterials can be classified in terms of composition or morphology.

1.4.1.1.1. Composition of biomaterials

e Ceramics: ceramics are inorganic and non-metallic materials widely used for bone
regeneration. The most common ones are calcium phosphate (CaP), specially HA, B-
tricalcium phosphate (B-TCP) and biphasic calcium phosphate (BCP), which is a mixture
of HA and B-TCP (47). These materials are similar to the mineral phase of native bone,
being attractive for their use as bone scaffolds, as they are biocompatible and able to
induce osteoblast differentiation and growth (48). Moreover, they generally display
high compressive strength. Bioactive glasses (BaG) are another example of ceramic
materials which, similar to CaP, can release soluble ions, such as silica or calcium,
which can stimulate both angiogenesis and osteogenesis (49,50). As a general

drawback, ceramic materials are brittle. Although some of them resorbs fast, such as
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B-TCP , others are slowly resorbed, such as HA (51), although it can depend on the
crystallinity.

Metallic: metal-based materials haven been the choice for load-bearing applications
due to their good physical properties (high strength, fatigue resistance and machining
properties). The most used is titanium, presenting a good biocompatibility and
mechanical strength and also being resistant to corrosion (52,53). However, metals are
not biodegradable, and their mainly use are for prosthesis and dental implants.
Polymers: polymers have been widely used in tissue engineering due to their
similarities with ECM, biocompatibility and biodegradability properties. However, they
generally possess poor mechanical properties and its use is limited for high load-
bearing scaffolds applications (54). Polymers can be classified as natural or synthetic
according to their source:

o Natural polymers: they include proteins and polysaccharides mainly found in
tissue ECM, therefore, they are advantageous due to their biocompatibility
and inherent biological domains, facilitating cell adhesion, proliferation and
differentiation (55). Examples of natural polymers are collagen, chitosan,
alginate, gelatin, fibroin, elastin, amongst others. Collagen is one of the most
used for bone and blood vessel formation, as it is one of the main components
of both ECM.

o Synthetic polymers: they can be synthesized under controllable conditions
compared to natural polymers. Therefore, their mechanical strength,
degradation rate and microstructure are more predictable and reproducible.
They usually have better mechanical properties than natural polymers.
Example of synthetic polymers are poly(lactic acid) (PLA), poly(glycolic acid)
(PGA), polycaprolactone (PCL) (54). However, they present some
disadvantages, such as poor biocompatibility, release of acidic products
because of their degradation and an early loss of mechanical properties during
degradation (56).

Composites: composite materials are the blend of minimum two materials with the
purpose of integrating their advantageous characteristics and minimize their individual
drawbacks (57). For instance, these combinations can improve the poor
biocompatibility of synthetic polymers when combined with natural polymers. As
another example, the combination of ceramics with synthetic polymers, for instance
CaP with PLA, could enhance the angiogenic response compared with materials alone

(58). Alternatively, mechanical properties and biological performance can also be
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improved with the combination of ceramics and natural polymers, such as CaP with

collagen for bone regeneration purposes (59).

1.4.1.1.2. Morphology of biomaterials

e Porous scaffolds: porous scaffolds, such as fiber-based scaffolds, are the most used in
tissue engineering due to their resemblance with ECM. They contain interconnected
pores that allow nutrient and molecule diffusion, tissue in-growth and development of
vascular structures, a key process for tissue regeneration (60). The main methods used
to obtain porous scaffolds are solvent-casting, freeze drying, 3D printing and
electrospinning (60-62).

e Microparticles and nanoparticles: microparticles are considered micro-scaffolds
generally with sphere form, ranging from 100-400 pum. They can support cell growth
and thus, they can be used as microcarriers and placed into the site of defect. A part
from that, they can also encapsulate stimulatory molecules such as growth factors and
be used as a drug delivery system (63).They can be obtained by water-in-oil emulsion,
water-in-oil-in water emulsion, microsphere gelation, electrospraying, amongst others
(64). On the other side, nanoparticles, ranging from 20 to 200 nm, can penetrate into
cells and are mainly used as a drug or gene delivery system (65)(66). They are generally
synthesized by chemical routes (67).

e Hydrogels: hydrogels are 3D polymer network with micropores which trap a significant
aqueous medium. Cells can be incorporated within it as they are soft and provide a
cell-friendly 3D matrix similar to native tissues (64). They are usually made of natural
polymers, supporting cell adhesion and migration (68). Signaling molecules can also be
incorporated within them as a drug delivery system, and be released to stimulate
surrounding cells. Hydrogels are formed through either covalent or non-covalent

bonds, and can be modulated into various shapes (69).

1.4.1.2. Cells

Cells play an important role in tissue healing and regeneration as they are one of the main
components of a tissue. Cells can be incorporated within the scaffold or they can be recruited
from the host tissue using specific stimulatory molecules (70). When using cells with the
engineered construct, they can be from autologous, allogeneic or xenogeneic source. An

autologous source is preferable to avoid immune reactions. However, allogeneic or xenogeneic
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source, as well as immortalized cell lines, can also be used, but just as a tool for investigating

specific aspects of cell behavior with scaffolds (71).

When using autologous source, they can be terminally differentiated mature cells. However,
they present a limited proliferation capability, loss of phenotype and dedifferentiation when
expanded in vitro. As an alternative, stem cells are a promising source as they can be
maintained with their self-renewal properties (which allow them to proliferate indefinitely
maintaining their undifferentiated state) and they have the potential to differentiate in more
than one specialized cell type. More specifically, for bone regeneration purposes, stem cell
source such as bone marrow-derived mesenchymal stem cells (BM-MSCs), adipose-derived
stem cells (ASCs), embryonic stem cells (ESCs) and induced pluripotent stem cells (iPSCs) have
been used. However, MSCs are considered the best choice because of their osteogenic
differentiation potential and because they are easy accessible from multiple tissues of patients
as autologous source, thus, avoiding immune response (72). In the case of vascular network
formation, stem cell source such as MSCs, which have been demonstrated to differentiate to
ECs under specific conditions (73), or endothelial progenitor cells (EPCs), which can be isolated
from peripheral blood and can be differentiated to ECs (74,75), are considered good

candidates for vascularization of engineered constructs.

1.4.1.3. Stimulatory molecules

1.4.1.3.1. Growth factors

Growth factors (GF) are found in all tissues and are involved in the stimulation of cell growth,
proliferation, migration and differentiation. They are delivered by cells and can be stored in
ECM and released after tissue injury. Many GF have been described to direct angiogenesis and
osteogenesis during bone regeneration. Therefore, it is believed that, in addition to mimic the

ECM structure, scaffolds should incorporate stimulatory molecules such as GF.

During the angiogenic phase of bone regeneration, several GF are described to be involved,
being the main ones VEGF, FGF and PDGF. As previously described, VEGF stimulates the
proliferation and migration of ECs resulting in the formation of tubular structures (76). FGF
regulates many stages of angiogenesis, from BM degradation to EC proliferation, migration
and reformation of BM (77). The main role described for PDGF is the recruitment of pericytes
towards new blood vessels for their stabilization and maturation (78,79). Alternatively, several
growth factors have also been described to be involved in the osteogenic phase of bone

regeneration, such as BMPs, FGF and IGF. BMPs are the most known GF involved in bone
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regeneration. They trigger osteogenic differentiation of osteoprogenitor cells and MSCs (80).
Between different members of BMPs family, BMP-2 is considered to have a key role in the
expression of osteogenic markers (81). FGFs, specifically basic FGF (bFGF) (also known as FGF-
2), a part from being involved in angiogenesis, it is thought to promote osteoblast cell
proliferation (82). IGF is described to act as a mitogenic factor inducing osteoblast growth and
proliferation (83). Although GFs have had clinical success, they present some limitations such
as low stability, short circulating half-life and high cost. Hence, low-cost and more stable

alternatives have been considered, such as the use of therapeuticions.

1.4.1.3.2. lons

Some ions have been described to be therapeutically relevant, presenting similar effects as GFs
when incorporated into scaffolds for tissue regeneration purposes (39). More specifically, they
are described to be able to stimulate some cellular functions, such as angiogenesis,
osteogenesis, anti-imlamatory responses, amongst others (39). Therefore, they are considered

an attractive alternative.

Some ions have been used to induce angiogenesis, such as copper, cobalt and silicon. All of
them act mimicking hypoxic conditions into the cells due to the inhibition of hydroxylation and
ubiquitination of HIF-1a, consequently stabilizing and accumulating HIF-1a (84—89). This, in
turn, up-regulates the expression of some angiogenic factors such as VEGF and triggers blood
vessel formation. Other ions also showed promising results in angiogenic stimulation, such as

boron and strontium, although their mechanism of action are unknown (90,91).

Bone regeneration can also be enhanced with ions such as silicon, zinc, strontium or
magnesium. Silicon is described to be implicated in the mineralization process (92) whereas
zinc is mainly involved in osteoblast proliferation and differentiation (93,94). Alternatively, the
inhibition of osteoclast activity and up-regulation of Runx-2 has been described with
strontium, inducing osteogenic differentiation (95). Finally, magnesium is shown to induce
osteogenic differentiation, up-regulating some proteins such as BMP-2 and collagen, and
induce matrix mineralization (96,97). Although copper and cobalt have also been reported to
be beneficial and induce osteogenic differentiation (98,99), controversial results are found in
the literature with opposite results (100—102). Therefore, more studies are needed in order to

elucidate their osteogenic therapeutic effects.
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1.4.2. Approaches in tissue engineering

Two main approaches are utilized to develop engineered constructs (70) as shown in Figure

10, which are not mutually exclusive and can be combined:

i) Drug delivery constructs: biomaterials used as scaffolds for growth factor/drug
delivery device. In this strategy, upon implantation cells are recruited to the
scaffold zone and are able to form matrix on and throughout the scaffold.

i) Cell delivery constructs: biomaterials used as scaffolds where specific cells of the
tissue to be regenerated are seeded. Then, these cells lay down specific matrix for

the tissue to be regenerated for later transplantation.
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Figure 10. Tissue engineering approaches. Schematic representation of two main approaches of tissue
engineering: drug and cell delivery constructs.

During tissue regeneration, different growth factors are involved stimulating different
regeneration phases in a sequential manner, as previously described with bone regeneration
(inflammation, angiogenesis, chemotaxis and osteogenesis). The generation of vascular
network is crucial for the restoration of blood flow in ischemic tissues and achieve a successful
regeneration (26). Previous studies demonstrated the need to induce the formation of vascular
structures in scaffolds for an in vivo successful bone regeneration (103), whereas poor
angiogenesis was identified as the main reason of implant failure. Therefore, one of the main
challenges of bone tissue engineering is the development of blood vessels to ensure cell
viability and regeneration in the core of scaffolds once implanted and hence, bone repair.
Thus, tissue engineering strategies that allow sequential release of molecules to stimulate, for
example, an angiogenic phase followed by an osteogenic phase, are considered to be more

effective for tissue performance and it can be achieved using drug delivering systems (DDS),

specifically with dual or multi delivery systems.
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Alternatively, some situations would require the development and incorporation of large
vessels in the scaffolds, such as arterioles or arteries, that could form capillary networks within
the scaffold and at the same time, could be anastomosed with the vasculature of the patient.
This would be the case, for example, of locally advanced tumors that invade nearby structures
like main arteries or veins of the organ, and their resection would compromise their structure.
Another example would be big fractures affecting main arterioles or arteries. This would allow
concurrently a direct perfusion after implantation. Other situations could benefit from the
development of large vessels, such as in cardiovascular diseases, where obstruction of vessels
due to atherosclerosis or dilation of vessels due to aneurisms requires their replacement to
allow a proper blood flow. In these cases, cell delivery approach would be more appropriate,
using biomaterials to recreate the microarchitecture of blood vessels and incorporating

specific vascular cell types within it, a process known as tissue engineered blood vessels

(TEBV).

1.5. Drug delivery strategies

Direct injection or systematic local supplementation of GF results in low availability due to
their rapid degradation in vivo, short half-life in physiological conditions and inactivation
and/or degradation by enzymes. Furthermore, raising their doses to increase their availability
results in ectopic or adverse effects. For this reason, drug delivery systems (DDSs) are

considered an alternative promising approach.

DDSs are defined as a device that enables a controlled release of a therapeutic substance
(growth factor, ion or others) in a targeted area without reaching non-target cells, tissues or
organs (104). DDSs can deliver one or more molecules. In the later case, their release can be
controlled in a time-dependent manner mimicking the sequentially involvement of signaling

molecules that take place during tissue regeneration.

As previously described, biomaterials used for drug delivery can be from different
compositions (ceramics, natural or synthetic polymers, composites) and different
morphologies (fibers, micro/nanoparticles, hydrogels), which can be combined providing

multiple DDSs designs, as shown in Figure 11.
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Figure 11. Examples of drug delivery systems for sequential molecules release. Different combinations
of scaffold morphologies are schematized for the delivery of one or more stimulatory molecules.
To simplify the figure, we assumed that the delivery of a molecule from a hydrogel, fiber or

microparticle is the same, but it should be noted that the pattern release would be different. The
purpose of the figure is to show different release of the molecule depending on the drug delivery
system compartmentalization.

The delivery of stimulatory molecules can rely on different incorporation methods within the

scaffold, such as non-covalent or covalent binding or even the use of micro- or nanoparticles as

therapeutic molecule reservoir:

e Non-covalent binding: in this case, bioactive molecules and therapeutics are
incorporated by physical entrapment, adsorption or formation of ionic complexes
(105). Generally, with this incorporation method, the delivery is achieved by passive
diffusion and it leads to an initial uncontrolled burst release. Conversely, if stimulatory
molecules are encapsulated in the core of core-shell structures, a more controlled and
sustained release is achieved (106,107).

e Covalent binding: this requires the modification of stimulatory molecules, such as
proteins, to contain reactive functional groups (thiols, acrylates, azides, amongst

others) which react with polymer matrices (108). In this case, the release is mediated
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by hydrolysis, reduction reactions or enzymatic cleavage mediated by cells, reducing
the burst release and prolonging the release over time.

e Micro-/nanoparticles: the incorporation of micro- or nanoparticles loaded with
therapeutic molecules and embedded within scaffolds can result on a more precise

control of their release and achieve a long-term sustained release (109).

Other parameters that can influence the release of the molecules are the crosslinking
properties of the materials. For instance, when the crosslinking of a polymer is increased, this
leads to a decrease mesh size, which in turn, lowers the diffusion rate of the therapeutic agent
(110,111). The degree of crosslinking also affects the degradation rate and therefore, the
release of the encapsulated molecule. Physical shape and size also affects the release rate. For
instance, higher microsphere size generally allows a controlled and more sustained release

than smaller microsphere size (112).

Furthermore, DDSs not only allows the incorporation of one single therapeutic molecule, but
can incorporate two or more bioactive molecules and release them in a sequential manner
when different morphologies and/or composition of scaffolds are combined. Examples of

different combination of scaffolds are shown in Figure 11.

1.5.1. Mono delivery

Different encapsulation strategies can be accomplished for the encapsulation and delivery of
one single stimulatory molecule, as shown in Figure 11A, such us in a hydrogel, in a
micro/nano fiber or in a micro/nanoparticle. Furthermore, they can be encapsulated in the
core of core-shell structures for a more sustained release (107). Encapsulation of GF within
these structures have been widely used to stimulate angiogenesis or osteogenesis. For
instance, VEGF loaded in the core of core/shell electrospun fibers composed of dextran in the
core and poly(lactide-co-glycolide acid) (PLGA) in the shell, had a sustained release for more
than 28 days showing an excellent activity on the performance of endothelial cells (113).
Alternatively, BMP-2 incorporated in the poly(ethylene glycol) (PEG) core surrounded by PCL
shell, showed an almost zero order release with a higher osteogenic gene expression both in
vitro and in vivo studies compared to non-loaded fibers (106). In a similar way, ions have been
incorporated in the scaffolds and achieved promising therapeutic outcomes. For instance,
copper was added as a coating in calcium phosphate (CaP) scaffolds by immersion with
graphene oxide-copper solution followed by a vacuum dehydration. This enabled a slow and

sustained release of copper, and significantly increased the amount of rat bone-marrow MSCs
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that adhered after 12h, compared to calcium phosphate scaffolds alone. Moreover, it
incremented the expression of HIF1-a in BMSCs, which induced the release of VEGF in vitro,
showing as well enhanced vascularization in an in vivo cranial bone defect compared to control
(114). As another example, the release of strontium incorporated in bioactive glasses scaffold
showed an enhancement of osteogenic differentiation of MSCs compared to un-doped

scaffolds (115).

1.5.2. Dual or multi delivery

Because tissue repair involves multiple events and biofactors, the delivery of just one
therapeutic molecule often do not produce satisfactory outcomes. Thus, delivery of more than
one molecule seems to be more appropriate when regeneration steps want to be mimicked. In
order to deliver them in a sequential manner, the development of different compartments
within the scaffold is needed. This is achieved with core-shell structures or incorporating one
delivery system within another. In the last case, the incorporated biomaterial should be at
least smaller in structure than the outer scaffolds. Usually, the incorporated structures include
micro/nanoparticles or even small-diameter fibers. With this scaffold structures, usually, the
molecules incorporated in the outer part of the scaffold are firstly released, whereas
molecules encapsulated in the inner part are delivered afterwards. Examples of some
strategies for dual delivery scaffolds are shown in Figure 11B. Following these strategies, dual
drug delivery systems have been developed to stimulate an angiogenic followed by osteogenic
response to improve bone regeneration. For instance, composite scaffold made of alginate
fibers embedded in PLA matrix was developed, where VEGF was loaded in alginate and BMP-2
in the PLA matrix, aiming a first release of VEGF followed by BMP-2 (116). There was an
increased release of VEGF after 7 days and thereafter, an increase of BMP-2 was observed up
to 28 days. When implanted in a femoral bone mouse defect, a significantly increase of bone
regeneration was observed compared to non-loaded scaffolds. Incorporation of two ions in
scaffolds also proved to be positive for angiogenesis and osteogenesis. As an example, the
incorporation and subsequently release of silicon and magnesium from tricalcium phosphate
(TCP) scaffolds improved both, blood vessel and bone formation in a rat bone defect model
compared to TCP alone (117). Both ions are found as trace elements in the mineral phase of
bone, and have been described to have individually positive effects either in angiogenesis and
osteogenesis, demonstrating their synergistic effect when combined together (117).
Moreover, combination of GF with ions also showed promising results, as reported with

fibrous scaffolds composed of collagen-based core incorporating BMP-2 and alginate-based
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shell containing cobalt. Cobalt ions were quickly released within a week, whereas BMP-2 had a
sustained release over several weeks to months (118). Cobalt could increase angiogenic genes
such as VEGF and HIF-1a, as well as VEGF protein secretion in vitro. Alternatively, BMP-2 up-
regulated osteogenic genes such as ALP, BSP and OC as well as OC protein secretion. Further,
in vivo experiments with rat calvarium defect model showed a significantly new bone
formation when both molecules were combined together compared to their individual

incorporation.

1.6. Tissue engineered blood vessels (TEBV)

1.6.1. Clinical need to develop TEBV

In recent years, different needs to develop tissue engineered blood vessels (TEBV) have
emerged: i) for scaffold vascularization for a successful integration; ii) for replacement of
injured vessels due to cardiovascular diseases (CVDs); iii) for drug testing and model vascular

diseases.

1.6.1.1. Scaffold vascularization

Failure of engineered grafts is described in large engineered constructs (with a thickness more
than 200 um) lacking of any functional vasculature, where the supply of nutrients and oxygen
is compromised and cells are subjected to hypoxia and, eventually, cell death (119). As an
alternative improvement, the introduction of a vasculature within engineered scaffolds in vitro
has been proposed, demonstrating an increase of cell survival and scaffold integration in vivo
(120). However, the anastomosis of the capillary structures of the scaffold with the vasculature
of the patient is not possible. Furthermore, microvessel physiological growth rate is not faster
than 5 um/h, resulting in the inosculation (connection) of two microvascular networks from
hours to days (121), compromising cell survival and vasculature structure in the initial time-
course after implantation. For this reason, the incorporation of a macrovascular structure
(tissue engineered blood vessel) that can be microsurgically anastomosed to the patient is
desirable for direct perfusion after implantation (122), which will enable at the same time in
vitro perfusion of the construct, described to be necessary for the maturation of the

vasculature and successful perfusion after implantation without leakages (123).
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1.6.1.2. Blood vessel replacement

According to World Health Organization (WHO), cardiovascular diseases (CVDs) are the
principal cause of worldwide death, representing 31% of global death (124). The main etiology
of CVDs is atherosclerosis, characterized by the narrowing and occlusion of blood vessels due
to the accumulation of fatty and fibrous material, known as atherosclerotic plaque, in the
inner layer of arteries (125), leading to end tissue ischemia. The most prevalent treatments for
CVDs include stents and bypass surgery. The use of stents inevitably cause damage to the
endothelium and vessel wall giving place to a cascade of events involving the activation of
platelets, thrombus formation and inflammatory reaction. The delivery of cytokines and
growth factors by macrophages and platelets subsequently activates smooth muscle cell
proliferation leading to a re-narrowing of the vessel, known as restenosis (126). The multiple
implants of stents finally requires a vessel replacement with autologous ones such as
saphenous vein, mammary artery or radial artery (127-129). However, autologous source is
not always possible due to previous harvest or because of the inherent disease of the patient.
In addition to that, it has been reported vein grafts failures and reoperations after 10-15 years
of intervention (130,131). For all these reasons, special attention has emerged in developing

TEBV as an alternative graft to perform bypass.

1.6.1.3. Drug testing and model vascular diseases

TEBV also catch the eye for novel drug testing and development of vascular diseases. Novel
drugs and molecules are constantly being discovered although prior to clinical trials these
drugs are tested in vitro and in vivo with two-dimensional (2D) cell cultures and animal models,
respectively. However, 2D cell cultures grown on plastic or matrix protein coating cannot
resemble the native extracellular matrix (ECM) found in in vivo tissues, leading to abnormal
functionality or dedifferentiation compared with 3D cell culture (132). Furthermore, drug
responses in animals are often not predictive of human responses due to differences in
metabolic and signaling mechanisms, precluding some drugs as candidates for human clinical
trials (133). Due to the costly and time-consuming process of drug development and lack of
efficacy and toxicity of a substantial number of drugs, the development of microsphysiological
systems (MPS) have gained interest in the last few years. MPS consist of perfused tissue
engineered 3D organ constructs with human cells that recreate the structure and function of a
human organ, which may be used to mimic the physiology, allowing to accurately model
diseases and hence to allow predicting drug responses (134,135). One example of MPS are

TEBVs, which can be used to model some vascular diseases. For instance, a model of
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Hutchinson-Gilford Progeria Syndrome (HGPS), which is caused by a mutation in the Lamin A/C
that induce smooth muscle cells (SMCs) senescence and loss in the cardiovascular system, has
been developed with TEBV using induced pluripotent stem cell (iPSC)-derived SMCs from a
HGPS patient (136). A part from that, new drugs can be tested in these in vitro diseases models
which provides a better representation of the disease phenotype compared to 2D tissue
culture. Moreover, it has been described that some drugs can have secondary negative effects.
For instance, chemotherapeutic drugs can induce vascular damage with loss of vasodilation
effects and suppressed anti-inflammatory and vascular reparative functions. At the end, these
effects trigger the development of hypertension, thrombosis and atherogenesis (137,138). In
this regard, TEBV has also been proposed for the evaluation and screening of pharmaceutical

drug candidates for toxicity and efficacy.
1.6.2. Development of TEBV

Some criteria should be achieved when developing TEBV in order to obtain functional vessels
in a similar way as found in native conditions: i) appropriate mechanical stability, being able to
stand pulsatile pressure without rupture; ii) biocompatible and non-thrombogenic, avoiding
immune response and presenting a proper patency; iii) biodegradable, allowing the production
of new ECM by cells in a similar rate as reabsorption; iv) vasoactive, being able to vasoconstrict
or vasodilate when appropriate stimulus are present. All this characteristics can be achieved
depending on the biomaterials used as scaffolds to allow cell proliferation, the appropriate cell
source and the methodology used to develop TEBV, which are described in the next

subsections.

1.6.2.1. Biomaterials

Scaffolds play an important role in TEBV development, as it aims to provide the appropriate 3D
structure for cell proliferation, migration and synthesis of ECM proteins. Ideally, the scaffold
should be biodegradable, being resorbed in culture in vitro or in vivo after implantation and
substituted for the tissue generated by cells. Moreover, it should provide appropriate
mechanical stability to withstand physiological blood pressure. Diverse materials have been

used including natural, synthetic polymers and the combination of them.

1.6.2.1.1. Natural polymers

Significant attention has received natural polymers as they have proper biological cues to
allow cell adhesion and proliferation. The most used for TEBV development is collagen, which

together with elastin are the two main components of vascular ECM (139). Particularly, in 1986
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Weinberg and Bell developed the first TEBV with collagen gel with the three main tunica of
blood vessels (140). In this first attempt, TEBVs did not show proper mechanical and burst
strength even when a Dacron mesh was added for structural support, obtaining a burst
strength of 120-180 mmHg in comparison to 2000-3000 mmHg obtained in physiological
vessels such as saphenous vein and internal mammary artery (141). Afterwards, many efforts
have been carried out to improve the mechanical properties of collagen gel. For instance, the
use of cross-linking agents such as gluteraldehyde, procyanidins, genipin amongst others,
which resulted in an increase of mechanical features compared to collagen alone (142,143).
Moreover, controlling the alignment of collagen fibers in a microscopic level is also described
to enhance its mechanical properties (144,145). As an alternative, fibrin has also been used to
develop TEBV as it possesses a higher mechanical properties, being able to withstand
physiological blood pressure when implanted in vivo and also being able to induce collagen
and elastin synthesis in SMCs (146—148). Other natural polymers used in a less extent for TEBV
development includes silk fibroin (149,150), alginate (151,152) and chitosan (153).

In general, the main disadvantage of natural polymers is their low mechanical properties
compared to synthetic polymers. This can be improved with the aid of bioreactors, which
stimulates cells to deposit extracellular matrix and also induces blood vessel maturation and
functionality (154,155). Another promising approach would be the use of high concentrations
of collagen, from 12 to 24 mg/mL, as it has been recently demonstrated to ameliorate the

mechanical features and allowing cell survival despite its high concentration (156).

As an alternative, decellularization of native vessels from autologous or xenogeneic source
have also been used, as they preserve the natural protein structure and organization of native
blood vessels and maintain similar mechanical properties (157). However, autologous source is
not always possible and with xenogeneic vessels the completely removal of immunogenic

molecules still remains a challenge and can give immune responses (158).

1.6.2.1.2. Synthetic polymers

Synthetic polymers also gains attention, specially biodegradable synthetic polymers rather
than non-degradable ones, due to their biocompatibility, mechanical properties, and porosity
(159). Amongst the widely used are degradable polyesters composed of glycolide and lactide
and their co-polymers, such as polyglycolic acid (PGA), poly-L-lactic acid (PLLA) and poly-€-
caprolactone (PCL). In 1999, Niklason et al were the first to develop functional TEBV with PGA
scaffold, providing successful results in terms of mechanical properties, reporting rupture

strength to 2000 mmHg at 8 weeks of pulsatile culture as well as demonstrating contractile
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response to pharmacological agents such as endothelin-1 and prostaglandin F,, (160).
Furthermore, TEBV remained patent with no evidence of stenosis or dilation after 24 days post
implantation. Later on, other studies using PGA for TEBV development emerged (161), even in
human clinical trials (162). Other synthetic polymers with a slower degradation rate also
showed promising results for vascular applications. For example, in an in vivo study using
vascular grafts made of PCL, after 12 weeks of implantation they were full patent with no
thrombosis or aneurysmal dilation. Furthermore, infiltration of cells and new ECM deposition

could be demonstrated manifesting scaffold remodeling (163).

Although synthetic polymers seem promising due to their inherent mechanical properties, they
have some drawbacks. For instance, the lack of bioactivity which has been addressed with the
incorporation of adhesion peptides on the surface of the polymer with extracellular matrix
proteins or derivatives (164), for example with the addition of gelatin coating to PGA scaffolds
(165). Another concern is the toxic products derived from their hydrolysis, which can affect cell
viability and proliferation. For example, the hydrolysis of PGA derives in acidic products,
creating localized areas of low pH, described to alter the proliferation of SMCs and their

differentiation state to a synthetic phenotype instead of contractile (166).

1.6.2.1.3. Combination of polymers

Due to the good bioactive properties of natural polymers and good mechanical properties of
synthetic polymers, in the lasts years a combination of both have been applied to improve the
outcome of TEBV development. Multiple types of combinations have been described due to
the number of natural and synthetic polymers available. For instance, a monolayer composite
scaffold made from PCL and gelatin fibers resulted in a surface wettability transformation from
hydrophobic to hydrophilic, improving human MSC adhesion and spreading compared to PCL
alone (167). Furthermore, results from tensile modulus and strength test were equivalent to

human coronary arteries, although they presented an inferior ultimate tensile strength.

Bilayered TEBV constructs have also been developed. For instance with a polymer blend of PCL
and collagen, which allowed EC adhesion in the inner layer and infiltration of SMC to the outer
layer, and presented sufficient mechanical properties to withstand physiological blood
pressures (168). Similar results were observed in a later study where a mixture of collagen and
chitosan was used for inner and outer layer, and the composite Poly(l-lactide-co-caprolactone)
(P(LLA-CL)) as the middle layer (169). Despite the proper cell adhesive motifs of collagen,
special attention has to be considered when using it, as it can initiate the coagulation cascade

and thrombus formation. For this reason, when introducing collagen to the scaffold, some
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researches added non-thrombogenic polymers to the scaffold, such for example poly(1,8-
octanediol citrate) (POC) (170), which proved to be hemocompatible and allow EC attachment.
Other strategies include the encapsulation of antithrombotic proteins within the scaffold. For
instance, a vascular scaffold made with the combination of collagen, chitosan and poly(L-lactic
acid-co-€-caprolactone) (PLCL) encapsulating heparin resulted in good cell biocompatibility
with antiplatelet adhesion and mechanical properties similar to native blood vessels, in terms

of tensile and suture retention strength, burst pressure and compliance (171).

As a further step, tri-layered TEBV has also been developed using hybrid polymers. As an
example, a TEBV with an inner and outer layer made of PLCL and collagen and middle layer
made of PLGA with silk fibroin was developed, in which HUVEC and SMCs could proliferate and
organize well in vitro (172). Furthermore, in vivo results showed biodegradation of the scaffold

and infiltration of cells with an increase of collagen production after 10 weeks of implantation.

Altogether, the choice of the biomaterial is an important decision as it will dictate the
properties of the scaffold and the subsequently success of the vascular graft. The combination
of natural and synthetic polymers seems an appropriate approach due to the sum of their
individual beneficial properties as are bioactivity, biocompatibility, biodegradation and

mechanical stability.

1.6.2.2. Cell source

The ideal cells for vascular tissue engineering should be from an autologous source to avoid
immune reaction, they should also be able to proliferate within the construct and differentiate
to a mature phenotype and finally, they should be easy to harvest. Since vascular tissue
engineering field arose, different sources of cells have been used to populate vascular
scaffolds: from terminally differentiated cells to embryonic and adult stem cells and even

induced pluripotent stem cells.

1.6.2.2.1. Differentiated somatic cells

Somatic cells such as EC, SMCs and fibroblasts can be obtained from patients, for example
from saphenous veins or mammary arteries (173,174). The advantage of this source is that
these cells can be seeded in a vascular scaffold and it avoids the risk of immune response upon
implantation. The isolation of endothelial cells is mainly addressed for the endothelialization of
TEBV scaffold to achieve anti-thrombogenic properties and good patency, leaving the tunica
media and/or adventitia for recellularization with host cells upon implantation. For instance,

I'Heureux et al isolated fibroblasts from skin biopsy to develop TEBV scaffold through sheet
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rolling method, and subsequently seeded endothelial cells isolated from saphenous vein into
the lumen (175). After 8 months of in vivo implantation, these TEBV demonstrated a confluent
endothelium with anti-thrombogenic properties and a proper mechanical stability.
Furthermore, SMCs were observed in the media of TEBV suggesting recruitment and
remodeling of this layer with host cells, with synthesis of collagen and elastic fibers. Other
studies, a part from using autologous EC also used autologous SMCs with biodegradable
scaffolds, for instance SMCs isolated from bovine aorta and seeded in a chemically modified

PGA scaffold (160).

Despite the advantage of using terminally differentiated autologous cells to avoid immune
rejection, there are some disadvantages using this cell source. For instance, there are technical
challenges associated with the harvest of these cells, as well as limit availability because
patients with CVD might not have enough healthy tissue. Moreover, somatic differentiated
cells have reduced proliferation prolonging the ex vivo culture expansion in order to obtain
enough cells. In this regard, stem cells haven been proposed as an alternative due to their less

limited proliferation capacity.

1.6.2.2.2. Embryonic stem cells (ESC)

It has been long said that embryonic stem cells (ESC), derived from the inner cell mass of
blastocyst stage embryo, have a huge potential for tissue engineering and regenerative
medicine. ESC are pluripotent, being able to differentiate into all three germ layer linages
under proper stimulus, and have indefinite self-renewal capacity (176). In vascular tissue
engineering, the differentiation of ESC to endothelial cells gained much attention than smooth
muscle cells. For instance, ESC differentiated to endothelial cells were able to engraft in the
microvasculature of mouse ischemic hind limb and improve its perfusion (177). In another
study, endothelial cells derived from ESC and implanted in a tissue-engineered vessel model in
SCID mice with a mesenchymal precursor cell line were able to form cord-like networks with

luminal structures and integrated with host vasculature (178).

Although ESC seems a promising source of cells for vascular engineering, it also presents some
drawbacks. The main problems of using ESC are derived from ethic issues, as ESC can be
considered a human being, and this has limited their use for research and clinical applications
(179). Apart from that, these cells are usually acquired from a donor, so the risk of immune
response exists. Therefore, the use of other sources of stem cells, such as adult stem cells, has

been proposed.
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1.6.2.2.3. Adult stem cells (ASC)

In order to overcome ethical concerns, adult stem cells have been proposed as an alternative
to ESC since they can be harvested from patient’s own tissues and, in addition, overcome
immune responses. Moreover, similar to ESC, they possess self-renewal capacities, however
they are multipotent stem cells, therefore, they can differentiate to a less wide specific cell
types. Different types of adult stem cells haven been used in vascular tissue engineering, such
as mesenchymal stem cells (MSC), bone marrow-derived mononuclear stem cells (BM-MNC),

endothelial progenitor cells (EPC) and adipose derived stem cells (ADSC).

MSC are derived from mesenchyme, that arises from mesoderm, and are found in many
tissues within the body, such as bone marrow (180). These cells are able to differentiate to EC
and SMC in special conditions (73,181). As MSC have a higher proliferation rate than terminally
differentiated cells, they are preferable to be used in their multipotent state. For instance,
MSC seeded in the lumen of PCLA vascular scaffolds differentiated to EC under shear stress
conditions (182). This results are in concordance with a later study where MSC were also
seeded in a vascular scaffold made of PLLA and collagen and they could also be differentiated
to EC (183). Numerous studies reported that mechanical stimulus such as cyclic stretch could
differentiate MSC to SMC and thus, be used for vascular engineering as cyclic stretch is an
stimulus present in physiological conditions (184,185). Referent to this, a study demonstrated
the use of human MSC as a good candidate as SMC source. These cells were cultured in TEBV
scaffolds made of PGA and coated with fibronectin and showed their differentiation toward
SMCs due to cyclic strain stimulus and specific growth factors (186). Other studies
incorporated EC and SMC previously differentiated into TEBV scaffolds. For example, after MSC
differentiation, EC and SMC were seeded in decellularized arterial scaffold and implanted in
vivo in an ovine model. Non seeded TEBV occluded within two weeks, whereas TEBV
containing cells were non-thrombogenic, patent and presented appropriated mechanical
stability for 5 months (187). The main disadvantage of using MSC is the method of harvesting

them from patients, as aspiration of bone marrow is an invasive technique.

BM-MNCs have been considered another potential source because of the large number that
can be obtained from bone marrow aspiration from the iliac crest. BM-MNC includes
numerous lineages and differentiated stages of cells and high levels of cytokines, which has
been considered to help in regeneration of tissues. The first study using BM-MNC in vascular
grafts in vivo was reported by Matsumura et al, in which BM-MNC were pre-labeled with a

green fluorescent, seeded in PLLA TEBV scaffold and implanted in inferior cava of dogs. TEBV
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showed no stenosis or obstruction up to two years, and early time points showed their
differentiation towards EC and SMC, demonstrating their contribution to the establishment of
TEBV (188). Despite this direct beneficial effect when used in TEBV, the mechanism of how
they actually contributed is not clear. Contrary to the previous investigation, in an in vivo
animal study it could be observed the disappearance of these cells within a few days of
implantation. However, the authors noticed an increase of monocyte chemo-attractant
protein-1 with an early monocyte recruitment, and a repopulation of the TEBV with host EC
and SMC, suggesting a possible vascular remodeling due to inflammatory process (189). There
are some human clinical trials also reporting the use of BM-MNCs as a promising source. For
instance, PLLA or PGA combined with PLCL scaffolds seeded with BM-MNC were implanted as
extracardiac cavopulmonary conduits in pediatric patients with single ventricle physiology.
After 5.8 years follow up, there was no evidence of aneurysm, graft rupture, infection or
ectopic calcification (190), and these results were maintained after 11.1 years follow up period
(191). The mechanisms underlying how these cells proliferate, differentiate and contribute to
TEBV remodeling remain elusive and arises a debate about if BM-MNC truly contribute to
vascular tissue formation with a direct differentiation to SMC and EC. A special consideration
should be taken when using these cells, as they should be from an autologous source to avoid

immune responses due to the presence of B and T cells within this population.

EPC is another cell type used in vascular engineering. They are unipotent stem cells with the
ability to differentiate and mature into a specific cell type, in particular into endothelial cells
lining the lumen of blood vessels. EPC can be obtained from umbilical cord blood or adult
peripheral blood, and depending the method used to isolate them two populations can be
obtained known as early and late-outgrowth EPC (74). Contrary to early-outgrowth EPC, late-
growth EPC have been reported to be functionally similar to human aortic endothelial cells
(HAECs) and considered a promising source of adult stem cells for cardiovascular therapies
(192). Furthermore, these cells presented a mild inflammatory response without signs of
rejection when used from allogeneic source, due to their low expression of MHC class | and no
expression of MHC class Il molecules, widening the window for a non-autologous source (193).
There are some studies using EPC as an EC source. For instance, early studies expanded EPC ex
vivo after isolating them from sheep’s peripheral blood, and then they were seeded onto
decellularized porcine iliac vessels and implanted as a carotid interposition graft in sheeps.
After 150 days, these vascular grafts remained patent and could induce NO-mediated
vasodilation similar as arterial endothelial cells, whereas non-seeded grafts occluded within 15

days (194). Their anti-thrombotic properties were assessed in later studies. For instance,
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titanium tubes used for stent purposes seeded with EPC, after 3 days of in vivo implantation
were free of clot, whereas non seeded scaffolds were completely occluded or partially
thrombosed (195). In concordance with this results, decellularized scaffolds seeded with EPC
and implanted as porcine carotid artery also showed patency at 30 days, resisting clotting and
intimal hyperplasia (186). To give another example, EPC cultured in TEBV scaffolds made of PCL
and chitosan also remained patent after 3 months when implanted into carotid arteries of
dogs (196). All these results demonstrate the capacity of EPC to differentiate into EC forming a
monolayer in the lumen of TEBV scaffolds with anti-thrombotic properties, thus becoming a
promising source as EC cells for vascular tissue engineering. Furthermore, their harvesting is

less invasive compared to MSC and makes them even more attracting.

Finally, ADSCs are another type of adult stem cells tested for vascular engineering. ADSCs can
be isolated from adipose tissues, precisely from stromal vascular fraction, from procedures
such as liposuction, abdominoplasty, amongst others, being their harvest easier than MSC.
Similar to MSC, ADSCs have self-renewal properties and multipotential differentiation (197)
and can be differentiated to vascular cells with appropriate biochemical and biomechanical
stimulus. For instance, ADSCs exhibited EC phenotype when cultured with endothelial cell
growth supplements and physiological shear stress force (198), obtaining better results when
the shear stress was gradually introduced (199). When EC derived from ADSC were seeded in
vascular scaffolds and implanted in vivo in a carotid artery of canine animal, they appeared to
be mildly thrombogenic, possibly related to the lack of eNOS expression, suggesting that they
might not be fully differentiated to an EC phenotype (198). On the other side, ADSCs were able
to acquire SMCs phenotype when cultured with a combination of transforming growth factor-
B1 (TGF-B1) and bone morphogenetic protein-4 (BMP4), with expression of SMC-related
markers (200). Furthermore, once differentiated they were seeded in PGA scaffolds and
subjected to pulsatile stimulation in a bioreactor for 8 weeks. After this period, compared to
static scaffolds, there was a well-organized structure with an increase of collagen deposition
similar to native vessels and improved mechanical properties. In a slightly different approach,
in another study ADSC were seeded directly into TEBV scaffold made of PLGA and fibrin prior
to their differentiation (201). Mechanical stimulation was carried out with pulsatile stimulus
out for 2 weeks, together with the presence of some growth factors such as plateled-derived
growth factor BB (PDGF-BB), TGF-B1 and basic fibroblasts growth factor (bFGF). The

biomechanical and biochemical stimulus induced ADSC differentiation towards SMC-like cells.

Although ADSC seems a choice for vascular engineering, certainty that these cells can

differentiate to a mature EC and SMCs is not completely clear. A previously study reported a
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mild thrombogenic properties of EC-derived ADSC, suggesting that they were not completely
differentiated (198). Moreover, there are some studies reporting that microvascular cells
derived from ADSCs increased the development of intimal hyperplasia (202,203) and
decreased patency (204), in a dog, rat and rabbit model, respectively. Furthermore, these cells
were reported to not be able to differentiate into SMCs in elderly patients or with diseases
such as diabetes, which are considered candidate patients for vascular treatments (205). For
all these reasons, more studies are needed to confirm their capacity to differentiate to mature

vascular cells.

Between the ASC previously described, the most promising source are MSC, due to their ability
to differentiate to EC and SMC and lack of inflammatory response. The main pitfall of using
MSC is derived from harvesting technique, which is considered invasive for the patients. EPC
are also a good candidate to be used as EC, but it would require the use of other cell source for
SMC differentiation, as EPC alone cannot generate a completely and functional TEBV. In the
lasts years, the use of iPSC have gained a lot of attention, as despite having the advantages of

MSC, their method of harvest is not invasive.

1.6.2.2.4. Human induced pluripotent stem cells (hiPSC)

The noteworthy work from Yamanaka et al demonstrating that cells with an embryonic-like
state could be obtained by reprograming adult differentiated cells opened an encouraging
source to obtain a variety of cell lineages (206). These cells, known as induced pluripotent
stem cells (iPSC) can be generated from a diversity of tissues such as skin, fat, amongst others,
and can be highly expanded in vitro with a superior proliferative ability compared to both adult
primary and stem cells. Therefore, iPSC presents unlimited autologous source without the
ethical problems related with the use of ESC. Similar to ESC, iPSCs possess indefinite self-
renewal capacities and can be differentiated into cells from the three embryonic germ layers
(207). Related to vascular tissue engineering, iPSC can differentiate into blood-vessel related
cells such as EC and SMC under specific supplemented media, exhibiting mature functional
properties (208). Moreover, in the case of EC derived from iPSC, the exposure of shear stress
similar to physiological conditions on EC with a bioreactor system could specify them to an
arterial lineage, as demonstrated with the up-regulation of EphrinB2 and Notchl arterial
markers (209). Furthermore, they present the plasticity of mature primary vascular
endothelium, responding to diverse pro-inflammatory stimuli and maintaining a dynamic
barrier (210). On the other hand, SMC differentiated from iPSC acquired a mature phenotype

being able to contract when stimulated with carbachol and also up-regulate specific collagen
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genes and matrix metalloproteinase under cytokine stimulation (211). Moreover, when seeded
into PLLA scaffolds and implanted in mice, SMC could maintain their phenotype and
demonstrated vascular tissue formation with collagen extracellular matrix deposition. In
another study, SMC differentiated from iPSC showing positivity for alpha-smooth muscle actin
(a-SMA) and calponin were seeded onto tubular PGA scaffolds in bioreactors and a functional
TEBV with abundant collagen deposition was obtained after 8-9 week, with mechanical
properties that enabled suture as an in vivo graft (165). However, the TEBV could only stand
500 mmHg and was dilated after 2 weeks of implantation, suggesting that SMC were no
matured or differentiated enough. To solve this problem, a later study introduced incremental
pulsatile stretching and optimized TEBV medium (containing TGF-B1 without PDGF-BB) prior to
implantation to further mature SMC phenotype obtaining a mechanical strength (1400 mmHg
of rupture pressure) comparable to saphenous veins (212). When TEBV were implanted in vivo,
they showed to be patent without luminal dilation, maintaining mechanical and contractile
functions. So these studies demonstrate the ability to differentiate iPSC towards mature and
functional EC and SMCs when appropriate biochemical and biomechanical stimulus are

applied.

An interesting approach of generating iPSC from patient’s cells is the possibility to generate
vascular model diseases. For instance, the use of skin fibroblasts from patients with
Hutchinson-Gilford Progeria Syndrome (HGPS) were used to obtain iPSC and differentiate them
to SMC (HGPS iSMC) and embedded in collagen TEBV to model a vascular HGPS (136). In this
case, as EC, healthy EPC were used derived from cord blood to isolate the effect of HGPS iSMC.
Interestingly, TEBV with HGPS iSMC presented a reduced vasoactivity and increased medial
wall thickness, calcification and apoptosis compared with healthy iSMC or MSC TEBVs, which
are key features of HGPS. Furthermore, they were able to respond to certain drugs. In a later
study, EC derived from iPSC from patients with HGPS (HGPS iEC) were also introduced in the
TEBV, together with HGPS iSMC (213). Although iEC aligned with flow, they manifested a low
flow-responsive gene expression, altered NOS3 levels and a reduced vasoconstriction and
vasodilation. When iEC were placed with healthy iSMC, there was only observed a reduced
vasodilation, indicating that EC might also have a role in HGPS, and demonstrating the use of
iPSC to model vascular diseases as a promising platform for further studies in a molecular

pathophysiology level or for drug testing.

All these promising results demonstrate a huge potential of using iPSC as an autologous
unlimited source for vascular tissue engineering without ethical issues or immune problems,

able to obtain multiple cell fates. Safety concerns arise from human iPSC generation through
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the use of viruses for human clinical purposes. Advanced integration-free reprogramming
alternatives are emerging to avoid these concerns, such us the use of non-integrated plasmids,
mRNA, small molecules, amongst others, which might be the key for future human

applications (214).

1.6.2.3. Approaches

When developing a TEBV, it is important to reproduce the native architecture of blood vessels
with their three main layers (tunica intima, media and adventitia) with specific cell types in
each one of them. Since the first TEBV developed in 1986, different approaches have emerged
to develop tubular structures to obtain arterial TEBV. The main methods can be classified in

the following groups: sheet rolling, matrix molding, electrospinning and 3D bioprinting (Figure

12).
A) Sheet rolling B) Matrix molding
7\
>
—_—
—_—

Mandrel \

Mandrel

removal Annular Matrix

Mold crosslinking

D) 3D printing

Figure 12. Approaches to tissue engineer blood vessels. Representation of the main four methods to
obtain tubular structures for tissue engineered blood vessels: A) Sheet rolling; B) Matrix molding; C)
Electrospinning and; D) 3D printing. Figure adapted and modified from (215).
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1.6.2.4. Sheet rolling

Sheet rolling method is based on a sheet of cells (scaffold-free) or a sheet of biomaterial with
or without cells (with scaffold) which is rolled over a mandrel to obtain a tubular structure

(Figure 12A).
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One of the first methods to obtain a TEBV was using scaffold-free sheet rolling (also known as
tissue engineering by self-assembly (TESA)), pioneered by I’'Heureux et al, in which cells are
cultured with soluble factors to induce ECM deposition. For instance, in this first approach,
SMC and fibroblasts were cultured with a supplementation of sodium ascorbate during 30 days
to induce ECM formation. After this period, sheets of ECM with cells were formed and they
were manually peeled off and wrapped around a perforated tubular mandrel, rolling SMC
sheet first as a media layer. After one week of maturation with a bioreactor, fibroblast sheet
was rolled around SMC layer as adventitia layer and matured for 8 weeks allowing the fuse of
layers. After this interval, the mandrel was removed and endothelial cells were seeded in the
lumen of the tube, obtaining a three-layered TEBV (216). The burst pressure obtained was
similar to human vessels, being above 2000 mmHg. Moreover, cells expressed matured
markers such as desmin in SMC or von Willebrand factor in EC, and the endothelium was
functional being able to inhibit platelet adhesion in vitro. Following the same procedure with
slight modifications (an internal acellular membrane instead of medial layer), TEBV were
implanted in canine, nude rats and primate animal models (175). TEBVs were mechanical
stable and anti-thrombogenic during 8 months. In vivo remodeling occurred, with the
formation of basement membrane, the presence of a-actin positive cells in the media,
indicating the presence of SMC, with vasa vasorum formation and deposition of elastin and
collagen. Mechanical properties were improved when continuous sheet containing SMC and
fibroblasts contiguously were rolled on a mandrel in a single step (217). A part from that,
circumferential alighment of cells from medial layer could be achieved by seeding them onto
PDMS substrates with nanogratings of 350 nm line width, 700 nm pitch and 250 nm depth
(218). The scaffold free or TESA approach showed promising results in early clinical trials when
TEBV were used as arteriovenous shunts for hemodialysis access, being the primary patency

rate 78% during the first month and 60% after 6 months of implantation (219).

Some drawbacks using this method have been mentioned. For instance, with this approach,
the cell sheet has to be manually peeled of, which can lead to potential sites of bursting due to
tearing. This problem can be solved with a thermo-responsive culture surface, specifically with
poly(N-isopropylacrylamide) (PIPAAM). At 379C, PIPAAM is hydrophobic and cells can adhere
and proliferate, whereas at 322C, PIPAAM becomes hydrophilic, inducing spontaneous cell
detachment (220). Therefore, detachment of cell sheet is achieved by simply reducing the
temperature, without mechanical or enzyme treatment, maintaining cell-to-cell junctions.
Another concern is the long time required to obtain a functional TEBV, which is around 8

months. To solve this, a strategy to air-dry and froze the entire fibroblast layer after
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maturation, and defrost and seed with autologous endothelial cells when needed was
proposed as a possibility to indefinitely store autologous tissues for a patient (221). This
strategy was used to obtain TEBV as arteriovenous fistula and after eight weeks
postoperatively the grafts functioned without complications, reducing the final surgery

preparation to less than 2 weeks.

Sheet rolling using scaffolds have also been reported in the literature. For instance, different
cell types were seeded contiguously on a stretched PDMS membrane. Once the end of a
membrane was released, the membrane was rolled up forming a tubular structure with
different layers and different cell types on each layer resembling the native structure of vessels
(222). Interestingly, the longitudinal or circumferential alignment of cells could be controlled
by the microgrooves on the surface of PDMS membrane. However, no mechanical tests were
reported in this study. In another study, EC and SMC were seeded onto decellularized human
amniotic membranes demonstrating initial binding. After rolling the SMC membrane and
perfusing it with a bioreactor, the laminate structure bounded tightly together forming a
uniform tubular construct with mechanical properties similar to human carotid arteries (223).
The ECM composition was also similar to native vessels, but no functional properties were
reported. Similar to scaffold-free, other procedure modifications have been introduced to roll
the biomaterial sheet into tubular structure, such as the use of thermo-responsive shape-
memory scaffolds. For instance, a sheet made of poly(lactide-glycolide-trimethylene carbonate
(PLGATMC) with a surface coating of aligned nanofibrous membrane of PLGA with chitosan for
cell adhesion and proliferation (224). The sheet was temporarily planar at 202C and SMCs were
seeded. After cell adhesion, the sheet was placed at 372C and self-rolled to small-diameter
tube. An advantage of this method is the possibility to control the alignment of cells through
surface scaffold patterning. Further studies are required in order to elucidate both mechanical

and functional properties of TEBVs using scaffold sheet rolling.

1.6.2.4.1. Matrix molding

Weinberg and Bell develop the first TEBV using the matrix molding approach (140). The most
widely used biomaterials in this method are natural polymers. This method mainly consists on
using molds to create tubular structures (Figure 12B). For instance, Weinberg and Bell used
collagen mixed with SMC and Syedain et al used a suspension of dermal fibroblasts with fibrin.
In both cases, the mixtures were injected in an annular mold and after crosslinking, a tubular
structure was obtained (140) with promising results when used as lamb artery replacement

(225). In a similar way, TEBV construct was obtained when a gel solution with human neonatal
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dermal fibroblasts (hNDF) and collagen type | was cross-linked within a 3 mL syringe with a
mandrel in the center of it (226). Subsequent plastic compression and water removal was
performed to increase collagen fiber density with 0,8 um membrane filter and Kim Wipes. The
obtained TEBV were functional and mechanically strong to stand physiological shear stress.
Other creative and sophisticated alternatives have been developed. For instance, Want et al
developed a three step procedure which consisted of a 3D-printing a cylinder structure as a
positive mold, immersing it on PDMS to generate a negative mold and injecting water inside
and freeze it. Then, the cylinder ice was demolded from PDMS and dip coated in dissolved
tropoelastin and re-freezed. Afterwards, the structure was lyophilized, being the ice used as a
sacrificial material and obtaining a tubular structure of protein (227). Interestingly, depending
on the time dipping the ice, thicker wall structures could be obtained, being 5 seconds the limit
before ice started to melt. Dual layered structures can also be achieved using matrix molding.
For example, using a glass capillary, a glucose-coated tungsten wire in the middle of the glass
capillary and silicon tubes to each end of it, as previously reported (228). A gel collagen
solution with cells was injected into the inner space of the mold and then, the mold was placed
in DMEM at 372C to allow collagen gelification. After that, the tungsten wire was replaced for a
thinner one, and a gel collagen solution was inserted in the space between the cross-linked
collagen and the thinner wire. After its gelification, the wire was removed and a double-layer

collagen TEBV structure was obtained.

1.6.2.4.2. Electrospinning

Electrospinning technique is a method that allows the formation of micro or nanofibrous
scaffolds which resembles the ECM. Briefly, the method consists of a syringe loaded with a
polymer which is pumped at a slow injection speed by a syringe pump. A high direct current
voltage is applied in the polymer generating a large electric field inducing the formation of
cone shape liquid droplet known as Taylor cone. Due to the high voltage, a liquid jet of
polymer is generated from Taylor cone and travels onto a collector. The collector has the
opposite polarity of the polymer and hence, it attracts the fibers. As the liquid travels to the
collector, the solvent is evaporated and solid fibers are deposit on the collector (229). If the
collector is a rotating cylinder, tubular scaffolds are obtained for TEBV development (Figure
12C). Due to the high voltage used in this approach, cells are seeded a posteriori onto the
scaffold. Synthetic polymers and combinations of them are widely used with this technology,
being the most utilized PCL and PLA (230,231). However, combinations of synthetic with
natural polymers, such as collagen (232,233), elastin (234,235), gelatin (236,237) and silk

fibroin (238), have also been used in order to improve biocompatibility, reporting higher cell
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population and proliferation. An interesting feature of this method is the possibility to
modulate the fiber diameter by several material and processing parameters, such as viscosity,
molecular weight of the polymer, flow rate amongst others, which in turn modulates the
porosity of the scaffold. Porosity is a characteristic which is important for TEBV permeability,
nutrient and oxygen diffusion, and cell infiltration. In this sense, micro size fibers generates a
more porous structure compared with nano sized fibers (239). Using different fiber diameter,
Ju et al developed a bi-layered construct with different pore size, achieved by nano-scale fibers
in the inner layer, which allowed EC adhesion, and higher diameter fiber in the outer layer,
which allowed SMC infiltration with homogenous distribution (168). Tri-layered structures
have also been developed with this approach. For instance, McClure et al electrospinned
blends of PCL with collagen and elastin with different weight ratios for each layer, presenting
mechanical properties such as burst pressure, compliance, amongst others in the range of
native artery (240). In another study, hybrid material composed of PLA/PCL was deposit as the
inner and outer layer, and as a middle support layer, a combination of PU with PCL was
electrospinned, providing sufficient strength and elasticity for vascular graft (241). HUVEC and
SMCs were seeded in the inner and outer layers, respectively, presenting a high viability over
90%. Remarkably, the outer circumferential aligned PLA/PCL fibers guided SMCs in
circumferential oriented direction. This feature has been demonstrated in other studies, where
EC and SMC can be aligned in the direction of the fibers. For example, Wu et al, using a three-
step electrospinning method, produced a tri-layered vascular graft which consisted of axially
aligned PLCL-collagen fibers as the inner layer, circumferentially oriented PLGA-silk fibroin
yarns as the middle layer, and random PLCL-collagen fibers as the outer layer to hold the entire
tubular structure (172). HUVEC and SMCs could be oriented along the fibers direction in the
inner and middle layer, respectively. Therefore, with the electrospinning approach the

alignment of cells and porosity of the scaffolds can be controlled.

1.6.2.4.3. 3D bioprinting

3D bioprinting, also known as additive manufacturing, allows the development of 3D
customizable structures from 2D stacking layers, generally using a computer-aided layer-by-
layer deposition of bioink (composed of cells and biomaterials) (Figure 12D). In vascular tissue
engineering field, 3D printing allows the development of a wide range of tubular structures
and sizes, from arteries to small arteriole-size, as well as branched structures or even the
incorporation of vascular networks within scaffolds for tissue regeneration. The bioinks
employed should possess some criteria, such as guarantee cell survival or the property to

switch from a liquid to a solid state once printed, with enough mechanical properties to
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maintain the printed structure (242). The most widely used bioink is alginate, due to its rapid
crosslinking properties, although other hydrogels such as collagen, gelatin, fibrin and their
combinations have been utilized. There are three main modalities within 3D printing:

extrusion, inkjet and laser-assisted 3D printing (243), being the extrusion-based the most used.

1.6.2.4.3.1. Extrusion-based bioprinting

With extrusion-based 3D bioprinting, a filament shape bioink is continuously extruded using
pneumatic or mechanical (piston or screw) force (244). Briefly, pressurized air is used with
pneumatic force to displace the bioink contained in the 3D printing nozzle, whereas an electric
motor connected to the piston or screw induces their movement and so, the displacement of
the bioink (Figure 13A). One of the main advantages of extrusion-based approach is the
possibility to use high viscosity bioinks as well as high cell density, in comparison with the

other two modalities (243).
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Figure 13. Strategies to develop vascular conduits using extrusion-based 3D printing. (A) Extrusion 3D
printing uses pneumatic or mechanical (piston or screw) forces to extrude continuous material. (B) Using
mono-nozzle print head, tubular vascular structures can be obtained through B1) concentric vertical
printing; B2) horizontal printing on the surface of a rotating rod; B3) using a hydrogel support bath
known as freeform reversible embedding of suspended hydrogels (FRESH); B4) the use of sacrificial
bioinks embedded within hydrogels. (C) Using co-axial nozzles as the print head, C1) hollow tubular
structures can be obtained directly and C2) if organized in 3D structure, vascularized scaffolds can be
developed.
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Using a concentric pattern in the vertical plane, hydrogels can be extruded obtaining large
tubular structures, as represented in Figure 13 B1. As an example, Tan and Yeong obtained 15
mm length and 6 mm radius tubular structures, which are considered clinically relevant (245).
However, following this printing pattern, short stacking length structures can be obtained, and
developing multiple concentric layers mimicking the architecture of native vessels is
challenging. Alternatively, horizontal rotating rod or cylinder has been used, depositing the
hydrogel on their surface (Figure 13 B2). Freeman et al extruded a cell-laden hydrogel
composed of a mixture of neonatal human dermal fibroblasts, gelatin and fibrinogen on the
surface of a rotating rod (246). Then, the vascular construct was cross-linked with thrombin
and cultured for 60 days. At the end of the culture, the burst pressure achieved was 1110
mmHg, which corresponds to half burst pressure of human saphenous vein. Multilayered
vascular constructs can also be printed with horizontal rotating rod, as demonstrated by Jang
et al. First, PCL was extruded as the inner layer followed by the extrusion of alginate with
endothelial cells as middle layer. Then, PCL was extruded above as the outer layer, resulting in
a three-layered tubular structure (247). Finally, to ensure alginate crosslinking, the construct
was submerged in calcium chloride bath and subsequently implanted into bilateral carotid and
femoral arteries of a canine model. After two weeks, endothelialization took place, with a

patency of 64.3% and protection against inflammation in cell loaded constructs.

The abovementioned strategies are satisfactory when simple hollow tubular structures want to
be develop, but presents limitations when more complex branched structures want to be
manufactured. To this end, Hinton et al introduced an alternative approach to obtain 3D
sophisticated constructs termed as freeform reversible embedding of suspended hydrogels
(FRESH) (Figure 13 B3). More specifically, the bioink is extruded at 209C into a support bath
containing a secondary hydrogel, also known as fugitive ink, which provides mechanical
support avoiding the spread of the bioink during printing process, thus maintaining its printed
structure. Thereafter, the temperature is raised up to 372C, which leads to hydrogel support
bath melting leaving behind only the 3D printed vascular structure (248). Gelatin
microparticles used as support bath allowed the development of bifurcated tubes using
different bioinks such as alginate, collagen type | and fibrin. Furthermore, more sophisticated
structures such as branched coronary artery of 4.5 cm length, <Imm wall thickness and a
lumen diameter ranging from 1 to 3 mm could be printed with alginate. In a later study, using
collagen type |, a coronary artery-size vessel was printed and perfused during 5 days with
murine C2C12 casted around the structure, demonstrating active remodeling of the construct

and high viability of cells (156).
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While developing vascular structures is an adequate approach for certain clinical scenarios,
vasculature structure is an indispensable step for tissue regeneration. For this reason, when an
engineered scaffold is constructed for the regeneration of specific tissues, the introduction of a
pre-vasculature inside is a necessary step for the success of the graft once implanted, as
previously mentioned (120). This approach is limited to other technologies previously
described but can be guaranteed with 3D printing technology. For this purpose, Miller et a/
introduced the use of acellular fugitive bioinks to create vascular channels within scaffolds
(249). Commonly, filamentous network structures are printed with sacrificial hydrogels (i.e.,
Pluronic®, alginate, gelatin, agarose) and are consequently embedded in a hydrogel containing
cells from a desired tissue to be regenerated, such as osteogenic progenitors or hepatocytes,
to mention a few (249,250). Afterwards, sacrificial bioinks are dissolved by chemical reactions
or thermal modifications, leaving empty channels where EC can be sedded (Figure 13 B4)
(251). For instance, Kolesky et al used Pluronic’ as a fugitive ink and MSC-laden hydrogel to
print network structures and casted a hydrogel containing gelatin, fibrin and human
neodermal fibroblasts around it. Then, the temperature was lowered at 42C and it was
perfused with cold cell culture media, removing Pluronic® and seeding HUVEC thereafter (250).
The scaffold presented a mature vascular network after 6 weeks of perfusion, with an
endothelium providing a barrier function. Moreover, the scaffold was designed for bone
regeneration and perfusing it with osteogenic differentiation media induced MSC
differentiation towards osteogenic phenotype. However, the incorporation of larger vessels
within the scaffold that can be anastomosed to the vasculature of the patient is desirable for a

direct perfusion after implantation.

A novel strategy is to adapt 3D printing with a coaxial nozzle to allow the formation of
hollowed microtubular constructs in one step process instead of layer-by-layer (Figure 13 C1).
One of the most common hydrogels reported in the literature using this approach is alginate
with calcium chloride as the cross-linking agent due to its instantly crosslinking properties.
Generally, coaxial nozzles usually have an inner core were the cross-linking agent is extruded
and allows a rapid crosslinking of the outer shell hydrogel, resulting in stable hollow microtube
structure (152,252). The possibility of cross-linking the hydrogel in two directions have been
reported by other studies, adding an extra outer shell in the coaxial nozzle (253). The
dimensions of the core-shell nozzles determine the dimensions of the tubular structures. An
advantage of this approach is that, with a short period of time, long hollowed conduits can be
obtained. For instance, Gao et al developed a microvessel in one step procedure using a blend

of EPC with alginate and vascular-tissue-derived decellularized extracellular matrix (254). In
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addition, this TEBV could be perfused and endothelialized in vitro, and when implanted in vivo
in a mouse ischemic limb model, increase of neovascularization and recovering of the ischemic
limb was reported. Furthermore, these vascular constructs can be organized in a 3D structure,
resulting in scaffolds with vasculature, successfully supporting proliferation and maturation of
vascular cells (252) (Figure 13 C2). Moreover, when these hollowed structures are deposed on
the surface of a rotating rod, two-level fluid channels is developed, including a macro-channel
in the middle of the tubular construct with micro channels in their wall. As an example, Gao et
al printed two layers encapsulating three different cell types: fibroblasts on the outer layer,
smooth muscle cells in the middle layer and HUVEC cells seeded on the surface of the inner
layer, mimicking the native blood vessel architecture and reporting a cell viability over 90%

(151).

1.6.2.4.3.2.Inkjet bioprinting

Another modality of 3D
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Figure 14. Inkjet 3D printing. With thermal inkjet, the print head is

electrically heated producing pressure pulses that force droplets of the

use of thermal or Dbioink through the nozzle. With piezoelectric inkjet, the bioink breaks into
droplets due to acoustic waves generated by a piezoelectric actuator.

piezoelectric forces  Figure adapted from (255).

(243) (Figure 14). To put it briefly, in thermal inkjet bioprinting pulses of pressure are

drop-by-drop with the

generated by heating the print head, inducing the generation of droplets, whereas in
piezoelectric inkjet, the bioink breaks into droplets due to acoustic waves generated by
piezoelectric crystal. A requisite of using inkjet bioprinting is the use of low viscosity bioinks to
avoid nozzle clogging and preferably with quickly cross-linking properties to form a solid
structure after printing. This requirement reduces the number of bioinks to be used, being
alginate the most widely used together with its composites (256), with several studies

reporting the development of tubular structures as mentioned below.

Similar to extrusion method, single tubular structures are obtained when circular printing

pattern is applied in the vertical axis (257). To improve the construction stability during
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printing process, some studies report the use of hydrophobic and high density fluid support
such as fluorocarbons, which do not mix with the printing material and preserve the printed
structure, with the possibility to create branched tubular structures (258,259). Likewise,
tubular structures can also be printed along the horizontal axis. In this case, although cross-
sectional deformation has been reported due to droplet impact force, gravity and buoyant
force (260), it can be avoid printing the tubular structure with a predictive compensation,
involving non-circular printing resulting in a circular shape (261). Despite alginate is the
hydrogel most used in the abovementioned studies, it is limited in terms of providing a friendly
environment for cell spreading. Few studies attempted to use other hydrogels successfully
generating vascular conduits. For instance, Schéneber et al reported an in vitro blood vessel
model with tri-layered structure using inkjet 3D bioprinting along horizontal axis. Sacrificial
gelatin with HUVEC was printed as the inner core followed by a deposition of fibrin and
smooth muscle cells as tunica media. Finally, casting a hydrogel containing fibroblasts, fibrin
and collagen around the previous structure formed the tunica adventitia. Perfusion of this
structure with physiological flow conditions resulted in functional vessels expressing VE-
cadherin, smooth muscle actin and an increase of collagen type IV deposition, with a
monolayer of endothelial cells preserving the barrier function (262). Although inkjet 3D
printing has mainly focused on building tubular structures, few studies reported promising
results developing microvascular networks. For instance, a bioink composed of human
microvascular endothelial cells (HMVEC) and thrombin dispensed on fibrinogen resulted in the
alignment and proliferation of HMVEC forming confluent micro-sized tubular structures
resembling capillaries (263). In another study, three different bioinks composed of bovine
aortic endothelial cells, canine smooth muscle cells and human amniotic fluid-derived stem
cells were used to develop an alginate-collagen scaffold. After in vivo implantation, the

construct was able to mature and function with adequate vascularization (264).

1.6.2.4.3.3. Laser-assisted bioprinting

Laser assisted bioprinting is a nozzle free printing strategy, being less common than extrusion
and inkjet 3D printing in vascular engineering field. This modality consists in directing a pulse
laser through a “ribbon” structure containing the bioink. The ribbon comprises an upper
energy absorbing material layer (e.g., gold or titanium) and a lower bioink layer containing
hydrogel and/or cells. Laser pulses focus on the absorbing layer generating a high pressure
bubble that push the bioink towards a collector substrate located below the ribbon (243)
(Figure 15). This modality presents a high degree of precision and resolution of the printed

construct and can be used with high-viscosity bioink. However the preparation of ribbon is
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time consuming and the viability of cells is lower compared with the other 3D printing

modalities (265).
Laser beam Limited number of published studies is
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Figure 15. Laser-assisted 3D printing. A pulse of laser P

beam is directed on absorbing substrate generating a to induced vascularization of
high pressure bubble that push the bioink towards a ] .
collector substrate. Figure adapted from (255). engineered constructs. For instance,

3D patterned HUVEC and human
umbilical vein smooth muscle cells (HUVSMC) on Matrigel substrate resulted in a well-defined
and interconnected vascular structures in vitro (267). In a similar way, a recent study could
successfully pre-organize endothelial cells on collagen hydrogels containing osteoprogenitor
cells forming a capillary-like network (268). When implanted in vivo, a significant increase in
vascularization and bone regeneration rate was observed in pre-patterned endothelial
scaffolds compared to random seeding (269). Another significant result was observed when
HUVEC and human MSC were pre-patterned on a polyester urethane urea (PEUU) cardiac
patch. /In vivo implantation showed increased vessel formation and integration with murine

vascular system, with a significant functional improvement of infarcted hearts (270).
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Chapter 2

CHAPTER 2. Objectives

The main aim of this thesis is the development of vascularization through the stimulation of
angiogenesis to improve bone regeneration or through tissue engineering blood vessels for
blood vessel replacement treatment or scaffold vascularization. Two specific objectives were

established:

1. To develop a dual ion delivery system to stimulate early phases of bone regeneration,
focusing on angiogenesis (chapter 3 and 4).

2. Todevelop a tissue engineered blood vessel-like structure (chapter 5, 6 and 7).
These two main objectives can be divided in several sub-objectives:

1. To develop a dual ion delivery system to stimulate early phases of bone regeneration,
focusing on angiogenesis.
1.1. To assess therapeutic concentrations of two therapeutic ions (chapter 3).
1.1.1. To determine non-toxic concentrations of two therapeutic ions in endothelial
and osteoprogenitor cells.
1.1.2. To study their potential to induce in vitro angiogenesis and osteogenesis with
endothelial and osteoprogenitor cells.
1.1.3. To study their potential to induce in vitro angiogenesis and osteogenesis when
combined together.
1.2. To develop a dual delivery system for the release of two ions (chapter 4).
1.2.1. To optimize the parameters to obtain alginate-hydroxyapatite microparticles.
1.2.2. To optimize the development of alginate fibers that allows the encapsulation of
alginate-hydroxyapatite microparticles.
1.2.3. To optimize the amount of microparticles that can be embedded in alginate
monofibers preserving stability.
1.2.4. To optimize crosslinking ion concentrations to achieve the release of therapeutic
doses.
2. To develop a tissue engineered blood vessel-like structure.
2.1. To develop a tissue engineered blood vessel-like (TEBV) structure with extrusion
method (Chapter 5).
2.1.1. To optimize biomaterials concentrations and processing parameters to obtain a

stable hollowed dual-layered structure using alginate and collagen.
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2.1.2. To assess endothelial cells viability and behavior encapsulated in the inner layer
of the TEBV construct.
2.1.3. To assess smooth muscle cells viability and behavior encapsulated in the outer
layer of the TEBV construct.
2.1.4. To assess co-culture viability and distribution of cells within TEBV construct.
2.2. To assess functionality of alginate/collagen TEBV (Chapter 6 — Duke University
collaboration)
2.2.1. To set up a perfusion system and flow rate parameters for our TEBVs.
2.2.2. To assess mechanical stability of TEBVs.
2.2.3. To assess functionality of TEBVs.
2.3. To increase the mechanical properties of tissue engineered blood vessel-like structure
providing appropriate cell environment for cells (Chapter 7).
2.3.1. To develop a suitable bath support that allows the tubular structure
maintenance of the extruded collagen.
2.3.2. To optimize collagen concentration and extrusion parameters.
2.3.3. To assess viability of co-cultured endothelial and smooth muscle cells within the
TEBV construct.
2.3.4. To evaluate the endothelial and smooth muscle cells distribution within TEBV

construct.
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Chapter 3

CHAPTER 3. Copper and cobalt as potential inducers of angiogenesis and
osteogenesis

3.1. Introduction

Bone regeneration is a multi-step process involving different events such as inflammation of
damaged zone, blood vessel formation, recruitment of osteoprogenitor cells to the zone of
healing and their subsequent osteogenic differentiation for bone formation (1). On time and
coordinated blood vessel formation (angiogenesis) is crucial to achieve successful bone

regeneration.

As detailed in chapter 1, big fractures cannot be completely regenerated as it exceeds the
regenerative capacity of bone. In order to enhance this process and promote complete
regeneration, different strategies have been developed in combination with bone scaffolds to
guide tissue formation: the use of growth factors and the use of active metal ions. Growth
factors are naturally found in the body during regenerative processes and have been
extensively used in tissue engineering (2). However, they have delicate handling properties
and short half-life. lons are also present in the human body at low concentrations or as trace
elements, presenting high stability. Interestingly, ions have been tested in different in vitro and
in vivo studies demonstrating their capacity to regulate cellular functions, for instance in
angiogenesis and osteogenesis processes, inducing therapeutic effects similar to other
biologically relevant molecules such as growth factors (3,4). Therefore, in the last years, ions

have been considered a promising alternative.

In relation to angiogenic stimulation, copper (Cu**) and cobalt (Co**) have been proposed as
good candidates, as both ions are described to mimic hypoxic conditions by up-regulating
hypoxia inducible factor-1a (HIF-1a). This, in turn, up-regulates angiogenic-related genes such
as VEGF, and therefore, triggering blood vessel formation (5,6). Different studies have
incorporated these ions within scaffolds in order to deliver them and stimulate a proper
angiogenic response (7). Although, in general, results show a successful therapeutic response,
they are not conclusive in terms of the optimum concentrations of Cu®* or Co®* that are non-
toxic and induce or enhance angiogenic response. This is because of the delivery of these ions
from the scaffolds, which generally do not follow a zero order kinetics. lons present a more
burst release instead, delivering different doses through time (8-12). At the same time,

depending on scaffold composition, they can deliver other ions, which difficult the elucidation
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of the therapeutic effect of individual ions. In this sense, studies which include these ions into
the cell culture medium as a salt, and hence, present a constant concentration during cell
culture time, provide a more direct data about the effect of the ions into the cells. However,
published studies show discrepancies with respect to non-toxic concentrations of Cu** or Co**
that at the same time, induce and angiogenic response with endothelial cells. For instance, on
the one hand, regarding Cu®" cytotoxicity, Guo-fu Hu et al., reported non-toxic concentrations
and dose-dependent increase of HUVEC proliferation from 1 to 500 uM (13). Conversely,
another study reported HUVEC viability and growth up to 100 uM, whereas higher
concentrations were described to be cytotoxic (14). Contrary to these results, Stahli C et al.,
showed a decreased viability and metabolic activity in a dose-dependent manner from =10 to
190 uM (15). In relation to angiogenic gene response induced by Cu**, some studies report an
increase of HIF-1a and VEGF (5), whereas others do not observe an increase of HIF-1a (16) or
VEGF (14) expression. On the other hand, regarding Co®* cytotoxicity, Zan et al., described
viability and increased proliferation in a dose-dependent manner up to 200 uM (17). Similarly,
another study reported 150 UM concentration to be non-toxic with proliferation rate
comparable to normoxic conditions (18). However, other authors showed contrary results.
More specifically, Peters et al., described a concentration-dependent reduction in cell number
from 10 to 700 uM, with significant proliferation impairment beyond 100 uM (19). With
regards to angiogenic gene response induced by Co®’, some authors describe an increase of
both HIF-1a and VEGF expression (17,20), whereas others describe a reduction of HIF-1a

expression (19).

In relation to osteogenic differentiation, some studies incorporated Cu®* or Co* in scaffolds
and showed an enhanced osteogenic differentiation (21,22). However, as previously
mentioned, the release usually is not constant through time and other ions can be delivered,
which makes difficult to isolate the osteogenic effect of each ion. Therefore, studies
incorporating these ions into the cell culture media can provide more reliable information
about their particular therapeutic effect. However, few studies with controversial results are
found in the literature regarding non-toxic concentrations and enhanced osteogenic
differentiation with mesenchymal stem cells (MSCs). For instance, when Cu®" was
supplemented into the cell culture media, J. Rodriguez et al., described viable concentrations
for MSCs up to 250 uM, although proliferation was reduced with 5 uM or higher doses (23).
However, another study reported concentrations higher of 10 uM to be toxic for MSCs (24).
Respect to osteogenic gene expression, while some authors report an early ALP expression

(23), others describe a significant down-regulation of Runx-2, ALP, OC, OPN, amongst others
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(24). In reference to Co®* supplementation into the cell culture media, there is lack of studies in
the literature. However, we found a study reporting a decrease of MSCs proliferation when
Co*" concentrations were increased (from 10 to 100 uM) (25). At the same time, authors
reported a down-regulation in a dose-dependent manner of Runx-2, ALP and BSP, although
they describe an up-regulation of OPN gene. Therefore, it is not clear whether Cu** or Co* can

enhance the osteogenic differentiation.

All in all, despite there are some studies incorporating Cu®* or Co®" into the cell culture
medium, there is some controversy surrounding the appropriate non-toxic and therapeutic

concentrations of these ions for angiogenic and osteogenic response.

3.2 Objectives

The aim of this chapter was to screen a range of non-toxic concentrations of two hypoxic
mimicking ions (copper and cobalt) and their potential to induce angiogenesis and/or
osteogenesis in endothelial cells and osteoprogenitor cells, respectively. As secondary

objective of this chapter, we wanted to assess the effect of the combined ions in angiogenesis.

3.3. Materials & Methods

3.3.1. Angiogenic response
3.3.1.1. Cell culture

Human Umbilical Vein Endothelial Cells (HUVEC; Lonza) were used to assess the angiogenic
response. For cell expansion, HUVEC were seeded at a density of 2500 cells/cm® and
maintained with endothelial growth medium-2 bulletkit (EGM-2) (Lonza; Ref. H3CC-3162),
containing VEGF, rhFGF-B, rhEGF, r-IGF-I, hydrocortisone, ascorbic acid, gentamicin sulfate,
amphotericin-B and 2% FBS. HUVEC cells were passaged using 0,25% Trypsin-EDTA (Gibco)
when they reached 70-85% confluence. Cells were maintained in standard culture conditions
(379C and 5% CO,). Passages equal or below P5 were used for subsequently assays. For the
culture of cells with cell culture media supplemented with ions, two types of cell culture
mediums were tested: i) basal medium (Lonza; Ref. CC-3156), supplemented with 2% FBS and

amphotericin-B; ii) and EGM-2 medium, previously described.
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3.3.1.2. Culture of HUVEC in the presence of copper, cobalt or both

The influence of different ion concentrations on HUVEC was assessed using the mediums
mentioned above supplemented with CuCl, and/or CoCl, (both from Sigma-Aldrich). For Cu®*
and Co” supplementation, concentrations of 0, 0.1, 1, 10, 100 and 200 pM and 0, 0.5, 5, 25, 50
and 100 uM were assessed, respectively, for viability and proliferation assays. For further
morphology, gene expression and tubule formation Matrigel® assays, non-toxic concentrations
were used, which were concentrations with cell viability over 80%. HUVEC were seeded in a
density of 5000 cels/cm?’ for all the assays, except for the Matrigel® assay, in which 70.000
cels/cm’ were used. After 24h of seeding, cultivation with ion supplemented medium started
for a total of 7 days, with change of media every two days. The same assays were performed to

assess the effect of both ions combined together. In this case, the highest concentration which

showed a therapeutic effect for each ion and half of the highest concentrations were used.

3.3.1.3. Cell cytotoxicity and proliferation assay

Viability and number of cells was assessed using a commercially colorimetric available kit,
specifically the Cell Counting Kit-8 (CCK-8) (Sigma-Aldrich). This kit contains a water-soluble
tetrazolium salt WST-8 which is reduced by dehydrogenases of cells, resulting in a yellow-
colored product (formazan). The amount of formazan generated is considered directly
proportional to the number of viable cells, and has an absorbance spectrum peak at 450-460
nm. CCK-8 was performed according to manufacturer’s instructions. Briefly, at time points of 2
and 7 days after medium supplementation with ions, CCK-8 solution was added in each well
and incubated with cells for 3 hours. After this period, supernatant was placed in a 96 well
plate (Greiner bio-one) and the absorbance was read at 450 nm using a multi-detection
microplate reader (Synergy HT, BioTek). For viability, results were normalized with the control
medium, which did not contained supplemented ion. Viability percentages over 80% were
considered non-toxic. For proliferation, a known number of cells (2000, 4000, 8000, 10 000, 20
000 and 30 000) were plated to obtain a standard curve to extrapolate the respective number

of cellsin day 2 and 7.

3.3.1.4. Cell morphology with phalloidin

Cell morphology and organization was performed by immunofluorescence of actin filament
staining with phalloidin (Acti-stain 488 fluorescent phalloidin, Cytoskeleton, Inc). For this
purpose, 24 well plate coverslips were autoclaved and placed in each well. Then, 20 pL of 1%

sterilized gelatin (Sigma-Aldrich) was added on the surface of each coverslip and incubated at
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room temperature for 30 min. Afterwards, the excess of gelatin was aspirated and 24 well
plates were placed in the incubator at 372C for 30 minutes. After this incubation period, cell
culture media was added and HUVEC were seeded in each well. At the time points of O (just
before adding supplemented media), 2 and 7 days after medium supplementation, cells were
rinsed with PBS 1X and subsequently fixed with 4% PFA during 20 min at room temperature.
Then, cells were rinsed three times with PBS 1X and permeabilized with 0,5% Triton-100x/PBS
for 10 min. After three washes with PBS 1X, samples were incubated with 100 nM Acti-stain
phalloidin (Cytoskeleton, Inc) for 30 min protected from light. Then, after PBS 1X rinsing, cells
were incubated with DAPI (NucBlue Fixed Cell stain DAPI, LifeTechnologies) for 5 min. Finally,
cells were rinsed one last time with PBS 1X and then, cover slips were detached from 24 well
plate and mounted on a microscope slide with Fluoromount-G (BioNova). Samples were kept
in the dark at 49C and they were visualized by confocal laser microscopy (Leica SP8, LAS X
software version 3.5.5.19976). Excitation/emission wavelengths were 480/520 nm for
phalloidin and 405/460 for DAPI. Images were processed with the same confocal software (LAS

X Life Science software, Leica).

3.3.1.5. Gene expression RT-qPCR

Gene expression was analyzed by quantitative real time polymerase chain reaction (qPCR). At
time points of 2 and 7 days after medium supplementation, cell pellets were collected using
0,25% Trypsin-EDTA (Gibco) and spin centrifugation of 1500 rpm for 5 min. Short time points
of 1, 2, 4, 10 and 24h were also assessed. Then, total RNA was isolated from cells using
NucleoSpin RNA Kit (Macherey-Nagel) including DNAse treatment step following
manufacturer’s instructions. Quantification of isolated RNA was performed using a
microvolume plate (Take 3) to measure absorbance ratio of wavelengths 260/280 nm in a
microplate reader (Synergy HT Multi-detection Microplate Reader, BioTek). A ratio of ~2 was
considered pure RNA. Reverse-transcription (RT) of RNA to cDNA was performed using
Transcriptor First Strand cDNA Synthesis Kit (Roche) following manufacturer’s instructions
using T100 Thermal Cycler (Bio-Rad). For the amplification and quantification of cDNA targets,
QuantiNova SYBR Green PCR kit (Qiagen) was used following manufacturer’s instructions.
Briefly, 20 ng of cDNA per reaction were amplified under the following conditions: an initial
heat activation step of 2 min at 959C followed by 40 cycles of denaturation for 5s at 952C and
annealing/extension for 10s at 602C, using a CFX96 Real-Time PCR Detection System (Bio-Rad).
The primers sequences used for vascular endothelial growth factor (VEGF), hypoxia-inducible
factor 1-alpha (HIF-1a), platelet endothelial cell adhesion molecule-1 (PECAM-1) and the

endogen gen beta-actin (B-Actin) are listed in Table 1. To normalize data, B-Actin was used as
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internal reference for each reaction. Relative expression was calculated using the 2™ method

and all data were expressed as fold-changes compared to control of day O.

Table 1. List of primers sequences used for cDNA amplification in RT-qPCR.

Gene Primer Sequence (5’-3’)
B-Actin Forward AGAGCTACGAGCTGCCTGAC
Endogen
Reverse AGCACTGTGTTGGCGTACAG
VEGF Forward CCCACTGAGGAGTCCAACAT
Reverse AAATGCTTTCTCCGCTCTGA
HIF-1a Forward TGCTCATCAGTTGCCACTTC
Angiogenic
Reverse TCCTCACACGCAAATAGCTG
PECAM-1 Forward TCAAATGATCCTGCGGTATTC
Reverse CCACCACCTTACTTGACAGGA
3.3.1.6. Matrigel assay for tubular formation

In vitro tubular formation analysis was performed using Matrigel® Growth Factor Reduced
(GFR) (Corning® Matrigel®, Ref. 734-0268) with HUVEC cells in 96 well plates. First, 75 pL of
Matrigel were transferred in each well and incubated for 10 min at room temperature. After
this period, plates were incubated in a humidified incubator at 379C for 30 min. Then, 75 pL of
cell culture media was added in each well. Supplemented media contained doubled the final
desired ion concentration. Plates were incubated 30 min at 372C. Then, 70.000 cells/cm? were
added in each well with a volume of 75 uL. At the time points of 4 and 8h, cells were rinsed
once with PBS 1X and fixed with 4% PFA for 30 min. Afterwards, cells were rinsed three times
and stored at 42C with PBS 1X. There were three triplicates per condition and three fields per
well were photographed using an inverted microscope coupled with a camera (Nikon Eclipse
TS2-S-SM) and its software (IC Measure software). The phase contrast images were analyzed
using the freely Angiogenesis Analyzer plugin of Image J. Number of nodes, number of meshes

and number and total tubule length were analyzed.

3.3.2. Osteogenic response

3.3.2.1. Cell culture

Human Bone Marrow-derived Mesenchymal Stem Cells (hBM-MSC; ATCC) were used to assess
the osteogenic response. For cell expansion, hBM-MSC were seeded at a density of 5000

cells/cm? and maintained with basal mesenchymal stem cell medium (ATCC; Ref. PCS-500-030)
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supplemented with mesenchymal stem cell growth kit (ATCC; Ref. PCS-500-041), which
contained 2.4 mM rhIGF-1, 5 ng/mL rhFGF-b, 2.4 mM L-Alanyl-L-Glutamine, 7% of FBS and 1%
penicillin-streptomycin. When confluence reached approximately 80%, hBM-MSC were
passaged using 0,25% Trypsin-EDTA (Gibco). Cells were maintained in standard culture
conditions (372C and 5% CO,). hBM-MSC equal or below P5 were used for later assays. For the
culture of cells with cell culture media supplemented with ions, , osteogenic differentiation
media was used, which consisted of basal mesenchymal stem cell medium (ATCC; Ref. PCS-
500-030) supplemented with 10 mM B-Glycerolphosphate, 50 pg/mL ascorbic acid, 100 nM

dexamethasone, 10% FBS and 1% penicillin-streptomycin.

3.3.2.2. Culture of hABM-MSC in the presence of copper or cobalt
The same procedure explained in section 3.3.1.2 was followed.

3.3.2.3. Cell cytotoxicity and proliferation assay
The same procedure explained in section 3.3.1.3 was followed.

3.3.2.4. Cell morphology with phalloidin
The same procedure explained in section 3.3.1.4 was followed.

3.3.2.5. Gene expression RT-qPCR

The same procedure explained in section 3.3.1.5 was followed. The primers sequences used
for run-related transcription factor-2 (Runx-2), alkaline phosphatase (ALP), osteocalcin (OC)

and the endogen gen beta-actin (B-Actin) are listed in Table 2.

Table 2. List of primers sequences used for cDONA amplification in RT-qPCR.

Gene Primer Sequence (5’-3') ‘
B-Actin Forward AGAGCTACGAGCTGCCTGAC
Endogen

Reverse AGCACTGTGTTGGCGTACAG
RUNX-2 Forward CCCGTGGCCTTCAAGGT

Reverse CGTTACCCGCCATGACAGTA
ALP Forward GGAACTCCTGACCCTTGACC

Osteogenic

Reverse TCCTGTTCAGCTCGTACTGC

ocC Forward CGCCTGGGTCTCTTCACTAC

Reverse CTCACACTCCTCGCCCTATT
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3.3.3. Statistical analysis

Statistical analysis was performed using SPSS software (SPSS v21, IBM). Kruskal-Wallis and
Mann Whitney U non-parametric tests were used to compare viability, proliferation, gene
expression and tubule formation (number of nodes, meshes and total tubule length) between
experimental groups of the same time point and between time points for each experimental
condition (data represented as mean + standard deviation; n=4 for viability and proliferation
and n=3 for gene expression and Matrigel assay for each condition). Spearman non-parametric
test was used to study the correlation between HIF-1a and VEGF gene expression. Control

samples were cells without any supplementation ion in cell culture media.

3.4. Results
3.4.1. Role of copper and cobalt in angiogenesis
3.4.1.1. Viability and proliferation

In order to elucidate the ion concentrations which are not cytotoxic, HUVEC cells were
cultivated under different copper (Cu**) and cobalt (Co**) concentrations. Additionally, their
viability effect was tested with both basal and growth media, to find out which one was more
appropriate to use for further assays. Generally, we could observe an increase of detached
cells and cell debris, and a decrease number of cells when HUVEC were cultivated with basal
medium (BM) compared to growth medium (GM). Moreover, when Cu®* or Co®* were added in
both cell culture mediums, a reduction of cells was observed in a dose-dependent manner

during culture time, which was more evident when HUVEC were cultured with BM.

Results of viability and proliferation assays were in accordance with the observations of cell
culture. More specifically, when HUVEC cells were cultured with BM supplemented with Cu®*,
there was an increase of viability and cell number with lower concentrations (up to 1 uM) at
day 2 (Figure 1A and 1B). However, longer culture time revealed a significant decrease in
viability and cell number for all concentrations tested in a dose-dependent manner, with the
exception of 0.1 uM which had a significant increase in cell number. Alternatively, when
HUVEC were cultured with GM supplemented with Cu?*, they presented a proper viability with
Cu** concentrations up to 10 uM (Figure 1C). Moreover, cell number was also significantly
increased during culture time with all concentrations tested (Figure 1D). Nevertheless, Cu®*

concentrations 210 uM presented significantly lower cell number compared to control at day

7. It is worth to mention that viable concentrations of Cu®" allowed to practically double cell
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number from day 2 to day 7 with GM, whereas a slightly increase in cell number was observed
with BM, presenting considerable lower cell number compared to GM. For this reason, we

considered to use GM for the subsequent assays.
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Figure 1. HUVEC viability and proliferation with cu’ cell culture media supplementation. A) HUVEC
viability and B) cell number cultured with Cu>* supplementation with basal medium (BM); C) HUVEC
viability and D) cell number cultured with cu®* supplementation with growth medium (GM).

Statistics is represented with letters when comparisons were made between the different experimental

groups within the same time point. Same letters represent no significant differences (p>0.05), whereas
different letters represent statistical differences (p<0.05). Differences between time points for each
experimental condition is represented with * (p<0.05).

Regarding HUVEC culture with BM supplemented with Co®*, at day 2, concentrations up to 25
UM demonstrated not being toxic for cells (Figure 2A) and same cell number was obtained
with concentrations up to 5 uM (Figure 2B). However, during culture time, viability was
reduced for all concentrations tested at day 7 compared to day 2, being significantly lower
compared to control of the same time point. Interestingly, HUVEC cells demonstrated their
capacity to proliferate with concentrations up to 5 uM at day 7 compared to day 2, whereas
higher concentrations showed lower cell number (Figure 2B). However, all concentrations
tested had lower cell number compared to their time point control. Alternatively, when HUVEC
cells were cultured with GM supplemented with Co?, concentrations up to 50 pM
demonstrated not being toxic for HUVEC at the end of culture (Figure 2C). Intriguingly, cell
number significantly increased for all conditions from day 2 to day 7, although all
concentrations were significantly lower compared to time point control (Figure 2D). Similar to

previously mentioned with Cu**, HUVEC cell number was reduced to half with control
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conditions with BM compared to GM, and it was even lower when Co®" was added and

increased. For this reason, we also decided to use GM for the subsequent assays.
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Figure 2. HUVEC viability and proliferation with Co”* cell culture media supplementation. A) HUVEC
viability and B) cell number cultured with Co>* supplementation with basal medium (BM); C) HUVEC
viability and D) cell number cultured with Co™* supplementation with growth medium (GM).

Statistics is represented with letters when comparisons were made between the different experimental

groups within the same time point. Same letters represent no significant differences (p>0.05), whereas
different letters represent statistical differences (p<0.05). Differences between time points for each
experimental condition is represented with * (p<0.05).

Based on viability results, for the subsequent assays ion concentrations of 0.1, 1 and 10 uM for

Cu®*and 0.5, 5, 25 and 50 UM for Co >*\were used, as demonstrated to be non-toxic for HUVEC.

3.4.1.2. HUVEC morphology

The influence of both ions on cell morphology and arrangement were evaluated with actin
filament staining. Regarding Cu®* supplementation, at early time points from 0 to 2 days some
cells acquired an elongated phonotype, with no apparent differences between experimental
groups and control (Figure 3). In addition, there was a substantial increase of cell proliferation,
almost reaching cell confluence in all conditions, although it seemed to be less cells with 10
UM condition. At day 7, cells reached confluence and started to grow and proliferate over the
monolayer. With the concentration of 10 uM, there were less number of cells. These

observations are in accordance with cell number results (Figure 1D).
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Figure 3. Morphology of HUVEC cultured with different concentrations of cu®. Scale bar = 200 pum and
for magnification 50 um.
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With regards to Co?* addition, some HUVEC cells also presented an elongated morphology and
increased their number at day 2 compared to day O (Figure 4). With concentrations of 25 and
50 uM it seemed to be less cells compared to control, reaching almost confluence. At day 7,
HUVEC reached confluence and some cells proliferated over the monolayer. With 50 pM Co**
concentration there was less cell number compared to control. These observations are in

accordance with cell number (Figure 2D).
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Figure 4. Morphology of HUVEC cultured with different concentrations of Co?". Scale bar = 200 pum and
for magnification 50 um.

3.4.1.3. loninfluence on angiogenesis gene expression

To further assess the potential of Cu** and Co®" in stimulating angiogenic response in HUVEC,

we analyzed the expression of three principal genes involved in the angiogenic response: HIF-
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1la, VEGF and PECAM-1. For this purpose, it was first analyzed the expression profile in a short

period of hours (1, 2, 4, 10 and 24h), and subsequently, in longer periods (2 and 7 days).

In general, within the initial hours, HUVEC cultured with Cu®" showed a progressive increase of
HIF-1a expression in all experimental conditions (Figure 5A). Interestingly, 10 uM
concentration showed a constant increased up to 24h compared to other conditions, with
significant higher expression at 10h compared to control. Regarding VEGF expression profile,
there was an increase of VEGF expression up to 2h and a progressively decrease up to 24h for
all conditions tested (Figure 5B). More in detail, 1 and 10 pM presented similar VEGF
expression compared to control up to 10h, whereas 0.1 uM had a lower expression profile. It is
worth to mention that all Cu** concentrations induced a significantly higher VEGF expression
within 1h compared to control. Finally, different profiles were observed with PECAM-1
expression (Figure 5C). More in detail, all conditions showed an increase of PECAM-1 up to 4h,
and a slight reduction up to 10h. However, 1 and 10 uM showed a second increase up to 24h,
whereas control and 0.1 puM did not present this trend. A summary of statistical analysis
results of gene expression comparison between experimental groups for each time point is

shown in Table 3.
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Figure 5. HUVEC gene expression profile within short time points. Different Cu®* concentrations were

evaluated at 1, 2, 4, 10 and 24h for the gene expression of A) HIF-1a, B) VEGF and C) PECAM-1. Data
represented correspond to fold-changes compared to 1h control.
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Table 3. Statistics summary of HUVEC gene expression profile cultured with Cu”* within short time.
Comparisons between experimental groups of each time point. Symbols represent *= significant
differences (p<0.05); ns = non-significant differences (p>0.05).

HIF-1a VEGF PECAM-1
0,1 pM 1pm 10 uM 0,1 uM 1uM 10 uM 0,1 M 1um 10 uM
Control * ns * * * * * ns *
0,1 uM ns ns ns ns ns ns
1h
1um ns ns ns
10 pM
Control * ns * ns ns ns * ns *
0,1 uMm ns ns * ns * ns
2h
1uM ns ns ns
10 pM
Control ns ns ns ns ns ns ns ns ns
0,1 umM ns ns ns ns ns ns
ah "
1uM ns ns ns
10 pM
Control ns ns * ns ns ns ns ns ns
0,1 uMm ns * * ns ns ns
10h
1M * * *
10 uM
Control ns ns ns * ns ns * ns *
0,1 uM ns ns * * * *
24h
1uM ns ns ns
10 pM

In later time points, at day 2, HUVEC HIF-1a expression analysis revealed similar expression
with no significant differences between all experimental conditions (Figure 6A). Later on, at
day 7, HIF-1a expression was significantly increased with the lowest concentration of 0.1 pM.
Regarding VEGF expression at day 2, all Cu®* concentrations significantly increased its
expression compared to control, in a dose-dependent manner (Figure 6B). Remarkably, 10 uM
concentration induced more than two-fold VEGF expression compared to control, and at the
same time, it was significantly higher than VEGF expression induced by 0.1 and 1 pM.
Interestingly, at day 7 lower concentrations, 0.1 and 1 pM, induced a higher VEGF expression
compared to control. It is worth to mention that 0.1 uM induced two-fold VEGF expression
compared to control, but at the same time, it induced almost three times more VEGF

expression compared to day 2. Finally, the expression of PECAM-1 remained the same for all
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experimental conditions at day 2 and was significantly increased in a dose-dependent manner

by 0.1 and 1 uM at day 7 (Figure 6C).
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Figure 6. HUVEC gene expression. Different Cu® concentrations were evaluated at 2 and 7 days for the
gene expression of A) HIF-1a, B) VEGF and C) PECAM-1. Data represented correspond to fold-changes
compared to Day 0 control.

Statistics is represented with letters when comparisons were made between the different experimental

groups within the same time point. Same letters represent no significant differences (p>0.05), whereas
different letters represent statistical differences (p<0.05). Differences between time points for each
experimental condition is represented with * (p<0.05).

We further assessed if there was a correlation between HIF-1a and VEGF expression (Table 4).
Although it was found a significant correlation at 2 and 4h, there was no significant and strong
correlation between the gene expression of HIF-1a and VEGF.

Table 4. HIF-1a and VEGF expression correlation results with cu® supplementation. Symbols: ns=non-
significant (p>0.05); *=p<0.05; **=p<0.01.

Time point R-value p-value
1h 0.376 ns
2h 0.650 *
4h 0.895 ok
10h 0.336 ns
24h 0.357 ns
2 days 0.476 ns
7 days 0.490 ns

When HUVEC were cultured with Co®* supplementation, results of HIF-1a expression within
initial hours revealed a general progressive increase up to 24h for all experimental conditions

(Figure 7A). More in detail, at 1h, the higher concentrations of 25 and 50 UM significantly
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increase HIF-1a expression compared to control. Although all conditions followed a similar
trend, it was observed that the control, 0.5 and 25 uM conditions significantly up-regulated
HIF-1a expression at 2h compared to 5 and 50uM. Regarding VEGF expression, results show an
increase up to 2h and a progressive decrease up to 24h with control, 0.5 and 25 uM (Figure
7B). Alternatively, 5 and 50 uM showed a progressive decrease of VEGF expression up to 24h.
It is worth to mention that at 1h all Co** concentrations tested induced a higher VEGF
expression compared to control. Finally, PECAM-1 expression presented different patterns
with different Co** concentrations and time course (Figure 7C). A summary of statistical
analysis results of gene expression comparison between experimental groups for each time

point is shown in Table 5.
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Figure 7. HUVEC gene expression within short time points. Different Co®* concentrations were
evaluated at 1, 2, 4, 10 and 24h for the gene expression of A) HIF-1a, B) VEGF and C) PECAM-1. Data
represented correspond to fold-changes compared to 1h control.
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Table 5. Statistics of HUVEC gene expression profile cultured with Co>* within short time. Comparisons
between experimental groups of each time point. Symbols represent *= significant differences (p<0.05);
ns = non-significant differences (p>0.05)

HIF-1a

VEGF

PECAM-1

0.5 UM

5uM

25 UM

50 uM

0.5 uM

5uM

25 uM

50 UM

0.5 uMm

5uM

25 uM

50 uM

1h

Control

0.5 uM

5 uM

25 UM

50 puM

ns

ns

ns

ns

ns

ns

ns

ns

ns

ns

ns

ns

ns

2h

Control

0.5 uM

5uM

25 pml

50 M

ns

ns

ns

ns

ns

ns

ns

ns

ns

ns

ns

4h

Control

0.5 uM

5uM

25 UM

50 puMl

ns

ns

ns

ns

ns

ns

ns

ns

ns

ns

ns

ns

ns

ns

ns

ns

ns

ns

ns

ns

ns

ns

ns

10h

Control

0.5 uM

5uM

25 pml

50 M

ns

ns

ns

ns

ns

ns

ns

ns

ns

ns

ns

ns

ns

ns

ns

ns

ns

ns

24h

Control

0.5 uM

5umM

25 uM

50 M

ns

ns

ns

ns

ns

ns

ns

ns

ns

ns

ns

ns

ns

ns

ns

ns

ns

ns

ns

ns

ns

ns

ns

ns

ns

In later time points, at day 2, HUVEC HIF-1a expression analysis showed a gradual increase in a
dose-dependent manner, although only 50 uM induced a significant up-regulation compared
to control (Figure 8A). Later on, at day 7, the expression profile was reversed. More in detail,
the lowest concentration of 0.5 uM induced a significant increase of HIF-la expression
compared to day 2 and compared to time point control. On the other side, 50 uM showed a
down-regulation of HIF-1a at day 7 compared to day 2. Similar trend was observed with VEGF
expression. At day 2, there was a significantly up regulation of VEGF for all concentrations
tested in a dose-dependent manner, with the expression doubled with 25 and 50 uM
compared to time point control (Figure 8B). At day 7, although 25 and 50 uM showed a down-
regulation of their expression compared to day 2, VEGF expression was significantly higher

than control. Finally, PECAM-1 expression at day 2 and 7 was significantly up regulated by
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higher concentrations, specifically 25 and 50 uM (Figure 8C). Additionally, at day 7, the

concentration of 0.5 uM also induced an up-regulation.
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Figure 8. HUVEC gene expression. Different Co”* concentrations were evaluated at 2 and 7 days for the
gene expression of A) HIF-1a, B) VEGF and C) PECAM-1. Data represented correspond to fold-changes

compared to Day O control.

Statistics is represented with letters when comparisons were made between the different experimental

groups within the same time point. Same letters represent no significant differences (p>0.05), whereas

different letters represent statistical differences (p<0.05). Differences between time points for each

experimental condition is represented with * (p<0.05).

We further assessed if there was a correlation between HIF-1a and VEGF expression (Table 6).

Statistical results show significant and strong correlation between the expression of these two

genes.

Table 6. HIF-1a and VEGF expression correlation results with co* supplementation. Symbols: ns=non-
significant (p>0.05); *=p<0.05; **=p<0.01.

p-value \

Time point R-value

1h 0.670 ok
2h 0.793 ok
4h 0.321 ns
10h 0.806 ok
24h 0.606 *
2 days 0.791 ok
7 days 0.614 *
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3.4.1.4. Tubule formation ability

The ability of Cu** and Co®* to promote formation of tubular-like structures was further
assessed by culturing HUVEC on Matrigel substrate. In general, with Cu®" supplementation,
thicker tubular structures were observed in comparison with control samples with phase
contrast images at 4 and 8 hours (Figure 9A). The results of number of nodes, number of
meshes and total tube length analysis showed a similar pattern, demonstrating a slight
increase with 0.1 and 10 uM at 4h and with 0.1 and 1puM at 8h compared to time point control
(Figure 9B-D). Nevertheless, these increases were not statistically significant compared to

control samples or the rest of experimental groups for the same time point.
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Figure 9. Effects of Cu®* on tubule formation assay with HUVEC. A) Images of tubules formed under
different concentrations of Cu** (0,0.1,1 and 10 pM) at 4 and 8 hours. B) Analysis of number of nodes,
C) meshes and D) total tube length of HUVEC under different Cu®* concentrations at 4 and 8 hours. Scale
bar =50 um.

Statistics is represented with letters when comparisons were made between the different experimental
groups within the same time point. Same letters represent no significant differences (p>0.05).

Differences between time points for each experimental condition is represented with * (p<0.05).

The assessment of Co®* influence in tubule-like structures formation showed, in general,

broken vascular structures with 50 uM concentration at 4 and 8h (Figure 10 A). Moreover,
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control at 8h also showed broken vascular network. Similar to Cu®, similar pattern was
obtained with the analysis of number of nodes, meshes and total tube length. More
specifically, a slightly increase of these three parameters were achieved with 0.5, 5 and 25 uM
at 4 and 8h, although these higher values were not statistically significant compared to time
point controls (Figure 10B-D). However, a significant impairment on tubule formation resulted

with 50 uM.
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Figure 10. Effects of Co’* on tubule formation assay with HUVEC. A) Images of tubules formed under
different concentrations of Co”* (0, 0.5, 5, 25 and 50 uM) at 4 and 8 hours. B) Analysis of number of
nodes, C) meshes and D) total tube length of HUVEC under different Co®* concentrations at 4 and 8

hours. Scale bar = 50 um.
Statistics is represented with letters when comparisons were made between the different experimental

groups within the same time point. Same letters represent no significant differences (p>0.05), whereas
different letters represent statistical differences (p<0.05). Differences between time points for each
experimental condition is represented with * (p<0.05).

3.4.1.5. Influence of dual ion culture on viability and proliferation

Additionally to the individual ion evaluation in angiogenesis response, we wanted to elucidate
if the combination of both ions could have synergistic or deleterious effects. To this purpose,

we selected the concentration of 10 pM of Cu**, which demonstrated an important increase of
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VEGF at early time points, and the concentration of 25 uM of Co**, which also showed a
significant improvement of VEGF and PECAM-1 at early and later time points. This combination
was coded as Cul0/Co25. As we considered the possibility that the combination of these two
higher concentrations could be cytotoxic for cells, we also assessed the combination of half of

these concentrations, being 5 M for Cu** and 12.5 uM for Co**, coded as Cu5/C012.5.

Results obtained with viability analysis showed that cells cultured with Cu5/C012.5 and
Cul10/Co25 reached a viability of almost 80% at day 2, but it was reduced down to 62% and
52% at day 7, respectively, being significantly lower compared to control (Figure 11A).
Regarding cell number, both combinations of ions resulted in a significant decreased compared
to control at both 2 and 7 days (Figure 11B). However, cell number increased from day 2 to

day 7, suggesting that HUVEC cells were able to proliferate, almost doubling cell number.
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Figure 11. HUVEC viability and cell number with Cu®* and Co’* supplementation. A) Viability and B) cell
number of HUVEC under different combinations of Cu** and Co®*. Abbreviations: Cu5/C012.5 =5 uM of
Cu” and 12.5 uM of Co™; Cu10/Co25 = 10 uM of Cu’* and 25 uM of Co™".

Statistics is represented with letters when comparisons were made between the different experimental

groups within the same time point. Same letters represent no significant differences (p>0.05), whereas
different letters represent statistical differences (p<0.05). Differences between time points for each
experimental condition is represented with * (p<0.05).

3.4.1.6. Cell morphology under dual ion culture

The influence of the combination of both ions on HUVEC morphology and organization was
also evaluated with actin filament staining. From day 0 to day 2 there was an increase of
HUVEC cells with no apparent differences between experimental conditions (Figure 12). At day
7, control samples reached confluence and HUVEC cells grew over it. Regarding both
combination of ions, although we observe the presence of more cells at day 7 compared to day
2, there were less number of cells compared to control. These observations are in accordance

with previous results of proliferation.
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Control Cu5/Co12.5 Cu10/Co25
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Figure 12. Morphology of HUVEC cultured with different concentrations of cu® and Co*

Abbreviations: Cu5/C012.5 = 5 uM of Cu®* and 12.5 uM of Co’*; Cu10/Co25 = 10 uM of Cu®>* and 25 pM
of Co*. Scale bar = 200 um and for magnification 50 um.
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3.4.1.7. Influence of dual ion culture on angiogenic gene expression

Surprisingly, the evaluation of angiogenic gene expression did not show any significant up or
down-regulation of HIF-1a, VEGF or PECAM-1 for any of the combinations tested compared to

control samples (Figure 13A-C).
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Figure 13. HUVEC gene expression. Different Cu®* and Co™ concentrations were evaluated at 2 and 7
days for the gene expression of A) HIF-1a, B) VEGF and C) PECAM-1. Data represented correspond to
fold-changes compared to Day O control. Abbreviations: Cu5/C012.5 = 5 uM of Cu”* and 12.5 UM of Co™;
Cu10/Co25 = 10 pM of Cu®* and 25 uM of Co’*.

Statistics is represented with letters when comparisons were made between the different experimental

groups within the same time point. Same letters represent no significant differences (p>0.05).
Differences between time points for each experimental condition is represented with * (p<0.05).

3.4.1.8. Tubule formation ability under dual ion culture

As a final assessment, tubule formation capability of HUVEC under both ion combinations was
also assessed with Matrigel as a substrate. Apparently, with phase contrast images no
differences seemed to be between all conditions tested (Figure 14A). Results of the analysis of
number of nodes, number of meshes and total tube length resulted in non-statistically
significant differences between experimental groups for each time point, confirming the

previous observations (Figure 14B-D).
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Figure 14. Effects of cu’* and Co* on tubule formation assay with HUVEC. A) Images of tubules formed
under different concentrations of Cu®* and Co’* at 4 and 8 hours. B) Analysis of number of nodes, C)
meshes and D) total tube length of HUVEC at 4 and 8 hours. Abbreviations: Cu5/C012.5 = 5 uM of cu**
and 12.5 uM of Co”™; Cu10/Co25 = 10 pM of Cu”* and 25 uM of Co>*. Scale bar = 50 pm.

Statistics is represented with letters when comparisons were made between the different experimental

groups within the same time point. Same letters represent no significant differences (p>0.05).
Differences between time points for each experimental condition is represented with * (p<0.05).

3.4.2. Role of copper and cobalt in osteogenesis
3.4.2.1. Viability and proliferation

hBM-MSC viability analysis revealed non-toxic concentrations of Cu** up to 10 uM at the end
of cell culture (Figure 15A). Interestingly, at day 7 significant increase in viability was observed
with 0.1 and 1 uM compared to time point control and compared to day 2. Regarding cell
number, although at day 2 the conditions of 0.1 and 1 had the same cell number as control, at
day 7 there was a significant increase compared to time point control of day 7. Moreover,
these conditions also presented an increase from day 2 to day 7 (Figure 15B). Higher
concentrations of 100 and 200 uM resulted in a significant decrease in cell number compared
to control time point. It is worth to mention that there was no proliferation of control cells

from day 2 to day 7.
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Figure 15. hBM-MSC viability and proliferation with Cu®* cell culture media supplementation. A)
Viability and B) proliferation of HUVEC under different Cu®* concentrations (0, 0.1, 1, 10, 100 and 200
UM) at day 2 and 7.

Statistics is represented with letters when comparisons were made between the different experimental

groups within the same time point. Same letters represent no significant differences (p>0.05), whereas
different letters represent statistical differences (p<0.05). Differences between time points for each
experimental condition is represented with * (p<0.05).

Conversely, when hBM-MSC were cultured with Co*" cell culture media supplementation, none
of the concentrations tested induced any cytotoxicity at 2 or 7 days, even with the highest
concentration of 100 uM (Figure 16A). Regarding proliferation, all Co®* concentrations tested

induced an increase of cell number from day 2 to day 7, whereas no significant differences

were found with control (Figure 16B).
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Figure 16. hBM-MSC viability and proliferation with Co®* cell culture media supplementation. A)
Viability and B) proliferation of HUVEC under different Co®* concentrations (0, 0.5, 5, 25, 50 and 100 uM)
atday2and?7.

Statistics is represented with letters when comparisons were made between the different experimental

groups within the same time point. Same letters represent no significant differences (p>0.05), whereas
different letters represent statistical differences (p<0.05). Differences between time points for each
experimental condition is represented with * (p<0.05).

3.4.2.2. hBM-MSC morphology

To further assess hBM-MSC morphology, actin cytoskeleton filament staining was performed.
During time course, cells undergo from a fibroblast-like phenotype to more enlarged
phenotype with parallel actin stress fibers extended across the entire cytoplasm, with no

apparent cytoskeleton disorganization with both ions supplementation (Figure 17 and Figure
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18). With Cu®" supplementation, no apparent differences seemed to be between conditions
(Figure 17), although with the presence of Co®* a reduction of number of hBM-MSC or less

wide cell morphology was observed with 50 UM at day 7 compared to control (Figure 18).

Control 0.1 pM 1pM

10 pMm
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Figure 17. Morphology of hBM-MSC cultured with different concentrations of cu®". Scale bar = 200 pm
and for magnification 50 pm.
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Figure 18. Morphology of hBM-MSC cultured with different concentrations of Co”". Scale bar = 200 pum
and for magnification 50 pm.
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3.4.2.3. lon influence on osteogenic gene expression

To further assess the potential of Cu®* and Co® in stimulating osteogenic differentiation in
hBM-MSC, we analyzed the expression of three main genes involved in different stages of
bone differentiation: Runx-2, ALP and OC, as early, middle and later osteogenic differentiation

markers, respectively.

Gene expression analysis at day 2 of hBM-MSC cultured with Cu®* resulted in a general
increase of Runx-2 (Figure 19A). More in detail, the concentrations of 0.1 and 10 uM induced a
significant increase compared to control. By contrast, at day 7 the condition 0.1 puM
significantly down-regulated Runx-2, whereas the rest of Cu®* concentrations tested induced
similar expression compared to control. Interestingly, regarding ALP expression, 0.1 uM
promoted an early significant up-regulation, whereas there were no significant differences
among the rest experimental groups (Figure 19B). However, at day 7, although all Cu®*
concentrations were able to up-regulate ALP expression compared to day 2, it was significantly
lower compared to control of day 7. Finally, despite OC expression was increased from day 2 to
day 7, no significant differences were found between experimental groups compared to their

respective time point control (Figure 19C).
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Figure 19. hBM-MSC gene expression. Different Cu®* concentrations were evaluated at 2 and 7 days for
the gene expression of A) Runx-2, B) ALP and C) OC. Data represented correspond to fold-changes
compared to Day 0 control.

Statistics is represented with letters when comparisons were made between the different experimental

groups within the same time point. Same letters represent no significant differences (p>0.05), whereas
different letters represent statistical differences (p<0.05). Differences between time points for each
experimental condition is represented with * (p<0.05).
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Regarding the analysis of gene expression with the presence of Co**, results at day 2 revealed a
significant up-regulation of Runx-2 with the highest concentration of 50 uM compared to
control (Figure 20A). At day 7, there was a significant down-regulation of Runx-2 with 5 uM
compared to control, whereas no significant differences were observed with the rest of
conditions. Regarding ALP, at day 2 Co®* supplementation did not alter its expression, but a
significant down-regulation in a dose-dependent manner was induced beyond 5 uM at day 7,
indicating a suppression of ALP expression (Figure 20B). Unexpectedly, although Co**
decreased the ALP expression at later time point, the expression of OC was significantly up-

regulated at day 2 by 25 uM and at day 7 by 0.5 uM (Figure 20C).
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Figure 20. hBM-MSC gene expression. Different Co” concentrations were evaluated at 2 and 7 days for
the gene expression of A) Runx-2, B) ALP and C) OC. Data represented correspond to fold-changes
compared to day 0 control.

Statistics is represented with letters when comparisons were made between the different experimental

groups within the same time point. Same letters represent no significant differences (p>0.05), whereas
different letters represent statistical differences (p<0.05). Differences between time points for each
experimental condition is represented with * (p<0.05).

3.5. Discussion

3.5.1. Role of copper and cobalt in angiogenesis

In the first part of this chapter, the role of Cu®* and Co” on angiogenesis was investigated. First
of all, we wanted to elucidate if we could use a reduced growth factor media, referred as basal
medium (BM), instead of growth factor supplemented media (GM) to better isolate the effect

of ions on the angiogenic response. HUVEC cultured with BM resulted in a lower cell number
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compared to GM, with or without Cu** and Co* supplementation (Figure 1B and C; Figure 2B
and C). Moreover, all Cu** and Co®" concentrations tested resulted toxic for HUVEC cells with
BM (Figure 1A and 2A), whereas concentrations up to 10 pM of Cu®" and 50 uM of Co** were
non-toxic for HUVEC cultured with GM (Figure 1C and 2C). The low viability and proliferation of
HUVEC with BM might be due to the reduced growth factor content, which is needed to allow
their proliferation. Therefore, we decided to use GM for the rest of experiments, as it would

ensure cell viability for subsequent analysis.

Regarding HUVEC proliferation with GM, we could observe a reduction with higher
concentrations in a dose-dependent manner either with Cu®* or Co* (Figure 1D and Figure
2D). Decrease of cell proliferation and viability with high concentration of ions might be due to
cellular toxicity induced by reactive oxygen species (ROS). In the presence superoxide (-O,-)
(produced by the mitochondria during cellular respiration) or reducing agents, such as
glutathione (GSH) or ascorbic acid (generally found in cells with a concentration of 5 mM (26)
and in cell culture media that we used for the experiments, respectively), Cu®* can be reduced
to Cu’, which in turn, can catalyze the formation of hydroxyl radicals (OH) from hydrogen
peroxide (H,0,) (produced during normal cell metabolism (27)), through Haber-Weiss reaction

(28):
* 02_ + Cu2+ - 02 + Cu+
Cut + H,0, » Cu** + OH™ + OH’

Similarly, Co?* has also been described to be involved in ROS formation (29,30). More
specifically, with the presence of oxygen, Co”" might generate the radical intermediate Co™-00

species (31):
Co** +0, - Cot+0;, > Cot —00

With the presence of superoxide dismutase enzyme (SOD) (an antioxidant enzyme present in

cells (32)), it can catalyze the decomposition of Co™-00" species to H,0, and Co™:
Cot —00 - H,0, + Co*

Finally, it was proposed that Co" could participate in the formation of OH' radicals through

Fenton reaction:

Co* + H,0, > Co** + OH + OH~
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Results of HUVEC viability when both ions were combined support the proposed equations of
ROS generation by Cu®* or Co®* discussed in the literature. More in detail, HUVEC viability was
considerably reduced (Figure 11A), compared to viability with individual culture ions (Figure 1C
and Figure 2C). As observed in ROS generation equations, Cu** generates O,, whereas Co**
consumes it. Therefore, there is the possibility that the presence of both ions might feedback
the formation of ROS. Furthermore, it is widely reported that the generation of ROS can result
in DNA damage, lipid peroxidation, depletion of protein sulfhydryls and other effects that leads
to apoptosis of cells (31), and that might explain the decreased proliferation of cells when the
concentrations of ions were increased. To confirm low viability and proliferation due to ROS

formation, further studies including quantification of ROS species will need to be undertaken.

Comparing viability and proliferation results of HUVEC cultured with Cu** with published ones,
we found similarities with another study. Stahli et al. reported a decreased HUVEC viability
when cultured with concentrations equivalent to 7, 21 and 63 uM compared to control (15).
However, our results differ from other studies reporting viability of HUVEC up to 50 uM (14) or
500 uM (13), or another study where bovine endothelial cells could proliferate with
concentrations equivalent to 160 and 315 puM, without any statistically significant decrease
respect to control cells (33). Regarding Co”", few studies are reported. Similar to our results,
Peters et al., described a proliferation decrease in a dose-concentration manner with
concentrations of 10, 50, 100, 300 and 700 uM, with half cell number with 700 uM compared
to control (19). Conversely, Tao Zan et al reported an enhanced proliferation of EC in a dose-
dependent manner with Co®* concentrations of 50, 100 and 200 uM (17). There are different
results found in the literature regarding viability and proliferation of HUVEC with Cu®* or Co*".

However, the cause of this variability is still unknown.

Regarding the gene expression induced by Cu®* and Co®, it is generally reported that both ions
can enhance the angiogenic response by the stabilization and increase of HIF-1a, which in turn
triggers VEGF transcription (5,6). Our results demonstrated that, in a wide overview, with Cu®*
supplementation it seems that higher concentrations (10 pM) of Cu®* have a significant
contribution in angiogenesis at early times observed with VEGF and PECAM-1 expression,
whereas lower concentrations (0.1 and 1uM) seems to have a more therapeutic effect at later
stage. However, statistical analysis revealed no correlation between HIF-la and VEGF
expression. Our findings are in agreement with a previous study. More specifically, authors
suggested that Cu** might be required for the binding of HIF-1a to HRE sequence of target
genes such as VEGF, but its deprivation did not affect the expression or stability of HIF-1a but

it did decrease VEGF expression (16). This might explain why we could observe an increase of
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VEGF although it was not correlated with HIF-1a expression. However, further studies are
required to elucidate the mechanism of action of Cu®* in angiogenic gene expression. In
addition to this, it has been described that PECAM-1 is involved in endothelial cell migration
and angiogenesis (34—36), and a reduction of blood vessel formation was reported when being
inhibited (37). Here, we observed a significant increase of PECAM-1 expression with higher
doses at early times (10 uM at 24h) and with lower doses at later times (0.1 and 1 uM at day
7), further suggesting an enhancement of angiogenic response with Cu®*. Gene expression
results seem to be in accordance with results obtained with tubule formation assay (Figure 9).
Although there were no statistically significant differences, we could observe an increase of
number nodes, number of meshes and total tube length with 0.1 and 10 uM at an early time of
4h, with higher values with 10 uM, whereas at a later time, at 8h, the lowest concentration of

0.1 uM seemed to have higher values.

Regarding results of gene expression induced by Co”, although lower concentrations can
enhance the angiogenic response at specific times, it seems that higher concentrations of 25
and 50 UM enhance the response either at 2 and 7 days through the increase of HIF-1a, VEGF
and PECAM-1 expression. Remarkably, we found a strong and significant correlation between
HIF-1a and VEGF expression. These results are similar to a previous study demonstrating that
Co” induced increased HIF-1a and VEGF expression in a dose-dependent manner, although
the concentrations that they used were higher, specifically 50, 100 and 200 uM (17). Authors
mentioned that Co®* act as prolyl hydroxylation inhibitor, hence inhibiting HIF-1a degradation
and stabilizing it, with subsequent VEGF expression. Moreover, the up-regulation of PECAM-1
expression with high concentrations further indicates an enhancement of angiogenic response.
Alternatively, the results obtained from tubule formation assay indicated that Co** seemed to
have an effect in vascular structure formation. It was observed an increase of number of
nodes, number of meshes and total tube length with 0.5, 5 and 25 uM at early time of 4h, and
with the lowest concentrations of 0.5 and 5 uM at later time of 8h. However these increases
were not statistically significant. Importantly, the highest concentration of 50 uM induced an
impairment of angiogenesis at 8h. This impairment was in accordance with a previous study
where the in-vitro capillary formation of human EC was impaired with Co®* concentrations of
50, 100 and 300 pM (19). The authors hypothesized that Co®* exposure could induce
interference of integrin signaling, which is normally regulated by divalent metal ions such as
Ca’*, Mg”" and Mn?*. Integrins recognize and respond to a variety of extracellular matrix

proteins (38) and their signaling interference can lead to an impairment of EC adhesion (39),
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which might be an explanation for the impairment of vascular network structures formation

with the highest concentration of Co™".

Finally, as we observed an enhanced angiogenic response with individual culture of Cu®* and
Co** with HUVEC, we further evaluated the response when combined together. As far as we
know, no previous studies are reported analyzing the role of these two ions combined
together, neither as cell culture media supplement or as delivered from scaffolds. To our
surprise, we could not observe any significant up or down-regulation of HIF-1a, VEGF or
PECAM-1 between conditions during all time course of the experiment (Figure 13), or any
significant difference of number of nodes, number of meshes and total tube length with the in
vitro tubule formation assay compared to control (Figure 14). As we observed differences
when both ions were cultured individually, these results point to the likelihood that both ions
are mutually inhibiting each other when being together. Future research on elucidating the
exact mechanisms by which Cu®* and Co” induce the angiogenic response might extend the

explanation of our inhibition results found when combined together.

3.5.2. Role of copper and cobalt in osteogenesis

As we wanted to elucidate the effect of Cu®" and Co®' in osteogenic differentiation, we
cultured hBM-MSC with osteogenic medium, as MSC can differentiate towards other cell
lineages. Differences between both ions were observed in viability, proliferation and

osteogenic gene expression.

Regarding Cu®* supplementation, hBM-MSC showed viability with concentrations up to 10 uM,
whereas higher concentrations demonstrated to be toxic for them (Figure 15A). These results
are in accordance with another study, which reported cytotoxic effects of Cu** with
concentrations over 10 uM (24). The reduced viability with higher concentrations can be due
to the ability of Cu® to form ROS, as mentioned earlier. Interestingly, at day 7 we observed a
significant increased viability with 0.1 and 1 uM compared to control, and more surprisingly,
viability of hBM-MSC with 10 M was higher than HUVEC. Regarding Co** supplementation, all
concentrations tested up to 100 uM did not show any cytotoxic effect at day 2 and 7 (Figure
16A). These results are similar to a previous published study, in which hMSC did not present
toxicity for concentrations up to 200 uM, although a slight reduction was observed with 400
1M at 48h (40). In general, hBM-MSC showed higher viability when cultured with Cu** or Co**
compared to HUVEC cells. It has been demonstrated that MSC are resistant to oxidative stimuli
by constitutively expressing antioxidant enzymes, mainly SOD (involved in the formation of

H,0, from 0O,), catalase (CAT) and glutathione peroxidase (GPx) (both involved in the
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formation of H,0 and O, from H,0,) (41). Other studies demonstrated MSCs antioxidant
activity by their administration to animal models associated with oxidative stress, resultingin a
reduction of ROS levels (41). Therefore, that might explain why viability was higher, as MSCs
have enhanced antioxidant properties. This is more evident when hBM-MSC were cultured
with Co** compared to Cu®". The reason why Co®" is less harmful is not clearly understood, but

we hypothesized that the kinetic reaction with Cu®* might be higher than Co**.

During MSC differentiation, there is a first high proliferation phase followed by a specific
osteogenic differentiation where the proliferation rate is reduced. Control samples with
osteogenic differentiation media showed no proliferation from day 2 to day 7, suggesting their
bone differentiation commitment. However, in general, non-toxic concentrations of cu®* or
Co™ revealed a slight increase in cell number (Figure 15B and Figure 16B). This could be
explained at some extend due to hypoxic conditions. On one hand, it has been previously
described that MSC can maintain their proliferation capacity in hypoxic conditions, whereas in
normoxic conditions they stop proliferating and start differentiating (42,43). On the other
hand, several studies reported Co** and Cu** as hypoxia mimicking ions, increasing HIF-1a
expression in MSC (8,22,44). In turn, HIF-1a has been described to activate a battery of genes,
amongst them some involved in cell proliferation (45). Therefore, we hypothesized that hBM-
MSC cultured with Cu®* or Co** might induced hypoxic-mimic conditions and eventually
maintained proliferation. However, further studies involving HIF-1a and cell cycle under these
ions with MSC are required to confirm this hypothesis. Despite there was statistically
significant increase in cell number from day 2 to day 7 with Cu** or Co®* supplementation, it
could be considered a subtle increase, suggesting a commitment to osteogenic differentiation.
In this line, hBM-MSC gene expression results showed an early expression of Runx-2 at day 2
either with Cu** or Co®* supplementation (Figure 19A and Figure 20A), indicating an early
commitment. Although a significant increase of OC expression was observed only with Co**
supplementation (Figure 20C), both ions resulted in ALP suppression in a dose-dependent
manner (Figure 19B and Figure 20B), suggesting an osteogenic differentiation impairment. This
ALP suppression is in accordance to a previous study where authors observed a decrease in
ALP activity in a dose-dependent manner compared to non-supplemented cell culture media
(46). Authors referred to another study for a possible explanation. More specifically, Hsu et al.
demonstrated that HIF-1a stabilization due to hypoxia or CoCl, treatment, induced hMSCs
osteogenic differentiation impairment caused by the switch from aerobic to anaerobic

metabolism (47). Same authors previously demonstrated that metabolic switch from anaerobic
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to aerobic is required for osteogenic differentiation (48). Therefore, Cu®>* and Co*', described to

mimic hypoxia, might not provide the proper environment to allow hMSC differentiation.

3.6. Conclusions

To summarize, we could observe that Cu** and Co®* ions seem to enhance the angiogenic
response in HUVEC cells with different concentrations, although results showed that some
concentrations are more beneficial in different time points than others. However, further
studies analyzing the expression of these markers in a protein level are necessary to validate
the conclusions that are drawn from angiogenic gene expression results. Regarding the
osteogenic response, although early gene expression results indicate an early commitment of
hBM-MSC when cultured with Cu** or Co*, later time points indicate a clear suppression of
osteogenic differentiation. Therefore, these results are not conclusive whether Cu® or Co™*
induce osteogenic therapeutic response. Further studies including protein expression and
extending culture period time up to 21 days would provide more information about both ions

effect in osteogenic response.
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CHAPTER 4. First approximation of microparticle development method
and their encapsulation within fibers as dual drug delivery system

4.1. Introduction

Bone tissue has the ability of self-regeneration in response to small size damage, although it is
unable to regenerate tissue damage with a size higher than 2.5 cm (1). In this last case, clinical
intervention using autologous or allogeneic bone grafts have been the gold standard
treatment for a long time, although they possess some disadvantage such as availability of the
graft, possible immune response and possible risk of disease transmission (2,3). Therefore, the
development of synthetic grafts for bone tissue engineering (BTE) emerged as an alternative
source for bone regeneration. First attempts in BTE resulted in the use of biological inert
materials to just fill the bone defect volume (4). Over the years, those scaffolds have evolved
to meet some characteristics: i) they should be biocompatible; ii) biodegradable, presenting
predictable degradation rate similar to the regeneration rate; iii) porous, to allow cell ingrowth
and nutrient and oxygen diffusion; iv) ability to promote osteogenic differentiation; and v)
preferable with a customized shape in order to fill different bone defects (5,6). Moreover,
because bone regeneration involves multiple steps (inflammation, angiogenesis, chemotaxis
and osteogenesis) and multiple signaling molecules through them, scaffolds developed as
multi drug delivery systems (DDS) have been considered more effective. More in detail, these
DDS offer the possibility to deliver different therapeutic molecules encapsulated in different
compartments in a time-dependent manner. Scaffold compartmentalization is achieved with
core-shell microsphere or fiber structures (7) or by combining different formulations of
biomaterials (nano/microparticles, fibers and hydrogels), for instance, microspheres
embedded within fibers or within hydrogels, fibers within hydrogels, to mention a few (8).
With these approaches, usually, the molecules incorporated in the outer part of the scaffold
are firstly released, whereas molecules encapsulated in the inner part are delivered
afterwards. Therefore, DDS have made possible to mimic different phases of bone
regeneration. For instance, Hsu et al., developed poly(D,L)-lactide-co-glycolide (PLGA) core-
shell nanofibers where vancomycin and ceftazidime, two antibiotics, were encapsulated in the
shell, and the osteogenic growth factor BMP-2 in the core (9), with the scope to avoid infection
and stimulate osteogenesis. Results demonstrated dual delivery of these molecules, avoiding
bacteria growth and enhancing osteogenic differentiation with enhanced ALP activity. As
another example, in order to stimulate angiogenesis followed by osteogenesis, Kanczler et al.,

developed alginate fibers embedded in PLA matrix containing VEGF and BMP-2, respectively
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(10). VEGF was first released from day 7, and thereafter, BMP-2 was released up to 28 days,

demonstrating an increased bone formation with an in vivo femoral bone mouse defect.

Generally, growth factors or antibiotics have been extensively incorporated in DDS. However,
they have some drawbacks. More specifically, antibiotics can induce antimicrobial resistance,
considered one of the biggest threats to global health according to World Health Organization
(11), and growth factors have delicate handling properties and short half-life. As an alternative,
some ions have been considered as another attractive option as they have been described to
induce therapeutic effects, with the ability to regulate cellular functions, and at the same time,
presenting higher stability (12). For instance, examples of therapeutic roles are anti-bacterial,
described with silver, copper, zinc, gallium (13); anti-inflammatory, reported with magnesium
or zinc (14,15); angiogenic, demonstrated with copper, cobalt and silicon (16); or osteogenic,

described with silicon, zinc or strontium (12,16).

This chapter describes an alternative approach to develop osteogenic microparticles in an easy
and feasible way. The diameter of microcarriers have been previously described to have an
influence in cell adhesion, being the range of 100-400 um appropriate for cell attachment (17).
Moreover, we embedded them within fibers in order to develop a DDS. As a proof of concept
of the material design as a DDS, we incorporated two different therapeutic ions, within
microparticles and through the fiber, to study their behavior release, in order to stimulate

early regeneration phases of bone.

4.2, Objectives

The main objective of this chapter was to develop a dual drug delivery system. For this
purpose, we first aimed to develop osteogenic alginate/hydroxyapatite (HA) composite
microparticles and embed them in alginate monofibers. As a second objective, we aimed to
introduce bioactive properties in this system by doping it with two therapeutic ions,
subsequently modulating their dual release. Schematic representation of dual ion delivery

system is shown in Figure 1.
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Figure 1. Schematic representation of dual ion delivery system. Alginate monofibers containing a
therapeutic ion (A**) and with embedded microspheres made of hydroxyapatite (HA) and alginate blend
containing another therapeutic ion (B*).

4.3. Materials & Methods

For the development and optimization of alginate/HA microparticles and alginate monofibers,
we used calcium (Ca®*) as a model ion for the cross-linking. After the optimization, therapeutic

ions were introduced.

4.3.1. Microparticle development

As a first step, we optimized microparticle development, composed of mixtures of alginate
with hydroxyapatite (HA). To this purpose, we first determined the minimum alginate
concentration that allowed microparticle gelation once in contact with CaCl, (Sigma-Aldrich)
solution. Then, different amounts of hydroxyapatite (particle size 2.5 um, Sigma-Aldrich) were
added, with ratios %w/w alginate:HA of 1:0, 1:4 and 1:40, dissolved with mili-Q H,0. The
resultant mixture was introduced in a fingertip spray bottle (DDBiolab). Microparticles were
generated by spraying the sample into 300 mL of 150 mM CaCl, contained within a non-
adhesive circular container within 20 cm of distance (Figure 2). Once the sprayed solution got
in contact with the surface of CaCl,, instant crosslinking occurred. After 5 min of incubation,
microparticles were sieved with 300, 100 and 50 um pore size meshes (DDBiolab) and with the
aid of mili-Q H,0. Fractioned microparticles in the range of 50-100 um and 100-300 um were

kept with mili-Q H,0 and used thereafter.
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Figure 2. Schematic representation of microparticles development. A blend of alginate with
hydroxyapatite is sprayed into 150 mM calcium chloride and incubated for 5 min. Then, microparticles
are sieved with meshes with pore size of 300 um, 100 um and 50 um.

4.3.2. Characterization of microparticles size distribution

The size distribution of sieved microparticles was assessed by Laser diffraction. Briefly, a laser
beam passes through microparticles dispersed in mili-Q H,0. The angle of light scattered is
inversely proportional to particle size (for instance, the larger the particle size, the smaller the
angle of light scattered). Initially, in order to see the particle size distribution of the prepared
microparticles, we evaluated the size distribution of the different ratios tested (1:0, 1:4 and
1:40). Then, we analyzed the particle size distribution of the sieved microparticles in order to
confirm that the size distribution was in the range we expected. We sprayed three times the
different ratios to obtain three triplicates per condition. Samples were measured using the

Universal Liquid Module of LS13320 (Beckman).

4.3.3. Fiber development

As a second step, we optimized alginate fiber development. To this purpose, we used several
parameters, which included alginate concentration, syringe needle and injection speed.
Schematic representation of sodium alginate fiber development is shown in Figure 3. First,
sodium alginate (PanReac Applichem) was dissolved with mili-Q H,0 at ratios that allowed
fiber shape structure when extruded and, at the same time, that allowed their handling
manipulation. Then, it was loaded in a 5 mL syringe (Becton Dickinson). A volume of 0.2 mL of

alginate solution was extruded in a 150 mM CacCl, crosslinking solution through different sizes
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of syringe needles. More specifically, the sizes tested were 20G (2o.: 0.9 mm; @;,: 0.65 mm),

25G (Dou: 0.5 mm; @i,: 0.32 mm), 26G (Dou:: 0.46 mm; i,: 0.26 mm) and 27G (4. 0.4 mm; @5,

0.22 mm) (Becton Dickinson). Different constant — w

injection speeds (10, 50, 100 and 150 ml/h) were

studied with the aid of an infusion syringe pump (KD (2)

Scientific). After 5 min of incubation with CaCl,, three )

washes with mili-Q H,0 were made to remove the e
4)

excess of ions. Then, they were stored with mili-Q

N\
H,0. There were three triplicates per condition and

Figure 3. Schematic representation of
alginate fiber development. An infusion

Microscope (Zeiss). Ten measurements of the syringe pump (1) was used to control
the injection speed for the extrusion of
diameter per fiber were made to assess how the  jiginate (2) through a syringe needle (3)

into calcium chloride solution (4).

captures of them were performed with Stereo

concentration of alginate, the syringe needle size and

the injection speed affected the size of the fiber.

4.3.4. Development of drug delivery system

We chose copper (Cu®") (CuCl,, Sigma-Aldrich) and cobalt (Co®*) (CoCl,, Sigma-Aldrich) as
therapeutic ions to be incorporated within alginate/HA microparticles and alginate fibers,
respectively. Although fiber and microparticle optimization was performed with Ca®, it was
assumed the same outcome when Cu®* or Co** were incorporated, as Ca** still remained as the

majority ion.

For the incorporation of Cu* within alginate/HA microparticles, different combinations of Ca**
and Cu®* were incorporated in the crosslinking solutions, shown in Table 1, following the same

procedure explained in section 4.3.1.
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Table 1. Crosslinking solution composition for alginate/HA microparticle formation. Concentration of
divalent cations of Ca’* and Cu** was varied to crosslink alginate with HA and incorporate Cu™".

Schematic
Sample code CaCl, (mMm) CuCl, (mM)
representation
150Ca/0Cu 150 0 /
4
149Ca/1Cu 149 1 . . '/
140Ca/10Cu 140 10

In order to incorporate Co** within alginate fiber, different combinations of Ca** and Co”" were
incorporated in the crosslinking solution, shown in Table 2, following the procedure described

in section 4.3.3.

Table 2. Crosslinking solution composition for alginate fiber formation. Concentration of divalent
cations of Ca*" and Co”* was varied to crosslink alginate and incorporate Co”".

Schematic
Sample code CaCl, (mV) CoCl, (mM)
representation
150Ca/0Co 150 0
149Ca/1Co 149 1 \
V4
140Ca/10Co 140 10 \ J

Different amounts of microspheres were incorporated into the fiber by mixing them with
alginate fiber solution by volume (%v/v), until the alginate fiber could contain the maximum
microspheres without jeopardizing the fiber structure. In all cases, the final concentration of
alginate fiber was the one previously optimized that allowed its handling manipulation. The

size of fibers with the maximum amount of microparticles incorporated was measured.
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4.3.5. Release of cobalt and copper

The ion release of different combinations of Ca*" and Cu** from alginate/HA microparticles
embedded within alginate fibers cross-linked with different combinations of Ca** and Co**

were studied. Different combinations of ions are shown in Table 3.

2+

Table 3. Different combinations of Ca’*, Cu® and Co™ in crosslinking solutions of alginate/HA

microparticles and alginate fibers.

Microparticle Fiber
Schematic

Sample code crosslinking crosslinking

representation
solution solution

CBCIZ CUCIZ CaCIZ COCIz
(mM)  (mM) | (mM)  (mM)
150Ca/0Cu - 150Ca/0Co 150 0 150 0
149Ca/1Cu — 149Ca/1Co 149 1 149 1
149Ca/1Cu - 140Ca/10Co 149 1 140 10
140Ca/10Cu - 149Ca/1Co 140 10 149 1
140Ca/10Cu - 140Ca/10Co 140 10 140 10

The ion release study was performed under sterile conditions. Briefly, alginate and
hydroxyapatite powders were sterilized under 3 rounds of 15 min each one with UV. After
sterilization, they were resuspended with mili-Q H,0 previously filtered with 0.2 um filters.
Crosslinking solutions of CaCl,, CuCl, and CoCl, were also filtered with 0.2 um filters for their
sterilization. The fingertip spray bottle, the mili-Q H,0 container and meshes were sterilized

with gas plasma (Johnson & Johnson). The non-adhesive circular container was autoclaved.
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For each condition, triplicates of 0.15 ml of alginate fibers containing microparticles were
extruded and after 5 min of incubation, they were soaked 3 times with cell culture media to
remove the excess of ions. Subsequently, each fiber was incubated with 1 mL of endothelial
growth medium (EGM-2) (Lonza) at 37°C for a total duration of 7 days. Supernatants were
collected at 1, 3, 5 and 7 days. For their analysis, each mL of supernatant was diluted with 9 mL
of 2% HNOj; (dilution 1:10), and kept at 42C until analysis. The release of Ca”*" ions were
analyzed with inductively coupled plasma — optical emission spectrometry (ICP-OES) and the
release of Cu** and Co”>* were analyzed with inductively coupled plasma — mass spectrometry

(ICP-MS). Cell culture media without fiber incubation was used as blank.

4.3.6. Statistical analysis

Statistical analysis was performed using SPSS software (SPSS v21, IBM). Kruskal-Wallis and
Mann Whitney U non-parametric tests were used to compare microparticle mean size from
different microparticle compositions and the size of pristine alginate fibers and fibers with the
maximum microparticles incorporated. Statistically significant differences were considered

with p<0.05.

4.4, Results
4.4.1. Microparticle size distribution

For microparticle development, we aimed to use the minimum alginate concentration that
allowed alginate microparticle formation, which was found to be 0.5% (% wt). From this point
on, we increased HA amount to determine until which amount was possible to spray. We
found that the ratio of alginate:HA of 1:50 presented difficulties of being sprayed and partially
obstructed the fingertip spray, but up to 1:40 could be easily sprayed. To assess if this method
was reproducible to develop microparticles, we analyzed triplicates of the size distribution of

them with an alginate:HA ratio of 1:0, 1:4 and 1:40.

Un-sieved microparticles of ratios 1:0, 1:4 and 1:40 did not present differences in the mean
size (Figure 4). However, sieved microparticles presented significantly differences between
different microparticles compositions. More in detail, microparticles in the range 50-100 pm
presented smaller mean size when HA mount was increased, whereas microparticles in the
range of 100-300 um the higher mean size was obtained with 1:4 instead of 1:0. In both size
ranges, the 1:40 ratio presented the smaller mean size, being 85.3 2.8 um with 50-100 um

size range and 253.6 +2.0 um with 100-300 um size range. Moreover, the coefficient of
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variation obtained was low in all compositions tested, indicating reproducibility of this

technique.
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Figure 4. Mean size of microparticles. Representation of mean size of sieved and non-sieved
alginate:HA microparticles with different compositions (1:0, 1:4 and 1:40). Abbreviations: MPs =
microparticles.

*Statistically significant differences (p<0.05).

Size distributions of non-sieved and sieved microparticles showed practically an overlap
between triplicates with all compositions tested (microparticles sprayed in three different

times), further demonstrating the reproducibility of this technique (Figure 5).
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Figure 5. Alginate/HA microparticle size distribution. Triplicate size distribution of un-sieved and sieved
microparticles of alginate:HA A) 1:0, B) 1:4 and C) 1:40. Abbreviations: MP = microparticle.

After sieving the microparticles, we assessed the percentage of microparticles that had a size

between 50-100 pum and 100-300 um within the microparticles obtained in the range of 50-100

um and 100-300 um, respectively. With the ratio 1:0, the respective amounts with 50-100 pm

and 100-300 um were 63.3 + 1.4% and 63.1 + 5.2%, respectively (Figure 6). For image capture,

microparticles were stained with red ink for a better visualization.
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Figure 6. Sieved microparticles alginate:HA 1:0. A) Triplicates of sieved microparticles between 50-100
um. Left: percentage of microparticles between 50-100 um is represented in the size distribution graph.
Right: stereomicroscope images of the microparticles (stained with red ink for their visualization). B)
Triplicates of sieved microparticles between 100-300 um. Left: percentage of microparticles between
100-300 um is represented in the size distribution graph. Right: stereomicroscope images of the
microparticles (stained with red ink for their visualization). Scale bar: 500 um and for magnification 200
pum.

With the ratio 1:4, the amount obtained were 61.1 + 3.8% and 56.9 + 3.0% with 50-100 um

and 100-300 um sieved microparticles, respectively (Figure 7).
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Figure 7. Sieved microparticles alginate:HA 1:4. A) Triplicates of sieved microparticles between 50-100
um. Left: percentage of microparticles between 50-100 um is represented in the size distribution graph.
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Right: stereomicroscope images of the microparticles. B) Triplicates of sieved microparticles between
100-300 pum. Left: percentage of microparticles between 100-300 um is represented in the size
distribution graph. Right: stereomicroscope images of the microparticles. Scale bar: 500 um and for
magnification 200 pm.

Finally, with the ratio 1:40, an amount of 75.4 + 2.1% and 71.5 + 1.3% were obtained with 50-

100 um and 100-300 um sieved microparticles, respectively (Figure 8).
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Figure 8. Sieved microparticles alginate:HA 1:40. A) Triplicates of sieved microparticles between 50-100
um. Left: percentage of microparticles between 50-100 um is represented in the size distribution graph.
Right: stereomicroscope images of the microparticles. B) Triplicates of sieved microparticles between
100-300 um. Left: percentage of microparticles between 100-300 um is represented in the size
distribution graph. Right: stereomicroscope images of the microparticles. Scale bar: 500 um and for
magnification 200 um.

When observing the stereomicroscope images of the microparticles, in general 50-100 pum
microparticles presented homogeneity and sphericity in all compositions (Figure 6A, Figure 7A
and Figure 8A). By way of contrast, the ratio 1:40 maintained the morphology more spherical
with the size range of 100-300 um compared with 1:4 and 1:0 (Figure 6B, Figure 7B and Figure
8B). It is worth to mention that we could manipulate those microparticles without jeopardizing
their structure. However, if we pressed the microparticles strongly they eventually broke,

probably due to low alginate concentration.

For further experiment analysis, we considered to use the alginate:HA ratio of 1:40, as it allows
the maximum hydroxyapatite incorporation. Furthermore, we selected the size range of 100-
300 um to be used for subsequently assays, as it is described to be the appropriate size to

allow cell adhesion and tissue ingrowth.
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4.4.2. Alginate fiber size

One of the second things that we wanted to determine was the size of alginate fibers. For this
purpose, we assessed how different variables (alginate concentration, needle diameter (G) and
injection speed) affected the final alginate fiber diameter, in order to choose the most

appropriate parameters to encapsulate microparticles within them.

Regarding the injection speed, in general we could observe that its increase resulted in an
increase of alginate fiber diameter as represented in Figure 9. The lowest concentration of
alginate of 0.5%, in general presented higher diameters compared to 1.5% concentration.
Moreover, 0.5% presented higher standard deviation and coefficient of variation in more than
half of the conditions compared to 1.5%, suggesting higher homogeneity of fiber size with
1.5% alginate (Figure 9). Moreover, needle G also presented an effect on the final fiber
diameter, obtaining the higher sizes with the higher inner diameter of the needle (20G) (Figure

9).
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Figure 9. Alginate fiber size. Representation of alginate fiber size depending on alginate concentration,
needle gauche and injection speed.

As we aimed to obtain microparticles with a maximum size of 300 um and incorporate them
within alginate fibers, we decided to use 20G needles as they have an inner diameter of 650
pum and it would avoid possible obstructions. We decided to use 1.5% alginate concentration
as it presented more fiber size homogeneity and at the same time, it possessed higher
mechanical properties to allow handling manipulation without breaking compared to 0.5%.

Finally, as previously mentioned, we observed that alginate/HA microparticles could break
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when we applied pressure on them. Therefore, 100 and 150 mL/h of injection speed were
considered too high with the possibility of damaging microparticle structure when extruded
due to high shear stress. Alternatively, 10 and 50 mL/h present lower and similar flow rate, so
we decided to use 50 mL/h as that would be less time consuming. Additionally, the fiber size
obtained with 50 ml/h is higher than 10 ml/h, specifically 550.5 pum and 488.7 um,

respectively, therefore providing more space to accommodate big size microparticles.

4.4.3. Microparticle incorporation within alginate fibers

Finally, we aimed to incorporate the maximum microparticle size of 100-300 um with the
composition 1:40 within alginate fiber. For this purpose, we started incorporating 10% (%v/v)
and gradually increased the amount. An amount of 60% (% v/v) resulted in fiber rupture while
extruding it and needle obstruction. A final amount of 50% (% v/v) was the maximum that
could be incorporated within alginate fiber without rupture and needle obstruction, and also
could maintain homogeneous diameter size as shown in Figure 10. The size of alginate fibers
containing 50% of 1:40 microparticles was 595.8 + 25.9 um, which was statistically significant
higher than pristine alginate fibers, which had a size of 550.5 + 23.8 um (p<0.01). For further
experiments, we encapsulated microparticles within fibers with a ratio of 50 % (v/v). It is worth
to mention that with this amount of microparticles loaded, they were close to the surface with

an almost direct contact to the exterior.

0% 10% 50%

Figure 10. Incorporation of alginate/HA composite microparticles within alginate fibers. Images of
pristine alginate fibers (left), the minimum (10%) amount of microparticles incorporated (% v/v) (middle)
and maximum amount (50%) that could be incorporated avoiding fiber rupture (right). Scale bar = 500
pm.

4.4.4. lon release
To further assess the possibility to use the alginate/HA composite microparticles embedded
within alginate fibers as an ion delivery system, we chose Cu®* and Co®" as therapeutic ions to

study their release, incorporating them in the crosslinking solutions as described in Table 3. As

it was observed that microparticles were close to the fiber surface, we hypothesized that the
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ion incorporated would have a direct release. Therefore, as Cu®* has been described as
antibacterial and Co?* as angiogenic, we incorporated Cu®* in the microparticles and Co®" in the
alginate fiber, to provide the DDS with anti-bacterial and angiogenic properties. Moreover, as
Ca”" was also introduced in the crosslinking solution to maintain the total ion concentration to

150 mM, its release was also studied.

In general, Ca®* and Cu** presented a burst release profile, whereas Co®* presented a more
sustained release close to zero order kinetics. More in detail, when Co®* and Cu** where not
incorporated in the DDS, Ca** showed the maximum concentration delivered (Figure 11A).
With the minimum incorporation of Co** and Cu®, specifically 1 mM in their respective
crosslinking solution, the release of calcium was reduced (Figure 11B). Interestingly, the
concentrations of Cu®* delivered were higher than Co®. As expected, maintaining the
concentration of Cu** and increasing the concentration of Co’* to 10 mM, the concentrations
of Ca’* was reduced whereas the concentrations and release profile of Cu** were maintained
(Figure 11C). Curiously, Co** presented a zero order kinetics release, with higher
concentrations delivered compared to Cu®* at the end of the experiment. Unexpectedly, when
Cu* concentrations were increased up to 10 mM in the crosslinking solution and Co®* reduced
to 1 mM, the amount of Cu** released was higher than Cca* (Figure 11D). Moreover, the
amount of Co* released was lower compared to the previous condition where the same
amount of Co®* was incorporated (Figure 11B and D). Finally, when the concentration of Co**
was also increased up to 10 mM in the crosslinking solution, the amount and release of Cu**
was maintained the same as the previous condition where the same amount was introduced
(Figure 11D and Figure 11E). Additionally, the amount of Ca** was reduced compared to Cu**
and all previous conditions tested. Interestingly, the release profile of Co** presented a zero
order kinetics (Figure 11E). However, the amounts released where lower than a previous
condition where the same amount was incorporated (Figure 11C), although in that case, the

amount of Cu®" incorporated was lower.
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Figure 11. Sustained release of calcium, cobalt and copper ions. Different concentrations of calcium,
cobalt and copper were incorporated in the dual drug delivery system using different crosslinking
solutions with different ion concentrations (microparticle-fiber): A) 150Ca/OCu — 150Ca/0Co, B)
149Ca/1Cu — 149Ca/1Co, C) 149Ca/1Cu — 140Ca/10Co, D) 140Ca/10Cu — 149Ca/1Co, E) 140Ca/10Cu —
140Ca/10Co. Release of ions measured up to 7 days.
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4.5, Discussion

In this study, we aimed to develop a dual DDS. For this purpose, we first aimed to develop
microparticles with osteogenic composition for bone regeneration purposes and incorporate
them within alginate. As a proof of concept, we introduced two therapeutic ions within DDS to
study if the material design was appropriate to control and deliver those ions. More
specifically, the ions introduced were Cu®* and Co*", described to promote antibacterial and

angiogenesis response, respectively.

Initially, we aimed to develop microsphere-like particles using a spraying method.
Microspheres present some advantages such as the possibility to encapsulate many types of
drugs, such as small molecules, proteins and even nucleic acids, being able to provide a
sustained release over long periods of time (18). In the last decades, several methods have
been used for microsphere development, being the most used the emulsification method
(such as water-in-oil emulsion) and nozzle extrusion method (such as spray-drying or
electrospraying) (19,20). Briefly, emulsification consists of stirring hydrophilic solution in a
continuous hydrophobic phase. Due to immiscibility between the two phases, droplets are
generated and can be separated (21). Alternatively, with nozzle extrusion method the polymer
solution is discontinuously ejected as droplets using a high pressure (spray-drying) (22) or an
electrical field (electrospraying) (23). Here, we aimed to use a method similar to nozzle
extrusion to eject the liquid microparticle composition as droplets. In a different way, we used
a fingertip spray bottle to eject the alginate/HA blend into a divalent ion crosslinking solution
to instantly gel the droplets. To the best of our knowledge, there is only one study reporting
this method as well, generating pure alginate microspheres containing cells (24). Our results
demonstrated practically the same size distribution between triplicates with all alginate/HA
blends tested (Figure 5), with a low coefficient of variation of the mean size (Figure 4),
indicating high reproducibility of this method. Further, we wanted to analyze the percentage
of microparticles obtained in the range of 50-100 um and 100-300 um after sieving them. To
our surprise, not all particles were in these ranges, specifically between approximately 30 and
40% of the microparticles had higher sizes, according to the size distribution (Figure 6, Figure 7
and Figure 8). When observing the stereoscope images of the microparticles (Figure 6, Figure 7
and Figure 8), not all of them have spherical form, presenting elongated shape. Therefore, a
possible explanation is that large particles could pass through the pore meshes due to their
elongated shape. Additionally, the results of how HA influences the mean size of microparticles
is similar to another study, where it was also found a decrease size of alginate/HA beads when

the amount of HA was increased (25).
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As HA has been described to be osteoconductive and enhance osteogenic differentiation and
bone formation with MSC (26-28), we aimed to introduce the maximum HA amount to
improve the osteogenic properties of the microparticles and mimic the native inorganic
composition of bone. We mixed HA with the minimum alginate concentration that maintained
HA particles compact forming microspheres-like structures and allowed the spraying. Other
studies developed alginate/HA microspheres with the ratio 1:15 (29) or with the ratios 95:5
and 50:50 (25). In this last study, in vitro experiments with human MSC demonstrated an
enhanced osteogenic differentiation and matrix deposition with the highest amount of HA, and
in vivo experiment with a rat femoral condyle defect resulted in a higher bone growth due to
the presence of HA (25). Authors suggested that this enhancement could be due to MSC
recognition to the matrix component (HA) and that HA increased roughness, facilitating cell
attachment sites and interaction with proteins excreted by cells. Our microparticle
composition of choice had an alginate:HA ratio of 1:40, which is higher than the previous
studies mentioned. In our case, HA is the main composition of microparticles and alginate is
used as a binder, with the minimum amount. In this regard, other studies used HA as the main
scaffold component and demonstrated cell adhesion, proliferation (30), osteogenic
differentiation and in vivo bone formation (31). According to these studies, our microparticles
would have the potential to stimulate osteogenic response. Another advantage of 1:40
microparticle composition is that they presented a more spherical morphology compared to
1:4. Microsphere structures are described to have a high drug loading efficiency and to better
control the release of molecules due to surface area-to-volume ratio (18,32). Therefore, 1:40
morphology was another reason of choice. Moreover, it is described that microspheres
between 100 and 400 um are an appropriate size for cell attachment and proliferation (17). In
addition, those sizes give an appropriate porosity to the scaffold for cell infiltration and tissue
ingrowth (33). At the same time, it is described that higher microsphere size have a more
sustained release than smaller ones due to surface-volume ratio and diffusion based release
(34). Therefore, for all these reasons, we chose microparticles of 100-300 um to be

incorporated within fibers.

As a second step, we aimed to design alginate fibers with appropriate size to incorporate
microparticles within them. To this purpose, we studied how alginate concentration, needle
diameter and injection speed influenced the final fiber diameter. In several of the conditions
tested, the low concentration of alginate of 0.5% presented more variability in size and higher
diameter, whereas with 1.5% concentration alginate fibers presented more homogeneity and

lower size (Figure 9). A possible explanation of the higher size with lower concentration of
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alginate could be due to the presence of less alginate chains to be cross-linked with, and
therefore, a higher expansion of them before binding when it is extruded. Regarding the
injection speed, we could observe a general increase of fiber size when increasing the flow
rate, which is in accordance with a previous study (35). As expected, the diameter of the
needle also influenced the final diameter of alginate fibers, obtaining the higher sizes with 20G
needle. The inner diameter of 25, 26 and 27G needles does not differ considerably between
them, and that can explain the similar alginate fiber sizes obtained, whereas 20G needle has an
almost double diameter compared to 25G, clearly resulting in a higher fiber diameter (Figure
9). Taking into account these first results, we considered to use a concentration of alginate for
fiber development of 1.5% as it presented proper stability to allow handling manipulation
without jeopardizing its structure, and at the same time, it presented more homogenous fiber
size. Moreover, as we aimed to use microparticles between 100-300 um, we selected 20G
needle as it possessed the most appropriate diameter to avoid its obstruction when
encapsulating microparticles within alginate fiber. Finally, injection speeds of 100 and 150
mL/h were considered too high with the possibility to damage microparticle due to high shear
stress. Between 10 and 50 ml/L we considered to use 50 mL/h as it would be less time
consuming. All these selected parameters results in fiber size of 550 um, which is similar to
filament size of 3D printed scaffolds for bone tissue regeneration used by other authors

(30,36).

As a final step, we aimed to develop a DDS by incorporating 1:40 microparticles doped with
different amounts of Cu®* within alginate fibers doped with different amounts of Co”". Their
pattern release was studied together with Ca**. In general, Ca** and Cu®" presented a burst
release, whereas Co®* presented a zero order kinetics release. Additionally, higher amounts of
Cu® were released compared with Co®* when same concentrations were incorporated in their
respective crosslinking solutions (Figure 11B-E), which can be due to different reasons. One of
them is that the final concentration of alginate within microparticles was 0.5%, whereas in the
fiber was 1.5%. It is described that stability of alginate can be decreased when in contact with
monovalent ions such as Na®, as they can replace Ca®* and unbind alginate chains (37). Since
we performed the release study with cell culture media and it contains a concentration of NaCl
approximately of 150 mM, alginate from microparticles (0.5%) could be degraded faster than
the alginate fiber (1.5%) and release more Cu®* (schematic representation in Figure 12).
Furthermore, as alginate fibers are fully loaded with microparticles (50% v/v) and most of
them reach to the fiber surface, there might be a direct delivery of Cu* ions to the medium.

Moreover, we noticed that applying pressure on microparticles, they could break. Although we
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used a low injection speed to reduce the shear stress applied on microparticles, it exist the
possibility that some microparticles might have broken. In this line, it is described that the rate
of drug release from smaller microspheres/microparticles is faster that those with higher size
due to the surface area-to volume ratio of the particles (34,38). Therefore, if some
microparticles were broken in small pieces, their ion delivery would have been faster, and that
is another possibility that might also explain the higher and burst release of Cu**
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o Na*t
Cell culture media

i) Cu2+

@ C02+

Q caz+

.\"g Alginate polymer chain

| Alginate fiber
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Figure 12. Effect of cell culture media on ion delivery. Na is able to diffuse easily into microparticles
compared to alginate fiber due to lower alginate concentration. Na* gradually replace divalent ions,
resulting in the un-crosslinking of alginate polymer chains, facilitating the release of divalent ions.

Another observation is that Cu** seem to have an influence in Co®* and Ca** release. In more
detail, with the same amount incorporated of Co®*, when the amount of Cu®" is increased, the
quantity of Co®" is reduced (Figure 11B,D and Figure 11C,E). Moreover, for the same
concentration of Cu?* and Co®* introduced in the crosslinking solutions, Cu®" seemed to reduce
more the delivery of Ca** (Figure 11). Conversely, Co’* seemed to not interfere with Cu®'
release, as the delivery pattern was practically the same with the same amount of Cu®*

independently of the Co®* amount incorporated in the fibers (Figure 11B,C and Figure 11D,E).
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The reason of why Cu** reduced the release of Co?* and Ca®' is not completely understood.
However, we speculated that it could be due to ion affinity to alginate. It is described that the
gel forming ability follow this order: Cu** > Ca** > Co®* (39,40). Therefore, we hypothesized
that the delivery of Cu®* from inner microparticles might further crosslink alginate chains,
probably reducing the mesh size, which is described to lower the diffusion rate of the
encapsulated molecules, in our case Ca** or Co** (41,42) (schematic representation shown in
Figure 13). Interestingly, the order kinetics of Co** release was close to zero. Probably, due to
the high amount of alginate/HA microparticles incorporated within alginate fiber and the
higher affinity of Cu* for alginate, Co®* might have had more difficulties to diffuse and,

therefore, it presented a more controlled and sustained release.

® CuZ
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o CaZ+
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Figure 13. Influence of Cu® on Co®" and Ca’* release. In the presence of cell culture media, Na** replace
divalent ions from microparticles and alginate fiber. The delivery of cu® from microparticles crosslinks
free alginate chains from alginate fiber due to its higher affinity. Ca”** and Co™ remain entrapped and
have more difficulties to diffuse.

An important feature of any DDS is the amount of drug delivered, as it should be in a

therapeutic range to avoid cytotoxicity or side effects. In our ion delivery system, we used cu®
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to add anti-bacterial properties (13), and Co®" to potentially stimulate blood vessel formation
(16). Although we used Ca®" as a model ion, it has also been described to regulate biological
functions, specifically it has been described to stimulate proliferation and/or osteogenic
differentiation of osteoblasts (12). Therefore, the DDS developed in this study has the
potential to be used as a bioactive ion delivery system for bone regeneration. Regarding the
concentrations released, several Cu ** concentrations are reported to be effective against
different bacterial strains, from 150 to 6000 uM, approximately (43—-45). It is worth to mention
that the anti-bacterial effects were evident as early as 24h in all studies. In this regard, any of
the conditions tested seem appropriate to avoid bacteria growth as the main concentrations
are released within the first 1 to 3 days. However, higher doses can induce mammalian cell
cytotoxicity. Taking this into account, the lowest dose released should be more appropriate.
This would correspond to the condition where 1 mM of Cu®* was incorporated in the
crosslinking solution (Figure 11B or C), where practically all Cu®* (=500 uM) was delivered
within 24h. Regarding Co®*, concentrations from 10 to 100 pM are reported to stimulate the
angiogenic response when delivered from scaffolds (46,47). Considering our results, the
condition in which 1 mM of Cu®* and Co*" were incorporated in the cross-linking solutions
resulted in a zero order kinetics release of Co** during 7 days with constant concentrations of
approximately 30-40 uM (Figure 11B). Therefore, this condition has the potential to stimulate
the angiogenic response. Finally, considering Ca®*, the maximum amount delivered was around
5 mM (Figure 11A), which is higher than the concentration found in blood plasma or
extracellular fluids (around 2 mM). However, a previous study reported that whereas
concentrations of 2-4 mM were suitable for osteoblast proliferation, concentrations from 6-8
mM enhanced osteoblast differentiation and matrix mineralization (48). Another study
reported that Ca®* concentrations of 6 and 8 mM increased MSC proliferation and matrix
mineralization (49). Considering that Ca®* concentration of the cell culture media is around 1.6
mM and physiological concentrations in blood plasma and extracellular fluids is around 2 mM,
a final concentration of Ca®" between 6-8 mM is achieved. Therefore, our system seems to be
promising to stimulate osteogenesis when only Ca** or Ca** with the lowest concentrations of
Cu* and Co® (1 mM) are incorporated in the crosslinking solutions. All in all, taking into
account the different ion release profiles, the most appropriate condition to stimulate early
phases of bone regeneration would be with the minimum amount (1 mM) of Cu** and Co®* and

149 mM of Ca*" in their respective crosslinking solutions.
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4.6. Conclusions

To summarize, we were able to develop microparticles incorporating high amount of HA with
spraying method, being a high reproducible approach even using different microparticle
compositions. Moreover, when incorporated within alginate fibers and doped microparticles
and alginate fibers with two different ions, their release could be modulated through their
concentrations in the crosslinking solution in a dose-dependent manner. With the lowest
concentrations of Cu®* and Co”* incorporated, we could develop a DDS with potential to
stimulate early phases of bone regeneration, specifically with an initial anti-bacterial effect
followed by an angiogenic stimulation phase. Eventually, the release of Ca** and the presence
of HA could potentially enhance osteogenic differentiation and bone formation. Moreover, as

the DDS is fiber-based, it could be adapted to 3D printing technology to custom-shape

scaffolds.
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Chapter 5

CHAPTER 5. Direct extrusion of individually encapsulated endothelial and
smooth muscle cells mimicking blood vessel structures and vascular
native cell alignment

5.1. Introduction

As reported by the World Health Organization (WHO), 31% of global death is due to
cardiovascular diseases (CVDs), considered the principal cause of worldwide death (1). The
main etiology of CVDs is the narrowing and occlusion of blood vessels as a result of
atherosclerotic plague formation in the inner layer of arteries, known as atherosclerosis, which
impedes the blood flow and eventually leads to tissue ischemia (2). Up to now, the gold
standard strategies to treat CVDs have been the use of stents or blood vessel replacement by
bypass surgery. The use of stents can induce endothelial damage triggering a cascade of events
that leads to the re-narrowing of the vessel, known as restenosis (3). Although stents have
been improved over time to reduce restenosis (4), it still remains a problem in real world
practice (5). The alternative strategy for blood vessel replacement generally considers
autologous source, such as saphenous vein or mammary artery (6,7). However, because of the
inherent disease of the patient or due to previous harvest, the autologous source offers a
limited solution. The use of decellularized xenogeneic vessels has also been proposed to
surpass this problem, and also because they can preserve the extracellular matrix (ECM) of
native vessels allowing cell migration, proliferation and survival. However, the complete
removal of immunogenic molecules still remains a challenge and can trigger an immune
response (8). Due to the aforementioned issues, significant efforts are steering in developing

tissue engineered blood vessels (TEBV) as an alternative graft source for bypass surgery.

To bioengineer a TEBV, it is important to mimic to the highest extent the architecture and the
structural components of a blood vessel. Higher caliber vessels, such as arteries, are composed
of two main functional layers: tunica intima and tunica media. Tunica intima is the closest to
the blood and it is comprised of a confluent monolayer of endothelial cells (ECs) aligned in the
direction of the blood flow (9). Tunica media is composed of smooth muscle cells (SMCs) which
are concentrically arranged, being rich in collagen type | and elastin. Several mechanical
functionalities of the blood vessel, such as the vasoactivity (contraction and dilation) are
mainly related with SMCs alignment, (10,11), and for this reason, special attention is focused in

achieving a proper alignment of these cells when developing a TEBV. Therefore, as a first step
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to develop a TEBV, the earliest achievements to accomplish in vascular engineering should be:
i) proper mechanical stability of the construct to allow handling and perfusion; ii) obtaining a
multilayered structure resembling the native arrangement; iii) the allocation of vascular
specific cell types in their respective layer, with a proper ECM allowing their survival; iv) and

concentric orientation of SMCs.

To achieve mechanical stability of the constructs, the use of synthetic biodegradable polymers
has been proposed due to their inherent mechanical properties. In general, these synthetic
polymers present adequate mechanical properties but limited biological activity. A commonly
used method using synthetic materials is sheet rolling, that uses a biomaterial sheet on top of
which ECs and/or SMCs can be seeded. The sheet is then rolled over a mandrel to form a
tubular structure (12), with the possibility to form more than one layer (13). To further guide
cells and orientate them on the desired direction, surface patterning can be performed either
by lithography based techniques or by electrospinning (14). Actually, the latter technology
itself can be used to obtain tubular constructs by simply electrospinning onto small rotating
mandrels (15), where SMCs are seeded on the top of the construct and ECs in the inner
surface. Using both approaches, it takes several steps and time to obtain a vascular construct,
especially with sheet rolling, as cells have to be seeded on the surface of 2D biomaterial and
allow their proliferation (12), before rolling it to obtain a tubular structure. Furthermore, the
released products from synthetic materials degradation have been shown to alter the contract

phenotype of SMCs (16).

For this reason, alternative materials and technologies are needed to provide a more natural
environment for cells, that allows forming layered structures incorporating different cell types
with enough mechanical stability. For this purpose, extrusion based system of natural
materials, with concentric nozzles has recently shown interesting results, allowing the
fabrication of core shell layered fibers in a one step process (17). This core-shell technology
has allowed the encapsulation of cell types in the inner layer, being sheathed by an acellular
hydrogel layer, generally alginate, as it provides mechanical stability (18). Despite these
systems may eventually allow the encapsulation of cells in different compartments, their use
as a blood vessel is very limited due to the absence of the lumen. To further mimic a blood
vessel, other studies have incorporated a water soluble polymer in the inner layer to obtain a
hollow fiber, allowing the encapsulation of vascular related cells on the outer layer (17,19).
The main limitation of this system is the limited functionality due to the presence of one
individual layer where cells can be placed. An added value of the extrusion based process is

the ability to align cells based on the shear stress applied, avoiding the use of patterning and
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electrospinning techniques. In a previous study, alignment of mesenchymal stem cells (MSCs)
was demonstrated due to the shear stress during extrusion (20). Moreover, it is described that
the shear stress of the blood flow can induce the parallel alignment of EC (21), and SMCs can
be aligned in a shear-stress dependent manner (22), being perpendicular with low shear stress.
Therefore, the shear stress generated during the extrusion process might induce a specific cell

alignment.

5.2. Objectives

In this chapter, we aimed at using a triple concentric nozzle to form dual-layered blood vessel-
like structure encapsulating human umbilical vein endothelial cells (HUVECs) and human aortic
smooth muscle cells (HASMCs) in their respective layers. Furthermore, we expected that the
shear stress applied during the extrusion based process would allow the alignment of HUVECs

parallel to the direction of the TEBV whereas HASMCs would align perpendicular to the TEBV.

5.3. Materials & Methods
5.3.1. Collagen type | isolation

Collagen type | was isolated from bovine tendons obtained from an abattoir and all the
isolation process was based on well-established protocols (23). First, tendon was separated
from the surrounding fascia and was cut to small pieces with the aid of a blender, followed by
three washes with phosphate buffered saline (PBS). Then, the sliced tendon was dissolved with
1M acetic acid under agitation for 72h. Enzymatic digestion was performed using porcine
gastric mucosa pepsin (Sigma-Aldrich) at 40U/mg of tendon under stirring, 2h at room
temperature (<20 2C) and 72h at 42C. The resultant enzymatic digestion was filtered to obtain
pepsin soluble collagen and was purified by salt precipitation (0,9 M NaCl) during 24h. The
precipitated collagen was collected and dissolved with 1M acetic acid under stirring for 5 days.
Finally, collagen solution was dialyzed (MW 8,000 cut off) repeatedly against ImM acetic acid
and the dialyzed collagen solution was kept at 42C. Collagen concentration was determined
using dry weight and collagen purity was evaluated using sodium dodecyl sulfate
polyacrylamide gel electrophoresis (SDS-PAGE) followed by Coomassie staining and

densitometry analysis with Imagel software.
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5.3.2. Cell culture

Human umbilical vein endothelial cells (HUVECs) (Lonza) and human aortic smooth muscle
cells (HASMCs) (ATCC) were used. For cell expansion, HUVEC were seeded at a density of 2500
cells/cm? with endothelial growth medium-2 bulletkit (EGM-2) (Lonza) containing VEGF, rhFGF-
B, rhEGF, r-IGF-1, hydrocortisone, ascorbic acid, gentamicin sulfate, amphotericin-B and 2% of
FBS. HASMC were seeded at a density of 2500 cells/cm? with vascular cell basal medium
supplemented with vascular smooth muscle cell growth kit (ATCC) containing 5 ng/mL rh-FGF-
basic, 5 pug/mL rh-Insulin, 50 pg/mL ascorbic acid, 10 mM L-glutamine, 5 ng/mL rh EGF, 5% FBS
and 1% Penicillin-streptomycin. When both cell types reached 70-85% confluence, they were
passaged using 0,25% Trypsin-EDTA (Gibco) or they were ready to be used for TEBV

development. All cells were cultured in standard cell culture conditions (372C and 5% CO).

5.3.3. Endothelial cell encapsulation in core-shell fibers

The methodology to obtain a core-shell fiber was followed from a previous study (24). Briefly,
a dual concentric nozzle (23G inner and 17G outer) was used to obtain a core-shell fiber in
which two different biomaterials were extruded: alginate (Panreac Applichem) at a ratio of
1,5% (%wt) in the outer layer and 2 mg/mL of collagen type | in the core. The concentric flows
were extruded at 50 mL/h into a 150 mM calcium chloride (CaCl,) (Sigma) solution and
incubated for 5 min. After that, fibers were rinsed with H,O miliQ. In order to verify if our
initial hypothesis was viable, allowing the alignment of HUVEC on the direction of a core shell
fiber as previously observed with mesenchymal stem cells (24), a small preliminary experiment
was performed. Furthermore, due to the higher sensitivity of HUVEC compared to MSC, we
also aimed exploring if cell concentration could have an effect on cell alignment and survival as
well as to verify if the shear stress caused during the extrusion process could jeopardize cell
viability. Different amounts of HUVEC (1x10°%, 1x10° and 2x10° cells/mL) were loaded in the
core with collagen type |. After the incubation with 150 mM of CaCl,, three washes with fresh
cell culture media were performed to remove the excess of calcium and, finally, they were

cultured with EGM-2 medium (Lonza) up to 7 days and optical images were acquired.

5.3.4. Core-shell hollow fiber fabrication

To develop a dual layer hollow fiber as a tissue engineered blood vessel (TEBV) structure, a
triple concentric nozzle (23G inner, 17G middle and 13G outer) (NanoNC) was used. Schematic
representation of the method is shown in Figure 1. The nozzle was fed with the help of

injection pumps with three different materials placed in syringes to allow the formation of the
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tri-concentric fiber. The inner syringe was loaded with a 25% wt Pluronic F-127 (Sigma)
aqueous solution, as a sacrifice material. The middle syringe was loaded with the previously
extracted collagen type I. In order to maximize the stability of the tubular structure, different
collagen concentrations ranging from 2 to 5 mg/mL were tested. To mimic the native
conditions of blood vessels and to present an adequate environment for cell survival, collagen
was self-assembled by adding 200 pL of 10x PBS and the necessary amount of NaOH, 1M or
5M, was added to 2 mL of collagen. The outer syringe was loaded with a mix of sodium
alginate (A3249, Panreac Applichem) and collagen type I. In this case, the concentration of
each biomaterial was optimized by maximizing the collagen presence without jeopardizing the
mechanical stability of the fiber provided by the alginate. The injection speed was varied
between 25 and 50 ml/h to study the effect of the injection speed on the general parameters
of the blood vessel like structure, mainly shell thickness and fiber size. All the loaded syringes
were kept at 42C. The tip of the nozzle was placed in contact with a 150 mM calcium chloride
bath at 372C, where calcium allowed an instant crosslinking of the outer layer containing
alginate, providing stability to the fiber structure, whereas the increased temperature allowed
collagen self-assembling contributing to the stabilization of both the outer and middle layer.
The tri-layered structures were maintained in the crosslinking solution during 10-15 minutes.
After collagen gelation, the tri-layered fiber was placed in H,O miliQ and was cut to a length of
1 cm. Pluronic was removed from the inner core by dissolution with H,O miliQ during 5
minutes, obtaining the TEBV structure. The outer and the inner diameter of TEBV were
measured for each injection speed. Additionally, manual perfusion with red food ink was
performed to confirm the hollow structured vessel and to qualitatively assess the sufficient
mechanical stability of the vessel to withstand perfusion of liquids without bursting the

structure or leaking the perfused liquids.
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Figure 1. Schematic representation of TEBV development through extrusion method. Pluronic (2),
collagen (3) and alginate mixed with collagen (4) are injected into a triple concentric nozzle (5) in the
inner, middle and outer layer, respectively. These biomaterials are extruded in a constant injection
speed controlled by an injection pump (1) into a crosslinking solution of calcium chloride (6). The fibers
are incubated at 372C in order to allow collagen gelation and then, pluronic is removed from the inner
core, obtaining a hollowed dual layer tubular structure.

5.3.5. Individual cell encapsulation within tissue engineered blood

vessel structures (TEBV)

Initially, in order to assess the individual behavior of each cell type encapsulated within its
designated compartment, hollow fibers encapsulating HUVEC or HASMC were prepared. All
the procedure was performed under sterile conditions. Pluronic and sodium alginate powders
were sterilized with UV. Then, they were mixed with sterile mili-Q water to achieve 25 and 5%
(% wt) of Pluronic and alginate, respectively. For the encapsulation of cells, the previously
described procedure was followed using 50 ml/h as the injection speed. For TEBV containing
only HUVEC (TEBV-HUVEC), a small volume of culture media containing 15x10® HUVEC cells/mL
were loaded in the collagen syringe after pH neutralization. Based on our preliminary results,
this cell concentration was used to achieve, within the middle layer, at least a continuous cell
monolayer that would allow a continuous endothelial cell layer that would mimic the native
structure of blood vessels. For TEBV containing only HASMC (TEBV-HASMC), 2 ml of 5%
alginate and 3 ml of 5 mg/mL of collagen (previous neutralized) were mixed to achieve a final
concentration of 2% and 3 mg/mL of alginate and collagen, respectively. Then, based on
previous works (25), a small volume of culture media containing 10x10® HASMC cells/mL was
added. Once complete crosslinking of alginate and gelation of collagen was achieved, the

TEBVs were rinsed three times with fresh cell culture medium to remove the excess of CaCl,.
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Then, TEBV were cut to a length of 1 cm and, finally, each cell type was cultured with each

specific cell culture medium mentioned.

5.3.6. Co-encapsulation of HUVECs and HASMCs within tissue

engineered blood vessel structures (TEBV)

For the co-culture assay (TEBV-co), HUVEC

were loaded into the collagen syringe (middle

HUVEC

layer) and HASMC were loaded into the
alginate mixed with collagen syringe (outer
layer), following a similar cell encapsulation

method as the one performed for individual

HASMC

cell encapsulation. In a similar way, after

alginate crosslinking and collagen gelation, the . )
Figure 2. HUVEC and HASMC grown with 50%

TEBVs were rinsed three times with fresh cell HUVEC cell culture medium and 50% HASMC cell
. culture medium.

culture medium to remove the excess of CaCl,.

Then, TEBV were cut to a length of 1 cm and 50% of each cell culture media was used (both cell

types proved to survive and proliferate as shown in Figure 2).

5.3.7. Cell viability analysis

The cell viability of HUVEC, HASMC or both in co-culture was assessed at 24h, to quantitatively
assess cell survival after the shear stress produced by the extrusion method, and at 20 days, to
prove if cells could survive after a long cell culture period within the TEBV structure. The
LIVE/DEAD cell imaging kit (Invitrogen) was used following manufacturer’s instructions. Briefly,
the methodology consists of a live component which stains live cells giving a uniform green
fluorescence (excitation/emission wavelengths were 488/515 nm) and a dead component
which stains death cells producing a nuclear red fluorescence (excitation/emission
wavelengths were 570/602 nm). Equal volumes of both components were added in the cell
culture medium with TEBVs reaching a final concentration of 1x. After 15 minutes of
incubation protected from light, cells were imaged with a laser scanning confocal microscope
(Leica SP8, LAS X software version 3.5.5.19976). As a positive control for cell death, some TEBV
were prior treated with 4% PFA at room temperature during 30 min followed by an incubation
with 1x PBS/0,5% triton X-100 during 10 min. Three samples per time point were analyzed and
three captures at different plans per sample were acquired. Images were analyzed using

Image) software (ImageJ 1.52a) and live and dead cells were counted for each one. Viability
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was calculated as number of live cells divided per total number of cells (live and dead), as a

percentage.

5.3.8. Cell proliferation assay

To assess the proliferation of cells, quantification of double-stranded DNA (dsDNA) using
fluorimetric dsDNA quantification kit (Quant-It Picogreen dsDNA assay Kit, Invitrogen) was
performed according manufacturer’s instructions. Time points were at 0, 2, 5, 12 and 20 days
for TEBV-HUVEC and TEBV-HASMC and at 0, 2, 8, 12 and 20 days for TEBV-co. Because there
was not a big difference between day 2 and 5 when cells were cultured separately, we decided
to assess it at day 8 in co-culture conditions instead of day 5. Three samples per time point
were analyzed. Briefly, each sample was collected with 100 pL of 1x Tris-EDTA (TE) buffer and
submitted to a three cycles of freezing and defrosting to lyse the cells. Between cycles,
samples were mechanically disrupted by pipetting to allow the release of DNA from TEBV
structures. After spin centrifugation, 100 pL of the supernatant was transferred into an opaque
96-well plate and mixed with 100 pL of diluted Picogreen (1:200). The plate was incubated 5
min at room temperature protected from light. Then, samples were excited at 480 nm and
fluorescence intensity was measured at 520 nm using a spectrofluorometer (Synergy H1
microplate reader, BioTek). A standard curve was plotted using A DNA standard from 0 to 1000

ng/mL and DNA amount of the samples were calculated from the standard curve.

5.3.9. Cell morphology of individual cell encapsulation and alignhment

In order to assess the organization and alignment of cells in TEBV-HUVEC and TEBV-HASMC,
actin filaments (F-actin) were stained with phalloidin (Acti-stain 488 fluorescent phalloidin,
Cytoskeleton, Inc) at the end of experiment, day 20, and at earlier time points, day 9 for
HASMC and day 16 for HUVEC. Briefly, TEBV were rinsed with PBS prior the fixation with 4%
PFA during 20 min at room temperature. After three washes of PBS, TEBV were permeabilized
with 0,5% Triton-100x/PBS for 10 min. Afterwards, TEBV were rinsed three times with PBS and
then incubated at room temperature with 100 nM Acti-stain 488 phalloidin protected from
light for 30 min. Upon PBS washing, samples were incubated with DAPI (NucBlue Fixed Cell
stain DAPI, LifeTechnologies) for 5 min. Finally, samples were kept with PBS and visualized by
confocal laser microscopy (Leica SP8, LAS X software version 3.5.5.19976) (excitation/emission
wavelengths were 480/520 nm for phalloidin and 405/460 for DAPI). Images processing and 3D
reconstruction were performed with IMARIS software (Imaris 8.2, Bitplane and Oxford

Instruments).
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The alighnment of HASMC was assessed measuring the alignment of actin filaments using the
freely Orientation) plugin for Fiji/Imagel, based on the analysis of pixel-by-pixel vector field
from the intensity gradient in the vertical and horizontal directions of the image, as further
detailed in http://bigwww.epfl.ch/demo/orientation/ (26) . Different representative regions of
different TEBV were analyzed. The percentage of alignment between |0£452| and |90+452|
was calculated for each time point as a way to quantify the parallel alignment of HUVEC and

perpendicular and diagonal alignment of HASMC within TEBV, respectively.

5.3.10. Cell morphology of co-cultured encapsulated cells in tissue

engineered blood vessels (TEBV)

Finally, in order to understand if the co-culture would disrupt the cell morphology as well as if
the cells could be allocated on their respective compartments, each cell type was stained with
different colored cell tracker fluorescence probes previous the development of TEBV
structures. HUVEC cells were stained with Green CMFDA (Invitrogen) and HASMC were stained
with Red CMTPX (Invitrogen), emitting a green and red signal, respectively. Each cell tracker
was added in the specific cell culture media at a final concentration of 10 uM and incubated
with cells during 45 min at 37 2C in 5% CO; protected from light. After incubation, cells were
detached with Trypsin-EDTA (Gibco), centrifuged at 150xg for 3 min and used for blood vessel
formation. Once TEBV were developed, they were imaged at 5 days by a confocal laser
microscopy (Leica SP8, LAS X software version 3.5.5.19976). The excitation/emission
wavelengths were 492/517 for Green CMFDA and 577/602 for Red CMTPX. Images were
processed and 3D reconstruction was performed with IMARIS software (Imaris 8.2, Bitplane

and Oxford Instruments).

5.3.11. Statistical analysis

Statistical analysis was performed using SPSS software (SPSS v21, IBM). Kruskal-Wallis and
Mann Whitney U non parametric tests were used to compare the diameters of the TEBV at
different injections speeds (data represented as mean + standard deviation; n=10) and the
DNA amount of cells at different time points (values of all time points were compared to day 0)

(n=3). P-value of less than 0.05 was considered statistically significant.
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5.4. Results
5.4.1. Concentration and purity of isolated collagen

After isolating the collagen, we measured its concentration by dry weight and obtained a
concentration of 5.7 mg/mL. We further assessed the purity of collagen by SDS-PAGE as shown

in Figure 3 comparing it with a commercial type | collagen. The purity obtained was > 95%.
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Figure 3. Collagen purity assessed by SDS-PAGE. CTRL: Type | collagen from BD Bioscience; BAT: Bovine
Aquiles Tendon type I collagen.

5.4.2. Development of acellular TEBV-like structure

Maintaining a tubular structure is one of the first requisites to develop a TEBV-like structure.
Experiments showed that the best conditions to maintain a tubular conformation were: 5
mg/mL of collagen in the middle layer, which could maintain the structure once Pluronic was
removed (Figure 4A); and a final concentration of 2% of alginate and 3 mg/mL of collagen in
the outer layer, in which HASMC stretching and orientation was observed. These conditions

allowed a stable dual-layered tubular construct that could easily be handled.

Results showed a direct relation between the injection speed and the diameter of the
construct, showing smaller diameters of the TEBV-like structures with the lower injection
speed (Figure 4B). The outer and inner diameter were 1683.5 + 45.7 um and 1453.7 £ 55.8 um
for 50 mL/h and 1474.3 + 60.4 and 1286.7 + 61.6 um for 25 mL/h, being statistically significant
the differences between the two injection speeds (p<0.01). The wall thickness was 114.9 +
13.7 um and 93.8 + 10.5 um for 50 and 25 mL/h respectively, also presenting statistically
significant differences between them (p<0.01). It is also worth highlighting the low variability
in the different measurements, which are related with the fabrication of homogenous sized

TEBVs.
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Figure 4. Characterization of tissue engineered blood vessels. (A) Optical images of collagen core
optimization of TEBV with 2 and 5 mg/mL, above and below, respectively. (B) Outer and inner diameter
and wall thickness of TEBV in response to 25 and 50 mL/h injection speed (n=10) (*= p<0.01). (C) Optical
images of TEBV before (above) and after (below) manual perfusion with red ink.

Furthermore, the openness of TEBV-like structures and its perfusion was assessed using
manual perfusion with red food ink, demonstrating a free flow through de TEBV, as shown in

Figure 4C.

5.4.3. Proof of concept: alignment of HUVEC cells

A preliminary study was performed to validate if HUVEC cells were able to align into the
longitudinal core-shell fiber axis. Figure 5 displays representative phase contrast microscope
images of HUVEC during culture for up to 3 days when encapsulated within core-shell collagen-
alginate fibers. First of all, the lowest cell density (1x10° cells/mL) induced large zones without
cells which maintained the rounded morphology overtime. Although this large zones without
cells were smaller for the intermediate cell density (1x10° cells/mL), HUVEC cells maintained
rounded morphology with negligible cell-to-cell interaction. Nevertheless, the highest cell
density (2x10° cells/mL) induced reduction of distance between cells at day 0 and cell
spreading at day 3, as shown in Figure 5. Moreover, HUVEC cells were aligned parallel to the

core-shell fiber with the highest cell density at day 3.
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Figure 5. HUVEC density optimization in core-shell fibers. Different amount of HUVEC cells (1x10°,
1x10° and 2x10° cells/mL) loaded in the core of core-shell fibers made of 1.5% alginate in the shell and 2
mg/mL of collagen. Images of cell culture at day 0 and 3.

5.4.4. Proliferation and viability of individual HUVEC and HASMC

encapsulation within tissue engineered blood vessels (TEBVs)

After the preliminary results, in which the non-hollowed core shell fibers proofed the
alignment of HUVEC on the direction of the fiber as well as the need to encapsulate high cell
density within the fibers, we proceeded to encapsulate the cells in the hollowed TEBV like
structure. The encapsulation of HUVEC in the middle layer (TEBV-HUVEC) resulted in HUVEC
stretching within 24h, mostly with a parallel alignment and practically covering the entire core
with a monolayer within 2 days (Figure 6A). A significant increase of DNA content arising from
HUVEC was observed between day 0 and day 2 (p<0.05), remaining stable for the rest of the
time points suggesting that HUVEC could proliferate within TEBV-like structure and that they
reached confluence at day 2 (Figure 6B). Furthermore, live/dead assays revealed higher rates

of cell survival, being near to 95% at 24h and 20 days (Figure 6C).
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Figure 6. Encapsulation of HUVEC in TEBV (TEBV-HUVEC). (A) Optical microscope images of TEBV with
HUVEC in the core at day 0 and 2. Arrows indicate some aligned cells. (B) HUVEC DNA content in TEBV at
day 0, 2, 5, 12 and 20 (n=3, * p<0.05; day O was compared to the rest of the groups). (C) Live/dead assay
performed on TEBV with HUVEC at 24h and day 20. Live cells (green) and dead cells (red).

When HASMC were encapsulated in the outer layer (TEBV-HASMC), cells started to lengthen at
day 2 and covered the tubular wall structure at day 13 showing signs of perpendicular
alignment respect TEBV direction (Figure 7A). There was a significant gradual increase of the
DNA content from HASMC that could be observed at all time points compared to day O

(p<0.05), suggesting that these cells could also proliferate within the construct (Figure 7B).
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Similar to HUVEC, HASMCs showed high rates of cell survival after 24 hours and 20 days, being

close to 95% in both cases (Figure 7C).

B) 1500

1000

DNA (ng/mL)

[8)]
o
o

Figure 7. Encapsulation of HASMC in TEBV (TEBV-HASMC). (A) Optical microscope images of TEBV with
HASMC in the shell at day 0 and 13. (B) HASMC DNA content in TEBV at day 0, 2, 5, 12 and 20 (n=3, *
p<0.05; day 0 was compared to the rest of the groups). (C) Live/dead assay performed on TEBV with
HASMC at 24h and at day 20. Live cells (green) and dead cells (red).
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5.4.5. Organization and alignment of HUVEC and HASMC when
encapsulated individually in tissue engineered blood vessel (TEBV)

structures

In order to confirm the homogenous coverage of each individual cell type within the blood
vessel like structure, a 3D reconstruction with phalloidin and DAPI was performed. Until day
16, TEBV-HUVEC formed a monolayer (Figure 8A), but at the final time point, cells reorganized
over it (Figure 8B and C). Unlike HUVEC, HASMC could proliferate forming a dense layer
observed from day 9 (Figure 8D) to day 20 (Figure 8E and F). Cell alignment analysis showed
74% and 17% of HUVEC cells aligned between 0 and 459 respect to TEBV direction at day 16
and 20, respectively (Figure 9A-D). The reduction of a more parallel alighment might be due to
the reorganization of cells over the monolayer and the difficulty to analyze the cells that were
below it. The alighment of HASMC between 45 and 902 respect the direction of TEBV was 73%
and 51% at day 9 and day 20, respectively (Figure 10A-D). This diagonal-perpendicular
alignment was consistent with the optical microscope images of TEBV-HASMC (Figure 8A) and
3D reconstruction with phalloidin (Figure 8D-F), resembling natural alignment of native

vessels.
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Figure 8. Confocal microscope reconstruction of TEBV-HUVEC or TEBV-HASMC. Phalloidin
immunofluorescence staining of TEBV-HUVEC at day 20 (A) and 16 (B) and TEBV-HASMC at day 20 (C)
and day 9 (D).
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Figure 9. Orientation of HUVEC. Cell color coded orientation of TEBV-HUVEC at day 16 (A) and day 20
(B) showing the directionality of HUVEC. Cells with the same angle alignment are colored the same.
Orientation of TEBV is indicated by the double headed arrow. Histograms showing the distribution of
cell orientation at day 9 (C) and day 20 (D), were the direction of the TEBV was established as 0¢.
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Figure 10. Orientation of HASMC. Cell color coded orientation of TEBV-HASMC at day 9 (A) and day 20
(B) showing the directionality of HASMC. Cells with the same angle alignment are colored the same.
Orientation of TEBV is indicated by the double headed arrow. Histograms showing the distribution of
cell orientation at day 9 (C) and day 20 (D), were the direction of the TEBV was established as 09.
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5.4.6. Co-culture within TEBV-like structure

The following step was to assess the behavior of HUVEC and HASMC once they were co-
cultured within TEBV-like structure (TEBV-co). The live/dead assay confirmed high cell viability
at 24h and at 20 days, showing over 96% and 94%, respectively (Figure 11A). However, the
amount of DNA remained constant until day 12, followed by a moderate increase in DNA

content (p<0.05) (Figure 11B).
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Figure 11. Co-culture of HUVEC and HASMC in TEBV (TEBV-co). (A) Live/dead assay performed on TEBV-
co at 24h and at day 20. Live cells (green) and dead cells (red). (B) HUVEC and HASMC DNA content in
TEBV at day 0, 2, 8 and 12 (n=3, * p<0.05; day 0 was compared to the rest of the groups). (C) Optical
microscope images of co-culture of HUVEC and HASMC in TEBV at day 0, 2 and 12.

Optical microscope images showed stretched cells in the inner layer at day 2 and stretched
cells in the outer layer from day 12 (Figure 11C). Visualizing the different cell types in co-
culture was difficult with optical microcopy as well as with phalloidin and DAPI staining.
Therefore, cells were stained with cell trackers in order to identify the two different cell types.
At day 5, HUVEC were forming a monolayer, whereas HASMC remained with a round
morphology (Figure 12A and B). It is important to note that both cell types remained in their
respective cell layers. Short after, cell tracker fluorescence decayed, not allowing imaging and

performing the 3D reconstruction with confocal microscope.
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Figure 12. TEBV-co cell tracker reconstruction with confocal microscope at day 5. (A) Each color
indicates different cell type: hSMCs in red and HUVEC cells in green at day 5. (B) Magnification of images
shown in (A).

5.5. Discussion

In order to bioengineer blood vessels in vitro, it is important to reproduce their native
architecture to obtain a proper function once cells are embedded. In this study, we have
developed a stable TEBV through an extrusion technique. This structure was composed, from
inside to outside, by a hollowed layer followed by a layer of collagen sheathed by an outer
layer made of alginate and collagen. Due to the property of alginate to instantly crosslink when
being in contact with divalent ions (27), an alginate solution could maintain the tubular
structure when extruded within a calcium chloride. Moreover, Pluronic was able to gel at 37 2C
(28) and it could maintain collagen into a tubular structure until it was gelled. When Pluronic
was removed from the inner core by dissolution, a stable dual-layered hollow construct was

obtained.

A part from reproducing the architecture of a blood vessel, another important characteristic to
take into account is the biomaterials used. Two of the major components of an artery are
collagen and elastin. More specifically, the most prevalent extracellular matrix (ECM) protein is
collagen, specially type |, distributed in all three tunica (intima, media and adventitia) (29). For
this reason, predominantly collagen type | was used to develop our TEBV. When testing which
concentration of collagen type | provided the maximum tubular stability in the inner layer, we
found that 5 mg/mL was the optimum condition, as shown in Figure 4A. A part from collagen,
alginate was elected as the main component for the outer layer to give stability to our TEBV,
which we previously showed to be an interesting hydrogel for core shell fiber formation.
Nevertheless, the absence of functional domains could prevent HASMCs stretching and hence

was combined with collagen. It was determined to use a final concentration of 2% alginate,
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which conferred stability to our TEBV once it was extruded in calcium chloride solution, and 3
mg/mL of collagen on the outer layer, in which it could be observed HASMC lengthening

(Figure 7A).

An interesting feature of the extrusion method used in the present work was that TEBV
diameters obtained were dependent to the injection speed, obtaining higher calibers with
higher injections speeds, as well as higher wall thickness. With 50 mL/h the outer diameter
was around 1700 um and the inner diameter around 1500 um, whereas with 25 mL/h the
outer and inner diameter were around 1500 and 1300 um, respectively. The obtained results
are similar to a previous study where it was observed an increase of the shell width when using
the extrusion method, although their structures were non-hollowed core-shell constructs (24).
These sizes correspond to the range of arteries, as they are described to be within 100 um to
10 mm (30). Moreover, there was a lower coefficient of variation (less than 5%) for outer and
inner diameter, indicating homogeneity between TEBV and a high reproducibility using this
technique. Since the differences between the TEBV sizes extruded at 25 and 50 mL/h were
very subtle, we decided to use the highest injection speed as it would take half the time to

obtain the TEBV, hence increasing the chances of cell survival during extrusion process.

Due to the high injection speed chosen, we wanted to evaluate if cells could survive the shear
stress suffered from the extrusion process at short time points. Furthermore, in order to
guarantee nutrients and oxygen diffusion to the cells we also assessed cell survival at longer
time points within the TEBV construct. We first encapsulated HUVEC in the inner layer
(consisting of collagen) and HASMC in the outer layer (composed of alginate and collagen), in
independent TEBV before performing a co-culture study. Both cell types exhibited high levels
of viability during all time course of the experiment, being above 90% (Figure 6C and 7C).
These results suggest that the extrusion method was not harmful for these cells and they could
survive within the TEBV construct. This is a positive result taking into account that the viability
of cells using microextrusion bioprinting technique is described to be between 40 and 86%
(31,32). Moreover, there was an increase of DNA content of HUVEC cells from day 2 compared
to day O (Figure 6B), suggesting that these cells had the proper 3D ECM conditions to
proliferate. The content of DNA remained constant from day 2 to the end of experiment,
implying that HUVEC cells may have reached confluence in an early stage, probably due to the
high amount of cells initially incorporated. With HASMC, a gradual and significant increase of
DNA content was observed during the course of the experiment (Figure 7B), suggesting that

these cells also presented proper conditions to proliferate within TEBV structure. In this

158



Chapter 5

particular case, lower amounts of HASMC were loaded compared to HUVEC due the different

cell size, being HASMC three times the size of HUVEC (33).

More interestingly, with F-actin staining, HUVEC were observed to be covering the entire inner
tubular structure, forming a monolayer of cells at day 16 (Figure 8A), although some cells grew
over the monolayer at the end of experiment (Figure 8B). A parallel alignment was also
observed for HUVEC in TEBV during the initial days after extrusion (Figure 6A) and persisted at
day 16 (Figure 9A and C) but this arrangement was not consistent at the end of TEBV culture
(Figure 8B and C and Figure 9B and D). In physiological conditions, endothelial cells (EC) are
submitted through a shear stress from the blood flow, which is described to induce the
alignment of EC parallel to the vessel (21). The extrusion method also applies a shear stress on
the cells once they are extruded, and this could explain the initial parallel alignment of HUVEC.
Because TEBV were cultured under static conditions, cells were not exposed to a laminar flow
shear stress and this could explain the loss of their parallel alignment at the end of the
experiment. A part from that, blood flow is needed to induce vessel maturation, which leads
the quiescence of endothelial cells (34,35), amongst others, and this would also explain why

HUVEC cells kept reorganizing over the monolayer when they reached confluence.

Similarly, F-actin staining of HASMC, showed cells covering the outer layer of TEBV (Figure 8E
and F), having as well more cells at the end of the experiment compared with an early stage,
such as day 9 (Figure 8D), consistent with DNA content. More interestingly, the percentage of
aligned cells between 452 and 902 (perpendicular arrangement) was 73% and 51% at day 9 and
20, respectively, suggesting a diagonal-perpendicular alignment of these cells resembling the
perpendicular alignment found in native arterial blood vessels (Figure 8D-F and Figure 10A-
D)(10). This alignment is consistent with previous reports showing that vascular smooth
muscle cells (VSMC) aligns in a shear-stress-dependent manner, being their orientation
perpendicular with low shear stress (36). This alignment is of special interest as several
mechanical functionalities of blood vessels, such as tensile strength, compliance and
vasoactivity response, are mainly related to this conformation (37). To our knowledge, this is
the first time that HUVEC and HASMC can be aligned in a parallel and diagonal-perpendicular
way without perfusion, respectively, without inducing a patterning modification to the
biomaterial, as has been performed with other methodologies such as sheet rolling (13,14) or
electrospinning (38). To our knowledge, the only study that also encapsulated HUVEC and
HASMCs using triple co-axial nozzle did not achieved a native cell alignment in static conditions
and could only achieved it after perfusion (39). It is worth to mention that the collagen used

was non-commercial and we isolated by ourselves. Although we demonstrated purity over
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95%, we cannot exclude the possibility of the presence of other bioactive factors within the

collagen that might have helped to promote the perpendicular alignment of HASMCs.

Finally, after ensuring HUVEC and HASMC survival within the TEBV structure, we wanted to
validate if they could behave in a similar way once they were co-cultured (TEBV-co). Cells
exhibited a high percentage of viability as shown in Figure 11A, being above 90%, at 24h and
20 days. These results suggest that both cell types could survive in co-culture within the TEBV
construct, even at the end of the experiment where more cells were present. Optical
microscope images (Figure 11C) showed cell lengthening in the inner layer at day 2, and cell
lengthening in the outer layer at day 12, although both cells types could not be distinguished.
Because of this, each cell type was stained with specific cell tracker previous to TEBV
development in order to distinguish them within the structure. In an early stage of cell culture,
a monolayer of lengthened HUVEC cells was observed, whereas HASMC presented a round
morphology (Figure 12A and B). However, with the images obtained with the live/dead assay
at 20 days we could observe that most of the cells were stretched (Figure 11A). The
differences in cell stretching could be related with the decreased content of collagen in the
HASMC layer compared to the HUVEC layer. Further experiment are required to increase the
collagen content in the outer layer to enhance cell-matrix interaction as well as perfusion
culture, as it has been previously shown to induce to a greater extent the cell arrangement of
HUVEC parallel to the flow and perpendicular arrangement of HASMC perpendicular to the
flow (21,40). Moreover, it has been reported that perfusion of blood vessels also induces ECM
deposition by HASMC (40,41), further increasing their mechanical properties (42), and also
enhance their maturation and functionality in terms of vasoactivity and permeability
(40,43,44). Therefore, further studies should include assessment of mechanical properties and

functionality of these TEBVSs.

5.6. Conclusions

In summary, it could be developed a TEBV-like structure in the range of arteries with this
simple and low cost extrusion method in one step procedure, presenting high homogeneity
between TEBV constructs leading to a high reproducibility of this technique. Moreover, it can
be adapted to obtain TEBVs of higher caliber just changing the size of the triple concentric
nozzle. The TEBVs obtained could be easily handled and can be potentially perfused.
Furthermore, these TEBVs constructs were able to encapsulate HUVEC and HASMC, allowing

their survival and proliferation within it. Additionally, HASMC showed a diagonal-perpendicular
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alignment, resembling the alignment of smooth muscle cells in native arterial blood vessels,

whereas HUVEC cells presented parallel alignment. Further experiments are required using

perfusion culture to maintain the proper cell alignment and induce maturation and

functionality of the construct.
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Chapter 6

CHAPTER 6. Mechanical and functional assessment of tissue engineered
blood vessels (TEBV)

The present chapter is the result of the collaboration with Truskey’s lab led by Professor
George Truskey from Biomedical Engineering Department of Duke University (Durham, North

Carolina, USA). This work was developed during a PhD research stay for 6 months.

6.1. Introduction

Vascular tissue engineering (VTE) has emerged in the last decades as an alternative of blood
vessel replacement with autologous or xenogeneic source grafts for the treatment of
cardiovascular diseases (CVDs) such as atherosclerosis or aneurysms. Before the use of
vascular grafts in the clinics, several testing and criteria must be achieved, briefly summarized
as: i) proper cell distribution and organization mimicking the architecture of native vessels; ii)
proper maturation and functionality, including endothelial barrier function and vasoactivity

and iii) proper mechanical stability to withstand physiological flow conditions (1).

In chapter 5, we described the use of a triple co-axial extrusion method to develop tissue
engineered blood vessels (TEBVs) and demonstrated that cells were able to remain in their
respective layers (endothelial cells (ECs) in the inner layer and smooth muscle cells (SMCs) in
the outer layer). Remarkably, both cell types presented similar alignment to native blood
vessels, although this arrangement was less consistent after 20 days of culture, specifically
with ECs. Moreover, it is worth to mention that these TEBVs were not functional as they were
cultured in static conditions. In order to achieve a functional degree in TEBVs, they need to be
mechanically stimulated, similar to in vivo conditions (2). In this regard, perfusion bioreactors
have been extensively used, as they allow the homogenous distribution of oxygen and
biochemical factors, along all TEBV structure and, at the same time, provide biomechanical
signals, specially laminar shear stress, which mimics physiological conditions inducing TEBV

maturation (3,4).

It is worth to mention that the vascular system is exposed to different shear stress levels, and
this should be taken into account for the perfusion of TEBVs. In physiological conditions,
arterial shear stress is described to generally be between 10 and 70 dynes/cm?, whereas vein

shear stress is reported to be between 1 and 6 dynes/cm” (5,6). Several previous studies with
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TEBVs with arterial size between 800 and 2000 um, a shear stress between 6.8 and 15

dynes/cm” were applied, demonstrating functionality (7-10).

More in detail, it has been described that the laminar shear stress induced by TEBV perfusion
tends to align EC parallel to the direction of the vessel (11), suppresses EC proliferation and
induces them to a quiescence state (12). Moreover, it induces the expression of surface
adhesion markers (13), establishing cell to cell adhesion increasing the selective permeability
of the endothelium. It also stimulates the synthesis of NO, which is involved in vascular tone,
specifically in vasodilation response, amongst other functions (14). At the same time, perfusion
induces circumferential alignment of SMCs (15), inhibits their proliferative phenotype and
triggers them to differentiate to a senescence contractile phenotype, with the ability to
contract in response to vasoconstrictors (8,16). Additionally, it has been reported in the
literature that perfusion activates vascular remodeling and stimulates cells to synthesize and
deposit extracellular matrix (ECM), increasing their mechanical properties over culture

perfusion time compared to TEBV cultured in static conditions (4,8,17).

Given all these mentioned properties of shear stress, maturation and functionality of perfused
TEBVs can be studied in vitro by assessing vasoactivity response with the presence of
vasoconstrictors and vasodilators. Additionally, endothelium permeability can also be assessed
through the infusion of a labeled molecule and determining if its diffusion through the vessel
wall is reduced through time. Furthermore, mechanical tests can provide more information

about the increase of mechanical properties of TEBVs through time-perfusion.

All in all, these results published in the literature imply the need to perfuse TEBV in order to
induce their maturation with proper functionality and adequate mechanical properties as a

previous step for in vivo applications.

6.2. Objectives

The aim of this chapter is to set up a perfusion system with appropriate conditions to perfuse
our TEBVs. Moreover, this chapter seeks to address if perfusion of our TEBVs can increase
mechanical properties as well as induce vessel functionality in terms of vasoactivity and barrier

function.
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6.3. Materials & Methods

For the tissue engineered blood vessel (TEBV) development, the procedure explained in the
previous chapter (chapter 5) in sections 5.3.4, 5.3.5 and 5.3.6 was followed, with few
modifications. Instead of using human aortic smooth muscle cells (HASMCs) encapsulated in
the outer layer, human neonatal dermal fibroblasts (hNDF) were used. Additionally, alginate

coupled with RGD sequences was used as outer layer composition.

6.3.1. Cell culture

Human umbilical vein endothelial cells (HUVECs) (Lonza Clonetics) and human neonatal dermal
fibroblasts (hNDF) (Lonza Clonetics) were used. For expansion, HUVEC were seeded at a
density of 2500 cells/cm® with endothelial cell growth medium (Cell Applications),
supplemented with 5 mL of Antimycotic/Antibacterial (Gibco). hNDF were seeded at a density
of 3500 cells/cm? and maintained with high glucose DMEM (Gibco) supplemented with 0.1% p-
mercaptoethanol (Gibco), 1% Antimycotic/Antibacterial (Gibco), 1x Non-essential amino acids
(NEAA, Gibco), 1x GlutaMax (Gibco), 1x Sodium Pyruvate (Gibco), and 10% Heat Inactivated
FBS (Gibco). Both cell types were passaged at 80% confluence using 0.05% trypsin/EDTA
(Sigma-Aldrich) and neutralized 1:1 with cell culture media. All cells were cultured in standard
cell culture conditions (372C and 5% CO,). For TEBV development, a final concentration of

15x10° HUVEC/mL and 10x10° hNDF/mL were used.
6.3.2. Setting up the perfusion system

6.3.2.1. Attachment of tissue engineered blood vessels (TEBV) to the
chamber perfusion

For the perfusion of TEBVs, we used a chamber perfusion designed by Truskey’s Lab (Figure 1).
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A) B) j)

Side port

i)

iii)

Figure 1. Perfusion chamber. A) Parts of the perfusion chamber disassembled. B) Mounted perfusion
chamber, with i) upper view and ii-iii) side view.

In order to attach TEBVs to the mandrels of the perfusion chamber, we tested two different
approaches. One of them was to suture TEBVs with 4-0 Silk Black Braided non-absorbable
sutures (VWR) with one knot (Figure 2A). The other strategy consisted of attaching more
surface of TEBV to avoid cutting it. In more detail, rectangular molds were developed with a
silicone-based material (EcoFlex 00-30). Then, they were attached in the inner surface of the
lids of the perfusion chamber. Finally, when the perfusion chamber was sealed with the lids,
TEBVs were attached by pressure (schematic representation of this process is shown in Figure

2B).
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A)
C——) Mandrel
N Tesv
N-3 Suture knot
B) iii)

ii) Chamber lid / l

i)
o

— "
mold
mold

Figure 2. Approaches to attach TEBVs to perfusion chamber. A) TEBVs attached to the mandrels of the
perfusion chamber using suture knots. B) i) EcoFlex molds are fabricated and ii) attached in the inner
surface of chamber’s lids to iii-iv) attach TEBV by pressure.

6.3.2.2. Flow rate parameters and components of perfusion system

First of all, the appropriate flow rate was calculated in order to apply an arterial shear stress,
which was decided to be 10 dynes/cm” according to previous studies. For this purpose, we
used the Poiseuille equation:

_4nQ

SS=——+
nr3

Where SS is the shear stress, u is the viscosity of the fluid, Q is the fluid rate and r is the radius

of the vessel.

Then, a closed flow loop perfusion system was set up as schematically shown in Figure 3.
Briefly, a masterflex peristaltic pump (Cole-Parmer) was used to drive the cell culture media
from the reservoir to the pulsation dampener, then through the perfusion chamber and finally
to the cell culture media reservoir again. All the main components were connected through L/S
16 platinum-cured silicone tubing (Masterflex, Cole-Parmer), with an exception on the input
and output of the perfusion chamber, where L/S 13 platinum-cured silicone tubing

(Masterflex, Cole-Parmer) was used. The perfusion chamber contained 8 stainless steel
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mandrels (4 in each side), which matched the lumen diameter of the vessels, allowing the
attachment of 4 TEBVs. This system allowed the perfusion of TEBV while maintaining the

medium outside the TEBVs static, mimicking in vivo conditions.

Cell
culture

¢

Peristaltic

pump

dampener

Figure 3. Schematic representation of the perfusion system. The system consists of a closed flow loop
where the peristaltic pump drives the cell culture media from the reservoir to the perfusion chamber,
which contains 4 TEBVs. To maintain a continuous flow, a pulsation dampener is added between the
pump and the perfusion chamber.

The peristaltic pump used in this system induced a pulsatile flow rate, generating a cyclic
stretch on TEBVs. Although it has been previously demonstrated that pulsatile flow enhances
considerably TEBV maturation (4,17), it is difficult to establish the appropriate cyclic stretch
according to TEBV size. Additionally, previous studies also reported that continuous flow
induced TEBV maturation and functionality (7,8). Therefore, it was decided to establish a
continuous flow as a first approach for the assessment of TEBV maturation. For this purpose, a
pulsation dampener was added into the perfusion system to ensure a continuous and stable
flow rate through TEBVs. Generally, a pulsation dampener consist of a closed chamber
containing air with an inlet, where cell culture media enters, and an outlet, where cell culture
media leaves (Figure 4A). Briefly, when cell culture media enters in to the pulsation dampener,
the air contained within absorbs the pulsatile wave, resulting in a continuous flow when
leaving through the outlet. Here, we developed ourselves a hand-made pulsation dampener.
For this purpose, we used a 50 mL syringe (Becton Dickinson, VWR) and pulled out the plunger
of the syringe without removing it completely. Then, with the help of a drill, we drilled the
syringe transversely including the plunger and fixed it with a screw, as shown in Figure 4B.

Finally, we sealed the plunger borders with Loctite Epoxy (M-121HP, McMaster Carr), to avoid
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the escape of air or liquid. The 4 way stopcock (Cole-Parmer) was left open to allow the fluid
flow to enter inside the pulsation dampener and attenuate the pulsatile flow. In our pulsation

dampener, the inlet and outlet are the same orifice.

B)

A)

4 way
stopcock

« |
Inlet ===--"~ L Outlet

Figure 4. Pulsation dampener. A) Schematic representation of a pulsation dampener: the pulsation flow
enters into the pulsation dampener, where the pulsatile wave is attenuated by the air, leading to a
continuous flow when cell culture media leaves through the outlet. B) Image of the hand-made
pulsation dampener developed and used in our perfusion system.

Once the perfusion system was set up, it was first tested by perfusing cell-free TEBVs with
distilled water to ensure there was no leakage through all the system. Moreover, to ensure
that there were no TEBV leakages, we stained the perfused distilled water with a blue ink while
maintaining the water in the perfusion chamber un-stained. Then, we repeated the same
procedure using cell culture media to confirm if TEBVs could be perfused with a flow rate

inducing a shear stress of 10 dynes/cm?®.

Experiments of TEBV containing HUVEC and hNDF with their subsequently perfusion were
performed in sterile conditions. All the tubing parts of the perfusion system were autoclaved,
whereas the rest of the parts were sterilized with ethylene oxide. Cell culture media was
replaced every other day from all the perfusion system, including the perfusion chamber using
the side ports. Peristaltic pump was maintained outside the incubator whereas the perfusion
system was maintained inside (Figure 5) with normal cell culture conditions, at 372C and 5%
CO,. TEBVs were perfused with the endothelial cell growth medium (Cell Applications)

described in section 6.3.1.
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Figure 5. Pictures of the perfusion system with the incubator. Peristaltic pump was placed outside the
incubator whereas the rest of the perfusion system was placed inside.

6.3.3. Mechanical assessment

For mechanical assessment, burst pressure and ultimate tensile strength were measured and

calculated, respectively.

Burst pressure is defined as the maximum pressure that a TEBV can withstand before rupture.
In order to measure it, TEBVs were attached in the perfusion chambers with one end sealed
and the other connected to a differential pressure gauge (Keller). PBS was injected through
TEBVs until failure and the maximum pressure achieved was recorded. All the process was
recorded in order to measure the diameters and wall thickness of TEBV to calculate the
ultimate tensile strength. For this purpose, it was used a stereoscope (Amscope) connected to
a video camera with ISCapture software. Burst pressure was performed with cell-free TEBVs
with distilled water and with cell-loaded TEBVs with cell culture media. A total of four TEBVs

were analyzed in each case.

Ultimate tensile strength (UTS) is defined as the peak stress that a TEBV can withstand while
being stretched before failure. Burst pressure was used to calculate the UTS based on the law

of Laplace using the following formula:

UTS = P b
Y
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Where P is the value of the burst pressure, D is the inner diameter of the TEBV and t is the wall
thickness. The same TEBVs that were used to measure the burst pressure were also used to

calculate the UTS (n=4).

6.3.4. Understanding TEBV mechanical properties based on ion cell

culture composition.

Cell-free TEBVs were developed and maintained with distilled H,O prior to analysis. Three
different experiments were performed to assess how sodium and calcium affected TEBV
mechanic stability, measured by burst pressure. Sodium (NaCl, Sigma-Aldrich) and calcium

(CacCl,, Sigma-Aldrich) were prepared with distilled H,0.

6.3.4.1. Incubation of TEBVs with sodium

TEBVs were placed and sutured within chamber perfusion with distilled H,0. Then, the distilled
H,0 was removed and TEBVs were incubated with sodium during 10 minutes. Concentrations
tested were: 0, 10, 50, 150 and 300 mM NaCl (0 mM was distilled H,0). Just thereafter the
incubation time, burst pressure analysis was performed. Schematic representation of the
procedure is shown in Figure 6.

TEBVs within TEBVSs cultured with Na*
distilled H,0 10 min

- Burst pressure

Figure 6. TEBVs cultured with sodium. After placing TEBVs in the perfusion chamber and suturing them,
distilled H,0 was removed and replaced with a sodium-containing solution. After 10 minutes of
incubation, burst pressure was performed.

6.3.4.2. Simultaneous incubation of sodium and calcium with TEBVs

The same procedure explained before (section 6.1.1.1.1.) was followed, but in this case, the
combination of different concentrations of sodium and calcium were tested (see Table 1 for

concentrations tested). Schematic representation of the procedure is shown in Figure 7.
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Table 1. Concentrations of sodium and calcium tested.

NaCl (mM) CaCl, (mM)
10 300
50 300
150 300
300 300
10 50
50 50
150 50
300 50

TEBVs within
distilled H,0

Figure 7. TEBVs cultured with sodium and calcium solution. After placing TEBVs in the perfusion
chamber and suturing them, distilled H,O0 was removed and replaced with a sodium and calcium-

TEBVs cultured with
Na* and Ca?*
10 min

- Burst pressure

containing solution. After 10 minutes of incubation, burst pressure was performed.

6.3.4.3. Sequential incubation of TEBVs with sodium and calcium

The same procedure explained before (section 6.1.1.1.1.) was followed with small changes. A
concentration of 300 mM of sodium was removed after 10 min of incubation. Then, TEBVs and
the chamber perfusion were washed three times with distilled H,0. Afterwards, 300 mM of
calcium was added and incubated for 10 more minutes. Just thereafter, burst pressure analysis

was performed. Before and after sodium and calcium incubation, captures of TEBVs were

taken. Schematic representation of the procedure is shown in Figure 8.
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TEBVs within TEBVs cultured with Na* TEBVSs cultured with Ca®*
distilled H,0 10 min 10 min

3x washes
with distilled
H,0 Burst
pressure

Figure 8. TEBVs cultured with sodium followed by calcium solution. After placing TEBVs in the
perfusion chamber and suturing them, distilled H,0 was removed and replaced with a sodium-
containing solution. After 10 minutes of incubation, three washes were made with distilled H,0. Then,
TEBVs were incubated with calcium solution for 10 more min. After the incubation, burst pressure was
performed.

6.3.5. Functional assessment

6.3.5.1. Vasoactivity

Vasoactivity assay consists on perfusing TEBVs with the presence of a vasoconstrictor (e.g.
phenylephrine) or vasodilator (e.g. acetylcholine) and measure the diameter change.
Phenylephrine interacts directly with hNDF to induce a vasoconstriction response, whereas
acetylcholine interacts with endothelial cells, increasing their NO synthesis. Then, NO diffuses
and interact with hNDF inducing a vasodilation response. Therefore, acetylcholine elicits an
endothelium-dependent vasodilation through NO release. Phenylephrine and acetylcholine

demonstrated to induce a diameter change in a dose-response manner from 1 to 100 uM (8).

Vasoactivity assay was measured with cell-loaded TEBVs at day 7 and day 14 (n=2). The same
two TEBVs were analyzed per time point. Vasoactivity assay was measured at room
temperature with the same perfusion circuit where TEBVs were cultured. Briefly, TEBVs
attached in the perfusion chamber were located under a stereoscope (Amscope) connected to
a video camera and were recorded with ISCapture software. First, the video recording was run
for 30 sec to establish TEBV baseline diameter. Then, 1 or 10 uM of phenylephrine (Sigma-
Aldrich) was injected into the flow circuit to assess the vasoconstriction response of TEBVs.
After 5 min, 1 or 10 uM of acetylcholine (Sigma-Aldrich) was added into the perfusion system
to study the vasodilation response. After 5 more minutes, the video recording was stopped.
Images of TEBV from baseline, vasoconstriction and vasodilation were obtained from the video
recorded and were analyzed using Image J. Four measurements per TEBV were performed

using the same x or y positions for baseline, vasoconstriction and vasodilation. Changes in
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outer diameter were expressed as percent change from the baseline outer diameter (%
vasoconstriction) and percent change from the outer vasoconstriction diameter (%

vasodilation).
6.3.5.2. Permeability

Permeability assay consist of infusing a labeled molecule with specific molecular weight
through TEBV. The rate of diffusion of the molecule through the vessel wall can be calculated
and be compared through perfusion time. Generally, TEBV perfusion induces maturation of
them, which induces cell-to-cell adhesion and hence, selective permeability of molecules
through vessel wall, avoiding the diffusion of high molecular weight molecules. Therefore, a

reduction of diffusion rate is indicative of an increased selective permeability of endothelium.

For permeability assay, TEBVs were transferred and cannulated in a homemade perfusion
device as schematized in Figure 9. FITC labeled dextran, with molecular weight of 500 KDa
(FD500S, Sigma-Aldrich) or 20 KDa (FD20, Sigma-Aldrich) was injected into the lumen of TEBV,
at a concentration of 2 mg/mL. We aimed to use a molecular weight of dextran that allowed its
diffusion through the TEBV wall to further assess how its diffusion was decreased with
perfusion time as a signal of a proper barrier function of our TEBVs. For his reason, we tested
two molecular weights. The release of FITC-dextran through the wall of the TEBV increased the
background fluorescent signal with time. Visualization was performed using a fluorescent

microscope (Nikon ECLIPSE TE2000-U) for a maximum of 50 min.

A) B) FITC-dextran

Cover glass _~— FITC-dextran

slide, num. TEBV
1.5 AN

PDMS square = TEBY

mold

Hollowed mandrel

Figure 9. Hand-made permeability assessing device. A) PDMS hollowed square mold was attached on
the surface of a cover glass slide together with two mandrels. TEBVs were sutured with the ends of the
mandrels and FITC-dextran was perfused into the lumen. B) An image of the real device used for the
permeability assays, containing 500 KDa FITC-dextran into the lumen of the TEBV.

The diffusion rate (P) of FITC-dextran with time was calculated using the following formula:

P 1(d1> r
T AI\dt/2
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Where:

e Alis the change in total fluorescent intensity upon adding labeled molecule.

ary . _— . ;
) (E) is the initial rate of increase of fluorescence out of the vessel lumen. This can be
0

dal

approximated as (dt

Ie—1i— . . . . .
) ~ % , Where [, is the intensity outside the vessel at time t,
0

l:-0 is the intensity outside the vessel at time 0.

e risthe radius of the lumen, estimated from width/2 of fluorescent region at t=0.

We aimed to measure permeability at day 0, 7 and 14, analyzing three TEBVs per time point.

6.3.6. Statistical analysis
Statistical analysis was performed using SPSS software (SPSS V21, IBM). Mann-Whitney U non-
parametric test was used to compare the burst pressure of cell-free TEBV with distilled water
and cell-loaded TEBV with cell culture medium at day 0 (n=3). Mann-Whitney U non-
parametric test was also used to compare the burst pressure of TEBVs incubated with different
concentrations of sodium respect to 0 mM of NaCl (n=3). Kruskal-Wallis and Mann-Whitney U
non-parametric test were performed to analyze the differences of TEBV burst pressure
comparing 0 to 10, 50, 150 and 300 mM of CaCl, for each NaCl concentration, and comparing 0
to 10, 50, 150 and 300 mM of NaCl for each CaCl, concentration. Data were represented as
mean with standard deviation, analyzing 3 TEBVs per condition. P<0.05 was considered

statistically significant.

6.4. Results

6.4.1. Setting up the perfusion system
6.4.1.1. Attachment of TEBVs to the chamber perfusion

In order to ensure TEBV immobilization within perfusion chamber, we first tried to attach them
with hollowed mandrels using sutures. When we sutured them with cell culture media, TEBV
were cut at the point of the suture with time, as shown in Figure 10A. As a second option, we
tried to attach them by pressure using EcoFlex molds, but TEBV slipped away from the
mandrels and could not be maintained straight (Figure 10B). Finally, we tried to combine both
methods. More in detail, we first sutured TEBV with a weak knot that allowed TEBV to be
maintained in specific position. Then, we applied pressure with EcoFlex molds resulting in

straight TEBV conformation, as shown in Figure 10C.
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A) Sutures

Figure 10. TEBVs attachment to perfusion chamber. TEBV attachment with A) sutures (orange arrows
indicate the sutures; blue arrows shows points of TEBV break), B) EcoFlex molds (indicated with orange
arrows) or C) a combination of sutures with EcoFlex molds, suturing them first and applying pressure

with the EcoFlex molds thereafter.
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6.4.1.2. Flow rate parameters

After adapting the chamber and perfusion system to the size of TEBVs, we first tried to perfuse
them with distilled H,O colored with blue ink to assess if they were able to withstand a
minimum shear stress of 10 dynes/cm” and confirm that there were no leakages in the
perfusion system. Remarkably, TEBVs could stand shear stress at least to 20 dynes/cm?, with
no leakage (Figure 11A). We decided to use 10 dynes/cm? for the perfusion experiments.
However, when we perfused TEBVs with cell culture media, TEBVs seemed to be weaker and
broke at the point of attachment. As a consequence, we reduced the flow rate, reducing the
shear stress down to 4.8 dynes/cm?, which showed to maintain TEBV integrity after 24h of

perfusion with cell culture media with non-sterile conditions (Figure 11B-C).

A) B)

Perfusion day 0
WL

Figure 11. TEBV perfusion. A) TEBVs perfused with distilled H,O colored with blue ink at 10 dynes/cmz.
B) Image of TEBV perfused with cell culture media at day 0 and C) at day 1 at 4.8 dynes/cmZ (left: TEBVs
within perfusion chamber with cell culture media; right: TEBVs without cell culture media maintaining
the structure).
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6.4.2. Mechanical assessment of TEBVs

Burst pressure and UTS were measured and calculated to evaluate the mechanical strength
and stability of our TEBVs. We first measured the mechanical properties of cell-free TEBVs,

obtaining a burst pressure of 1.77 + 0.12 Bar (Table 2) and UTS of 1.01 MPa.

Table 2. Burst pressure results of cell-free TEBV with distilled H,0.

‘ Sample Burst pressure (Bar)

TEBV-1 1.94
TEBV-2 1.74
TEBV-3 1.72
TEBV-4 1.68

Mean 1.77

+SD 0.12
CV (%) 6.56

Then, we repeated the measures with freshly develop TEBV containing HUVEC and hNDF (day
0) with cell culture media, obtaining a statistically significantly reduction of burst pressure with
a value of 1.06 + 0.03 Bar (Table 3) and a reduction of UTS of 0.37 MPa. From this time point
on, no other analysis could be performed at day 7 or 14 as TEBVs had to be transferred into
permeability chamber device and be sutured for burst pressure analysis, and they broke at the

point of suture before being able to run the test.

Table 3. Burst pressure results of cellular TEBVs at day 0 with cell culture media.

‘ Sample Burst pressure (Bar)
1.03
TEBV-2 1.06
TEBV-3 1.09
TEBV-4 1.04
Mean 1.06
+SD 0.03
CV (%) 2.51
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6.4.3. TEBV stability with the presence of cell culture media ions

We realized that TEBVs become weaker in terms of mechanical properties when they were
maintained with cell culture media, especially at the point of attachment of TEBVs with the
perfusion chamber. This was not observed when TEBVs were maintained with distilled H,0

(Figure 12A-B).

A)

Distilled H,0

B)

Cell culture media

Figure 12. A) Cell-free TEBVs attached with sutures within permeability chamber device in contact with
distilled H,0. B) Cellular TEBV after 7 days of perfusion in contact with cell culture media. Red arrows
show break points of TEBVs.

In the cell culture media used, the concentration of sodium was 155 mM, whereas calcium was
1.8 mM. As both ions can affect the crosslinking of alginate, we proceeded to incubate TEBVs

with different concentrations of them and assess TEBV stability.

6.4.3.1. TEBV cultured with different concentrations of sodium

As observed in Figure 13, the increase of sodium concentration reduced the burst pressure in a
likely dose-concentration manner. The concentration of sodium present in the cell culture
media used (155 mM, marked with red arrows in the graph) corresponded to a burst pressure
around 1 Bar, which is in concordance with the burst pressure of cell loaded TEBVs at day O
with cell culture media reported in section 6.4.2. This value corresponds to a reduction of

44.5% compared to burst pressure with 0 mM of sodium.
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Figure 13. Burst pressure of TEBV cultured with different concentrations of sodium. Arrows indicate
the concentration of sodium in cell culture media used for TEBV culture perfusion. Mean burst pressures
with standard deviations are represented (n=3 per condition).

*Statistically significant differences of TEBV burst pressure compared with TEBVs incubated with 0 mM
of sodium (p<0.05).

6.4.3.2. Simultaneous incubation of sodium and calcium with TEBVs

Then, we wanted to assess how different concentrations of both ions affected TEBV stability.
As observed in Figure 14, without any concentration of sodium and increasing the
concentration of calcium, burst pressure was maintained around 1.8 Bar. When concentration
of sodium was increased, the burst pressure was reduced, but it could be increased at some
extend increasing at the same time the concentration of calcium. Again, the approximate
concentration of sodium and calcium in the cell culture media used was pointed out in the

graph, which corresponded a burst pressure around 1 Bar.

2,00
1,80 |
160 ¢
— 1,40
@
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2
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0,40
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Figure 14. Burst pressure of TEBV cultured with different concentrations of sodium and calcium. Red
arrow indicates the approximate concentration of sodium and calcium of cell culture media used to
perfuse TEBV. Mean burst pressure with standard deviation is represented per condition (n=3).

The summarized statistical analysis results are in Table 4 and Table 5.
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Table 4. Significant statistical differences between 0 and 10, 50, 150 and 300 mM of CaCl, for each
sodium concentration. Mann-Whitney U non-parametric test; n=3 per condition; *=p<0.05; ns =p>0.05.

[CaCl,] (mM)

10 50 150 300

0 ns ns ns ns

10 * * * *

1) 50 ns ns * *
300 ns * * *

Table 5. Significant statistical differences between 0 and 10, 50, 150 and 300 mM of NaCl for each
calcium concentration. Mann-Whitney U non-parametric test; n=3 per condition; *=p<0.05; ns =p>0.05.

[NaCl] (mM)
10 50 150 300

0 * * * *

10 ns * * *
[CBC|z] % * *
(mM) 50 ns

150 ns ns * *

300 ns * * *

6.4.3.3. Sequential incubation of TEBVs with sodium and calcium

As a final test, we proved if mechanical properties could be reversed. For this purpose, we

incubated TEBVs with sodium and then with calcium. As shown in Figure 15, when TEBVs were

incubated with 300 mM of sodium, they lost their straight integrity. Interestingly, after a

second incubation with 300 mM of calcium, TEBVs could recover they straight structure and

obtained a burst pressure of 1.8 + 0.03 Bar.
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Figure 15. Captures of TEBVs incubated with distilled H,O (left), after 10 min incubation with 300 mM of
NaCl (middle) and after 10 min incubation with 300 mM CacCl, (right). Images from the above row are
TEBVs in contact with their respective solutions, whereas images from the below row are TEBVs after
removing their respective solutions.

6.4.4. Functionality of TEBVs

Although previous results showed a reduction of TEBV burst pressure with cell culture media,
we proceeded to perfuse them with 4.8 dynes/cm?’, as previously shown to maintain their

integrity at least for 1 day.

With a view to elucidate if TEBVs acquired some functionality due to perfusion, we analyzed
their vasoactive response with the presence of phenylephrine as a vasoconstrictor and
acetylcholine as a vasodilator. Moreover, we aimed to analyze the barrier function of the

TEBVs by measuring the diffusion of dextran through the wall.

6.4.4.1. Vasoactivity response

After several attempts, only two TEBVs could withstand perfusion and reach up to day 7 and
day 14. Despite the low number of samples analyzed, they seemed to present some
vasoactivity in a dose-response manner, as observed in Figure 16. At day 7, an increase of
contraction was obtained from -0.8 + 0.4% to -1.62 + 0.2% with 1 and 10 uM of phenylephrine,
respectively (Figure 16A). In a similar way, an increase of dilation was observed from 0.9 +
0.8% to 2.1 £ 0.4% with 1 and 10 uM of acetylcholine, respectively. At day 14, the contraction
response with phenylephrine was reduced compared to day 7, being -0.6 + 0.1 and -0.8 + 0.8

with 1 and 10 uM, respectively (Figure 16B). Conversely, the vasodilation response seemed to
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be slightly higher compared to day 7, being 1.22 + 0.8% and 2.56 + 1.4% with 1 and 10 pM,

respectively.

A) B)
Day 7 Day 14
: 5 °
® 2 ® ,
(o] (]
S 1 S
s m Phe e 2 W Phe
20 2
g 1 m Ach g 0 | B Ach
8 K]
;- &
-3 ° 4
1uM 10 uM 1pMm 10 uM

Figure 16. Vasoactivity of TEBVs. A) Vasoactive response of TEBVs at A) day 7 and B) day 14. Mean of %
change is represented with standard deviation (n=2).

6.4.4.2. Permeability of endothelium

In order to assess the barrier function of endothelium, we first needed to select a proper
molecular weight of dextran that diffused freely through TEBV wall in the absence of cells. This
allows to further analyze if the diffusion is reduced with the presence of cells submitted to
perfusion stimulus, as a sign of enhancing barrier function, reducing the random permeability

of molecules through the vessel wall.

Dextran with a molecular weight of 500 KDa could not diffuse through the wall even after 50
min (Figure 17A). Conversely, 20 KDa could diffuse through the TEBV wall, as observed in
Figure 17B, with a diffusion rate of 1x107, 6.7x10° and 3.1x10° cm/s at 5, 10 and 20 min,
respectively. Therefore, we selected 20 KDa of FITC-Dextran to perform permeability assay
with cellular TEBVs. Interestingly, the diffusion rate of dextran obtained with freshly developed
TEBV (day 0) containing HUVEC and hNDF was initially reduced, being 1.7x10° + 4.9x10°,
1.2x10° + 2.9x10° and 7.2x10° + 1.3x10® cm/s at 5, 10 and 20 minutes, respectively (Figure
17C), which was lower than cell-free TEBVs. No further analysis could be performed beyond
day 0, as TEBV had to be transferred from perfusion chamber into TEBV permeability perfusion
device and be sutured. All of them broke in the point of suture, resulting in FITC-dextran

leakage outside the vessel making it impossible to measure the diffusion through the wall.
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Figure 17. Permeability assay of TEBVs. Perfusion of cell-free TEBVs with A) 500 KDa and B) 20 KDa of
FITC-Dextran. C) Perfusion of cellular TEBV with 20 KDa dextran at day 0.

6.5. Discussion

In this chapter, the perfusion of TEBVs was performed to address if mechanical properties and
functionality of TEBVs could be improved during perfusion time course. Initially, once the
perfusion system was adapted to the size of our TEBVs, we perfused them to assess if they
could withstand physiological flow rates which induced arterial shear stress. It is described
that, generally, the shear stress in native arteries is between 10 and 70 dynes/cmz, whereas in
veins is reported to be among 1 to 6 dynes/cm2 (5,6). Moreover, the size of arteries is
described to be between 0.1 and 10 mm (18). Therefore, as our TEBVs had an approximately
inner diameter of 1400 um, which is in the low range of artery size, we decided to induce them
a lower shear stress of 10 dynes/cm?, which is in accordance with the shear stress applied in
other studies with similar TEBVs sizes (9,10). Remarkably, when cell-free TEBVs were perfused
with distilled H,0 to test the perfusion system, they could withstand at least a shear stress of
20 dynes/cmz. However, when perfused with cell culture media, TEBVs become weaker and
broke at the point of attachment. After reducing the shear stress, TEBVs could only maintain
their integrity applying a shear stress of 4.8 dynes/cm?’ for at least 24h (Figure 11). Therefore,

we used this low shear stress for the subsequent assays. Previous studies could demonstrate

188



Chapter 6

TEBV maturation and functionality with shear stress of 6.8 dynes/cm?” (7,8). Moreover, other
studies demonstrated that EC and SMCs could mature with even lower shear stress, specifically
with 2.5 and less than 1 dyne/cm? (17,19). Therefore, we considered that some functionality

could be achieved with 4.8 dynes/cm?®.

After developing TEBVs and mature them with perfusion stimulus, mechanical properties of
them are expected to be at least similar to native vessels. For instance, burst pressure of
internal mammary artery is 3200 mmHg (4.2 Bars) and saphenous vein is 1600 mmHg (2.1
Bars) (20), having diameters of 1.9-2.6 mm and 3.1-8.5 mm, respectively (21). When we
performed the burst pressure of cell-free TEBV with distilled water, we obtained a burst
pressure of 1327.6 + 87 mmHg (1.77 Bars) (Table 2), which is a little lower than saphenous
vein. However, a study reported an increase of burst pressure during perfusion time due to
extracellular matrix deposition by cells (22), therefore, we considered they were good initial
mechanical properties with potential to be increased throughout perfusion time. Moreover,
we obtained UTS of 1.01 MPa, which is a little above from native arteries, which is described to
be around 0.5-0.8 MPa (23,24). However, when we incorporated cells to our TEBVs and
performed burst pressure at day 0 with cell culture media, burst pressure and UTS drastically
drop, specifically obtaining 791.3 + 22.5 mmHg (1.06 Bars) and 0.37 MPa (Table 3). As
previously mentioned, cell culture media seemed to weaken our TEBVSs, and this could explain

the reduction of burst pressure and UTS.

After observing the evident weakening of TEBVs when placed or being in contact with cell
culture media, we checked cell culture media composition and noticed that it contained an
elevated concentration of sodium (around 155 mM) compared to calcium (around 2 mM),
which is consistent with the concentrations of these ions found in human blood (25). We
conducted experiments were cell-free TEBV were incubated with different concentrations of
sodium and with a combination of different concentrations of sodium and calcium, to test how
sodium ions affected TEBV stability. The increase of sodium decreased the burst pressure of
TEBVs (Figure 13), being with 150 mM of sodium almost a reduction of 50% compared with 0
mM of sodium. Moreover, when calcium was increased with the presence of sodium, it could
increase to some extend the burst pressure (Figure 14). Interestingly, TEBV incubation with
calcium after sodium, recovered burst pressure to 1.8 Bar. These results suggested that
sodium and calcium might compete for alginate, and sodium might be able to replace calcium
from alginate when found in higher concentrations, destabilizing the crosslinking of alginate.
Therefore, these results can explain why we had more difficulties to perfuse TEBVs with cell

culture media. These findings are in agreement with prior papers published in the literature.
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Alginate has been previously described with a limited long-term stability when placed with
physiological fluids due to exchange of calcium with monovalent ions (26). However, it is worth
to mention that considering TEBVs developed with alginate, our TEBVs presented higher
mechanical properties, with an UTS of 0.37 MPa, compared to TEBVs developed with 4%
alginate by other authors, reporting an ultimate strength of 0.18 MPa (27). That might be due
to the presence of collagen in our TEBVs. Other studies report difficulties in manipulating
alginate-TEBVs with low mechanical properties, but presenting promising results when
implanted in vivo. For instance, Gao et al. developed a TEBV with and hybrid bioink composed
of a mixture of alginate with vascular-tissue-derived decellularized extracellular matrix and
implanted in an in vivo mouse ischemic limb model. Authors mentioned as a limitation the
weak mechanical strength of their TEBVs hampering their surgical anastomosis with the host
vessel in the implantation process. However, they could demonstrate an improvement of

neovascularization in the ischemic limb after TEBV implantation (28).

Although TEBVs presented low mechanical properties, we decided to perfuse the cell loaded
TEBVs with the lower shear stress of 4.8 dynes/cmz, in which TEBVs seem to withstand for at
least 24h during the setting up of perfusion system. During perfusion time, the chances of
TEBVs to maintain their integrity at the point of attachment up to 7 or 14 days were low.
Regarding vasoactivity assay, we could analyze two TEBVs at both time points. The preliminary
results were promising, demonstrating some functionality, with the capability of TEBVs to
respond to phenylephrine and acetylcholine, a vasoconstrictor and vasodilator, respectively.
TEBVs seemed to respond in a dose-dependent manner, with the maximum contraction
achieved of -1.62% and a maximum dilation of 2.56% (Figure 16). The vasoactive response was
close to the physiological range of human native arteries, since for instance, human radial
arteries dilate between 3-10% (29). It is likely that the lower values are due to the low flow
rate and shear stress applied, which were characteristic from veins. Moreover, given that our
findings are based on a limited number of TEBVs, the results from such analyses should
therefore be treated with caution. In relation to endothelial barrier function, 500 KDa FITC-
dextran could not diffuse through cell-free TEBVs, whereas 20KDa could freely pass through
vessel wall (Figure 17). These are interesting results, as suggests that alginate itself is able to
reduce the freely diffusion of molecules with high molecular weight. In addition, these results
are in agreement with a previous study, where the same molecular weights of molecule were
tested (30). Specifically, 500 KDa could not diffuse through a 2.5% alginate vessel wall, a
concentration similar of our TEBVs, which was 2%. Authors suggested that the highest

molecular weight could not diffuse due to mesh pore size, being lower molecular weight

190



Chapter 6

tested smaller and, therefore, being able to rapidly invade the alginate wall. Interestingly,
diffusion rate of dextran through cell-loaded TEBVs at day 0 was slightly reduced compared to
cell-free TEBVs, indicating that the presence of cells ameliorated the barrier function.
However, although we were able to obtain three TEBVs up to day 7 and 14, we could not
evaluate if the diffusion rate was reduced from day 0 on due to technical problems. More
specifically, TEBVs had to be transferred into permeability chamber device and be sutured for

the assay, resulting in TEBV break at the point of suture leading to FITC-dextran leakage.

6.6. Conclusions

In summary, TEBVs presented low mechanical properties when placed with cell culture media,
due to the presence of higher concentrations of sodium compared to calcium, which affected
alginate crosslinking stability. This conditions lead to perfuse our TEBVs with a flow rate
inducing low shear stress. Nonetheless, preliminary results of vasoactivity assay showed that
TEBVs were able to constrict and dilate in a dose-dependent response with the presence of
phenylephrine and acetylcholine. Future work is required in the improvement of TEBV
attachment to the perfusion chamber to avoid TEBV break. Alternatives should include, for

example, the use of a mesh around all TEBV structure.
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CHAPTER 7. Extrusion of high concentrated collagen for tissue
engineering blood vessel development

7.1. Introduction

The choice of the biomaterial for developing a tissue engineered blood vessel (TEBV) is of
special importance, as it should recreate the native extracellular matrix to allow cell
attachment and spreading and, at the same time, it should possess enough mechanical
stability to withstand physiological flow rates. Regarding the achievement of biological
properties, natural polymers have gained special attention. Amongst them, collagen has been
considered a good candidate as it is the most prevalent extracellular matrix (ECM) protein
found in all three tunica (intima, media and adventitia) of native arteries (1). The first attempt
in developing a three-layered TEBV was performed with collagen by Weinberg and Bell in 1986
using matrix molding approach (2). However, those TEBVs did not present adequate
mechanical properties, even when a Dacron mesh was added as structural support to further
enhance their mechanical stability, obtaining burst strength of 120-180 mmHg. These values
were significantly lower in comparison to 2000-3000 mmHg obtained with physiological
vessels such as saphenous vein and internal mammary artery (3).It is worth to mention that
concentration of collagen used was below 2 mg/mL and Dacron mesh was the one providing
most of the structural support. In the last years, different strategies have been followed to
increase the mechanical properties of collagen gel for TEBV development. For instance, Li et al
developed 1 mm inner diameter vessel with a final collagen concentration of 6.3 mg/ml using
the matrix molding approach. After collagen gelification, the vascular conduit was dried
overnight at 372C to increase collagen density. The day after, the TEBV was rehydrated and
crosslinked with genipin. This process resulted in an increase of mechanical properties with a
burst pressure of 1300 mmHg (4). In a slightly different approach, enhancement of mechanical
strength of TEBVs through collagen fiber densification was achieved by plastic compression.
More in detail, this process consists on removing the water content of collagen TEBV (with an
initial collagen concentration of 2 mg/mL) using absorbing sterile kimwipes. Following this
process, the TEBVs with an inner diameter of 800 um achieved a burst pressure of 1600 mmHg
(5), comparable to saphenous vein. In this last case, matrix molding approach was also used for
the development of vascular conduit. Generally, when collagen is used for TEBV
manufacturing, some support is necessary to avoid its spreading and to maintain tubular shape

while being gelled. In this regard, matrix molding is the method of choice, although it can be
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limited for developing more sophisticated structures. In this regard, the ability to create
complex structures such as bifurcated vessels with collagen, has recently been demonstrated
using 3D printing method (6). In more detail, they could print small coronary artery-scale
comparable to left anterior descending artery of 9 mm length, 1.4 mm of inner diameter and a
wall thickness of 300 um. To allow collagen integrity during 3D printing process, the authors
extruded a high concentration collagen (24 mg/mL) into a gelatin microparticle support bath.
In another study, slightly higher concentrations of collagen (30 mg/mL) were used for the
development of different a-cellular tissue-like structures such as blood vessels (7). In this
second study, the authors used a pre-shaped print head according to the tissue they aimed to
develop. Moreover, the collagen was directly printed into DMEM, being able to preserve its
structure. These recent contributions demonstrate the possibility to extrude pure collagen

while preserving its structure by using high concentrations.

Previously, in chapter 5, we described a method to develop tissue engineered blood vessels
(TEBV) using a triple co-axial nozzle. It would be interesting to use the same method to
develop in one step procedure TEBVs with high concentrations of collagen, incorporating
specific vascular cell types. To the best of our knowledge, this has not been performed before
using our extrusion co-axial approach, and would significantly reduce manufacturing steps

compared to matrix molding.

7.2. Objectives

The aim of this chapter is the development of tissue engineered blood vessels (TEBV) in one
step procedure using high concentrations of collagen with our triple co-axial nozzle extrusion
method. We also aim to incorporate specific vascular cell types and assess their viability and

also to assess the feasibility of TEBV perfusion with arterial shear stress.

7.3. Materials & Methods

7.3.1. Isolation of collagen type |

Collagen type | was isolated from bovine tendons obtained from an abattoir and all the
isolation process was based on well-established protocols (8). First, tendon was separated
from the surrounding fascia and was cut to small pieces with the aid of a blender, followed by
three washes with phosphate buffered saline (PBS). Then, the sliced tendon was dissolved with

1M acetic acid under agitation for 72h. Enzymatic digestion was performed using porcine
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gastric mucosa pepsin (Sigma-Aldrich) at 40U/mg of tendon under stirring, 2h at room
temperature (<20 2C) and 72h at 42C. The resultant enzymatic digestion was filtered to obtain
pepsin soluble collagen and was purified by salt precipitation (0,9 M NaCl) during 24h. The
precipitated collagen was collected and dissolved with 1M acetic acid under stirring for 5 days.
Finally, collagen solution was dialyzed (MW 8,000 cut off) repeatedly against 1ImM acetic acid
and the dialyzed collagen solution was kept at 42C. Collagen concentration was determined
using dry weight and collagen purity was evaluated using sodium dodecyl sulfate
polyacrylamide gel electrophoresis (SDS-PAGE) followed by Coomassie staining and

densitometry analysis with Image) software.

7.3.2. Obtaining high concentrations of collagen

Once collagen was isolated and its purity assessed (performed in chapter 5), it was then frozen
at -209C for at least 24h, followed by lyophilization (Cryodos-80, Telstar). Afterwards,
lyophilized collagen (Figure 1 i) was cut into small pieces (Figure 1 ii) and dissolved with cold
50 mM acetic acid to the desired concentration (Figure 1 iii). Specifically, we dissolved collagen

at concentration of 10 and 20 mg/mL.

ii)

+50 mM
—— S acetic acid
— —
4°C

Figure 1. Obtaining high concentration of collagen. i) After collagen lyophilization, it is cut ii) to small
pieces and then iii) dissolved with cold 50 mM acetic acid. Picture on the right (iii) shows 20 mg/mL of
collagen type | dissolved.

7.3.3. Development of gelatin microparticles support bath

Schematic representation of gelatin microparticles support bath is shown in Figure 2. First, a
solution containing a final concentration of 2% (w/v) gelatin Type B (Sigma-Aldrich), 0.25%
(w/v) Pluronic F-127 (Sigma-Aldrich) and 0.1% (w/v) gum arabic (Sigma-Aldrich) in 1L of 50%
(v/v) ethanol (PanReac AppliChem) was heated to 452C. The pH was adjusted to 6.25 with 1M
hydrochloric acid (HCI). Then, the beaker was placed on stirrer (MS-H-S, Dlab), sealed with
parafilm to avoid solution evaporation and cooled at room temperature while stirring

overnight for microparticle formation. To compact the gelatin microparticles, the slurry was

199



divided with 50 mL conical tubes and centrifuged at 300g for 5 min. After removing the
supernatant, the microparticles were resuspended with 1x phosphate buffered saline (1x PBS)
at pH 7.4 (washing solution) and centrifuged at 1000g for 2 min. This washing step was
repeated three times. Then, the gelatin microparticle slurry was kept at 42C with 1x PBS in its
uncompacted state (they could be stored up to 1 month at 42C). Prior to TEBV extrusion,
gelatin microparticles were compacted by centrifuging them at 2000g for 5 min. Supernatant

was removed and gelatin slurry was transferred into a petri dish.

D

2% Gelatin type B
0.25% Pluronic F-127 > Dissolved with 50%

—
0.1% Gum arabic ethanol ‘ E
' Y J \

pH=6.25 (1M HCl); 452C

Cool at RT overnight Centrifuge
stirring 300g, 5 min

Store at 42C up to 1 month /
\ 1) Supernatant removal
/ 2) 3 washes with 1X PBS,

Ready to use: centrifuge 1000g, 2 min
1) Centrifuge 2000g 5 min

2) Supernatant removal and transfer

gelatin slurry to petry dish

Figure 2. Schematic representation of gelatin microparticle extrusion support development.

7.3.4. Cell culture

Human umbilical vein endothelial cells (HUVECs) (Lonza) and human aortic smooth muscle
cells (HASMCs) (ATCC) were used. For cell expansion, HUVEC were seeded at a density of 2500
cells/cm? with endothelial growth medium-2 bulletkit (EGM-2) (Lonza) containing VEGF, rhFGF-
B, rhEGF, r-IGF-1, hydrocortisone, ascorbic acid, gentamicin sulfate, amphotericin-B and 2% of
FBS. HASMC were seeded at a density of 2500 cells/cm? with vascular cell basal medium
supplemented with vascular smooth muscle cell growth kit (ATCC) containing 5 ng/mL rh-FGF-
basic, 5 ug/mL rh-Insulin, 50 pg/mL ascorbic acid, 10 mM L-glutamine, 5 ng/mL rh EGF, 5% FBS
and 1% Penicillin-streptomycin. When both cell types reached 70-85% confluence, they were
passaged using 0,25% Trypsin-EDTA (Gibco) or they were ready to be used for TEBV

development. All cells were cultured in standard cell culture conditions (372C and 5% CO,).

200



Chapter 7

7.3.5. Collagen tissue engineered blood vessel (TEBV) development

The procedure explained in chapter 5 (section 5.3.4 and 5.3.5) was followed with some
modifications. Schematic representation of the method is shown in Figure 3A. A triple
concentric nozzle (23G inner, 17G middle and 13G outer) (NanoNC) was fed with the help of
injection pumps with two different materials placed in three syringes to allow the formation of
tricentric fiber. The inner syringe was loaded with 25% wt Pluronic F-127 (Sigma-Aldrich)
aqueous solution, as a sacrifice material. The middle and outer syringes were loaded with the
previously extracted collagen type | at a concentration of either 10 or 20 mg/mL. Collagen was
self-assembled by adding 200 pL of 10x DMEM (Sigma-Aldrich) and the necessary amount of
NaOH, 1M or 5M, was added to 2 mL of collagen. Three injection speeds were tested (10, 25
and 50 ml/h) for two main purposes: i) to study the effect of the injection speed on the general
parameters of the blood vessel-like structure, mainly shell thickness and inner and outer
diameter and ii) to determine which injection speed would allow us to control more uniformly
the movement of the triple co-axial nozzle along the petri dish, facilitating the development of
straight TEBVs (see Figure 3Bi for the extrusion pattern to follow). All the loaded syringes were
kept at 42C. Then, the solutions were extruded at the same time in a petri dish containing an
extrusion bath. Specifically, two types of extrusion baths were tested: gelatin microparticles
slurry (at room temperature, approximately 20 2C), or endothelial growth medium-2 (EGM-2,
Lonza) (both at 372C). The purpose of testing gelatin microparticles slurry as a support bath
was to ensure structural support to the extruded collagen, allowing its gelification without
spreading. We also wanted to test if collagen could maintain its structure once extruded into
EGM-2 medium without the need of structural support, as previously reported with higher
collagen concentrations (7). After 10 min of the extrusion, the petri dish was placed at 37°C,
which further allowed collagen gelification and, in the case of gelatin microparticle, allowed
their melting leaving behind collagen vessel gelled. Afterwards, TEBVs were cut to the desired
culture media during 5 min, obtaining TEBV structure. To assess the feasibility of perfusion of
TEBVs, they were cut to 2.5 cm length, the appropriate size to incorporate them in the

perfusion chamber.
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Collagen type | with
— human aortic smooth
muscle cells (HASMC)
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Collagen type | with
— endothelial cells
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1) Injection pump 4) Collagen type | ~
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3) Collagentypel 6) Extrusion supportbath

Figure 3. Schematic representation of collagen TEBV development through triple concentric extrusion
method. A) Pluronic (2) and collagen type | (3 and 4) are injected into a triple concentric nozzle (5) in the
inner, middle and outer layer, respectively. These biomaterials are extruded in a constant injection
speed controlled by an injection pump (1) into a petri dish containing an extrusion support bath (6). The
fibers are incubated at room temperature (approximately 202C) for 10 min followed by an incubation at
379C for 10-15 min to allow collagen gelation. Then, pluronic is removed from the inner core, obtaining
a hollowed dual layer tubular structure. B) i) Once TEBVs are extruded and gelled, ii-iii) the straight
parts are cut to the desired length.

For cell encapsulation, HUVEC cells were added at a concentration of 15x10° cells/mL in the
middle collagen syringe, and HASMCs were added at a concentration of 10x10° cells/mL in the
outer collagen syringe. For cell viability and 3D reconstruction assays, TEBV were cut to a

length of 1 cm.

7.3.6. Cell viability assay

Viability of HUVEC and HASMCs incorporated within in collagen TEBV was assessed at 24h, to
guantitatively assess cell survival after the shear stress produced by the extrusion method with
two high concentrations of collagen, specifically 10 and 20 mg/mL. The LIVE/DEAD cell imaging
kit (Invitrogen) was used following manufacturer’s instructions. Briefly, the methodology
consists of a live component which stains live cells giving a uniform green fluorescence
(excitation/emission wavelengths were 488/515 nm) and a dead component which stains
death cells producing a nuclear red fluorescence (excitation/emission wavelengths were

570/602 nm). Equal volumes of both components were added in the cell culture medium with

202



Chapter 7

TEBVs reaching a final concentration of 1x. After 15 minutes of incubation protected from
light, cells were imaged with a laser scanning confocal microscope (Leica SP8, LAS X software
version 3.5.5.19976). As a positive control for cell death, some TEBV were prior treated with
4% PFA at room temperature during 30 min followed by an incubation with 1x PBS/0,5% triton
X-100 during 10 min. Three samples per time point were analyzed and three captures at
different plans per sample were acquired. Images were analyzed using Imagel software
(Image) 1.52a) and live and dead cells were counted for each one. Viability was calculated as

number of live cells divided per total number of cells (live and dead), as a percentage.

7.3.7. 3D reconstruction of tissue engineered blood vessels loaded with
fluorescent labeled HUVECs and HASMCs

In order to check if HUVEC and HASMCs could remain in their respective layers once extruded,
inner and outer layers, respectively, each cell type was stained with different colored cell
tracker fluorescence probes previous the development of TEBV structures. HUVEC cells were
stained with Green CMFDA (Invitrogen) and HASMC were stained with Red CMTPX
(Invitrogen), emitting a green and red signal, respectively. Each cell tracker was added in the
specific cell culture media at a final concentration of 10 uM and incubated with cells during 45
min at 37 2C in 5% CO, protected from light. After incubation, cells were detached with
Trypsin-EDTA (Gibco), centrifuged at 150xg for 3 min and used for blood vessel formation.
Once TEBV were developed, they were imaged at 2 days by a confocal laser microscopy (Leica
SP8, LAS X software version 3.5.5.19976). The excitation/emission wavelengths were 492/517
for Green CMFDA and 577/602 for Red CMTPX. Images were processed and 3D reconstruction

was performed with the same confocal software.

7.3.8. Proof of concept of tissue engineered blood vessel perfusion

Finally, after checking the viability and allocation of cells within collagen TEBV structure, we
wanted to check if these TEBVs were able to withstand physiological flow rate with an arterial
shear stress of 10 dynes/cm? to perform functional assays in the future. To this purpose, we
calculated the appropriate flow rate according to our TEBVs size with Poiseuille formula
(described in chapter 6, section 6.3.2.2). We tested if they could withstand physiological
arterial shear stress with cell free TEBV containing collagen at a concentration of 20 mg/mL
and perfuse with endothelial cell growth medium-2 (EGM-2, Lonza) with non-sterile

conditions. The same perfusion system described in chapter 6 (section 6.3.4) was used.

203



7.3.9. Statistical analysis

Statistical analysis was performed using SPSS software (SPSS v21, IBM). Kruskall-Wallis and
Mann Whitney U non parametric test were used to compare if there were differences between
the outer diameter, inner diameter and wall thickness of TEBVs extruded with different
injection speeds and between collagen concentrations. Data was represented as mean %

standard deviation; n=8. P-value of less than 0.05 was considered statistically significant.

7.4. Results

7.4.1. Optimal conditions for high concentration collagen tissue
engineered blood vessel (TEBV) development

We wanted to assess first which extrusion bath was more appropriate for the extrusion of
collagen TEBV. Then, we assessed how the injection speed influenced the size of TEBVs and

which one facilitated the printing process.

The size of gelatin microparticles was around 100 um as illustrated in Figure 4A. For testing
different support baths, TEBVs were extruded using a concentration of 10 mg/mL of collagen.
Gelatin microparticle slurry allowed the extrusion of TEBVs maintaining their tubular structure
(Figure 4B). More interestingly, the high concentration of collagen provided enough stability to
allow the extrusion of TEBV in cell culture media while preserving the tubular structure
without spreading, as illustrated in Figure 4C. Taking into account that vascular cells would be
incorporated within TEBV structure, we decided to use cell culture media as the support bath
for the subsequently assays, as it would provide a more cell friendly environment for their

survival. At the same time, this would require less manufacturing steps.
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Figure 4. A) Optical images of gelatin microparticles support bath. TEBVs extruded with collagen
concentration of 10 mg/mL in B) gelatin microparticles or C) in cell culture media, with 25 mL/h as
injection speed.

Results of sizes of TEBVs (outer diameter, inner diameter and wall thickness) depending on the
injection speed and collagen concentration are represented in Figure 5. In general, when
comparing how injection speed influenced the sizes for each collagen concentration, they were
reduced with 10 mg/mL and increased with 20 mg/mL as injection speed was increased.
Nonetheless, the inner diameter remained the same with 10 mg/mL for all injection speeds
tested. It is worth to highlight that wall thickness was significantly higher with 10 mg/mL of

collagen for the injection speeds of 10 and 25 mL/h.
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Figure 5. TEBVs size. Size of outer diameter, inner diameter and wall thickness depending on the
injection speed with collagen at A) 10 mg/mL and B) 20 mg/mL. Data represented as mean with
standard deviation (n=8 per condition).

*=statistically significant differences between injection speeds for the same collagen concentration

(p<0.05); #= statistically significant differences between collagen concentrations for the same injection
speed.

We also calculated the coefficient of variation (CV) of wall thickness. With 10 mg/mL, the
coefficient of variation for 10, 25 and 50 mL/h were 34.5, 36.8 and 25.7%, respectively. With
20 mg/mL, the CV were 10.8, 17.1 and 17.9% for 10, 25 and 50 mL/h, respectively, suggesting a

more wall thickness homogeneity with higher collagen concentration.

As we had to move the triple co-axial nozzle manually during extrusion along the petri dish, we
decided to use 25 mL/h as injection speed for the rest of the experiments. This velocity
allowed us to control the movement of the triple co-axial nozzle more uniformly, facilitating
the formation of straight TEBVs. With 50 mL/h we had some difficulties and 10 mL/h was too

slow.

7.4.2. Viability of HUVEC and HASMC extruded within TEBVs

We wanted to assess if cells would be able to survive within both high collagen concentrations
once extruded, specifically with 10 and 20 mg/mL. After 24h of extrusion, viability of cells was
86.0% and 85.8% for 10 and 20 mg/mL of collagen, respectively (Figure 6). At this point, as

both concentrations presented similar high viability, we decided to use the highest
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concentration of collagen for the subsequently assays, as it would provide more mechanical

stability.

10 mg/ml 20 mg/ml

Figure 6. Vascular cell viability. Live/dead assay performed on TEBV containing HUVEC and HASMCs in
co-culture at 24h after extrusion. Live cells (green) and dead cells (red).

During cell culture of TEBVs with 20 mg/mL of collagen, some cells started to proliferate within
few hours, as shown in Figure 7A. After 2 days, practically all cells were lengthened (Figure
7B), and from day 5, TEBVs started to fold (Figure 7C) due to cell stretching. Each cell type
could not be distinguished during culture time. However, these observations were consistent

throughout all TEBV 3D structure plans.
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Figure 7. Images of TEBVs with HUVEC and HASMC in co-culture. A) First cells spreading after 2h of
TEBV culture. On the right are presented magnifications at two different plans with red arrows pointing
out stretched cells. B) Practically all cells were lengthened within 2 days of TEBV culture. On the right are
maghnifications at two different plans. C) TEBVs started to blend from day 5. Images from two different
plans.

7.4.3. 3D reconstruction of collagen tissue engineered blood vessel

HUVEC and HASMCs were stained with specific cell tracker (color green and red, respectively)
in order to visualize and confirm if cells were allocated in their respective layers within TEBV
construct. As can be observed in Figure 8, cells covered all tubular structure within 2 days of
culture. It is worth to mention that few HASMCs were visualized in HUVECs layer in the upper

part, and some HUVECs in the SMCs layer in the bottom part.
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HUVEC hASMC Merge

Figure 8. TEBV cell tracker reconstruction with confocal microscope at day 2. Each color indicates
different cell types: HUVEC in green and HASMCs in red at day 2. On the right there is a magnification of
the TEBV.

7.4.4. Preliminary results of tissue engineered blood vessels (TEBVs)
perfusion

As a final experiment, we wanted
to assess if these TEBVs with a
collagen concentration of 20
mg/mL were able to withstand

physiological flow rate equivalent

to arterial shear stress of 10

2 .
dynes/cm®. To this purpose, we Figure 9. Cell-free TEBVs perfusion. 20 mg/mL of collagen
cell-free TEBVs perfused with cell culture media. Images

attached them in the perfusion correspond to A) 4h perfusion and B) 3 days perfusion.

chamber and perfused them with
cell culture media at 372C with non-sterile conditions. After 3 days, cell-free TEBVs were able
to withstand arterial flow rate and shear stress corresponding to 10 dynes/cm? as shown in

Figure 9. Perfusion was stopped at this point due to contamination.

7.5. Discussion

In this chapter, we aimed to extrude TEBVs with high concentration of collagen type | as the
unique biomaterial composition and assess if cells were able to survive within them and if they
had enough mechanical properties to withstand perfusion equivalent to arterial shear stress.
To this purpose, we first tested two different support baths for their extrusion. One of them
was gelatin microparticles, based on a previous study (6), to give structural support to

extruded collagen to avoid its spreading. The gelatin microparticle size reported in this study
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was approximately 25 um, whereas we obtained microparticle size around 100 um (Figure 4A).
Nonetheless, the size we obtained allowed us to print collagen TEBVs while maintaining their
tubular structure (Figure 4B). Remarkably, the high concentrations of collagen tested also
allowed maintaining the tubular structure when extruded in cell culture media solutions
without spreading (Figure 4C), demonstrating that no structural support was needed to
extrude TEBVs. Therefore, we finally chose cell culture media as a support bath for collagen
TEBV extrusion, as it would ameliorate cell survival due to the presence of nutrients and
growth factors, and at the same time, it would reduce one step the TEBV manufacturing

process, avoiding the need to previously fabricate a support bath.

Following the optimization of extrusion bath, we wanted to elucidate how the injection speed
influenced TEBVs size in both collagen concentrations, and which injection speed facilitated
the uniform movement of triple co-axial nozzle while extruding. Interestingly, wall thickness
was in general higher when 10 mg/mL was used compared to 20 mg/mL (Figure 5). Lower
collagen concentration tested had lower consistency, and therefore, during the transition from
liquid to gel state, it might spread more resulting in a higher wall thickness. This reason might
also explain thinner wall thickness of TEBVs when 20 mg/mL was used, presenting lower
coefficient of variation, which was indicative of more homogeneous wall size. In general, there
were no big differences in TEBV size between both collagen concentrations. Similarly to TEBVs
from Chapter 5, the outer and inner diameters of TEBVs obtained were in the range of arteries,
as described to be within 100 um and 10 mm (9). Between the three injection speeds tested,
25 mL/h was the one which facilitated us the most uniformly movement of the triple co-axial

nozzle when extruding the TEBVs.

As a next step, we wanted to choose one collagen concentration to develop TEBVs for the
subsequent assays. To this purpose, we encapsulated both HUVEC and HASMCs within TEBVs
and tested two concentrations, 10 and 20 mg/mL, to assess if cells were able to survive
through extrusion process and within these high collagen concentrations as ECM. After 24h of
extrusion and culture, viability was 86.0% and 85.8% for 10 and 20 mg/mL, respectively (Figure
6). These are positive results, as it has been previously described that, generally, viability of
cells using microextrusion bioprinting is between 40 and 86% (10,11). However, other studies
reported higher viability specifically using high collagen concentrations. For instance, Lee et
obtained a viability of approximately 96% using 24 mg/mL of collagen, although they used a
different cell type, cardiomyocytes, and assessed the viability after 1h of printing (6). Another
study reported viability of approximately 90% using ECs and liver cells (HepG2), up to day 5 of

culture (7). More recently, other authors reported viability of NIH 3T3 to be 97, 95 and 87%
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with 20, 30 and 40 mg/mL after 7 days culture (12). Nonetheless, our results indicate that the
extrusion method is not harmful for these cells and cells could survive in both collagen
concentrations. When 20 mg/mL of collagen was used, spreading of cells was observed as early
as 2h, and practically all cells were stretched within 2 days (Figure 7). Furthermore, TEBV
folding was observed at day 5, probably due to the strength of cells when adhering and
spreading, suggesting a proper environment for their adhesion and proliferation. Accordingly
to these results, we decided to use 20 mg/mL of collagen concentration for TEBV development
as it allowed cell survival and it would provide more mechanical stability due to the presence

of more collagen fibers compared to 10 mg/mL.

Remarkably, with specific HUVEC and HASMC staining with cell trackers, we could confirm that
cells were distributed along all tubular structure (Figure 8). Unexpectedly, we also observed
the presence of some HASMCs in HUVEC's inner layer, and vice versa, few HASMCs in HUVEC's
layer, which there might be a possible explanation for this. Just after TEBV extrusion, there is
the possibility that during the transition of collagen containing cells from a liquid to gel state,
cells might have moved due to gravity. Therefore, HASMCs and HUVEC might have been in
contact with its adjacent layer. Although some cells could not be allocated in their respective
layers, that might not be considered a bad outcome. A previous study reported the extrusion
of endothelial cells (ECs) and smooth muscle cells (SMCs) in the same layer, demonstrating
that these cells were able to self-organize (13). More specifically, ECs could form an
endothelium with the presence of tight junctions in the inner lumen core, whereas SMCs were
allocated in the adjacent layer. Moreover, evidence of cells self-organization ability has also
been previously reported (14). Therefore, with the perfusion of our TEBVs, we would expect as

well a self-organization triggered by flow rate and shear stress stimulus.

Finally, we could prove that TEBVs developed with 20 mg/mL of collagen could withstand flow
rates inducing arterial shear stress of 10 dynes/cm?, at least up to 3 days, which is similar shear
stress used in previous studies with similar TEBV sizes (15,16). This positive result opens the
possibility to perfuse vascular cell loaded TEBVs and perform mechanical and functional

assays.
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7.6. Conclusions

To conclude, in this chapter we were able to extrude collagen TEBV structures without
structural support, previously reported to be necessary to print collagen structures with similar
concentration. Moreover, vascular cells were able to survive through the manufacturing
process and even with high concentrations. Strikingly, 20 mg/mL collagen TEBV could
withstand physiological flow rates equivalent to arterial shear stress, opening the possibility to

perfuse them to induce their maturation and functionality.
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CHAPTER 8. General conclusions and future perspectives

8.1. Conclusions

Copper and cobalt as potential inducers of angiogenesis and osteogenesis
Angiogenic response

1. Concentrations of Cu** up to 10 uM and Co®* up to 50 uM were non-toxic for HUVEC cells.

2. High concentrations of Cu®* (10 uM) enhanced an early angiogenic response, whereas
lower concentrations (0.1 and 1 uM) improved it in a later stage.

3. High concentrations of Co** (25 and 50 uM) improved the angiogenic response at early and
late times.

4. There was a strong correlation between HIF-1a and VEGF expression with Co*
supplementation, but not with Cu®*.

5. The combination of Cu®* and Co* were toxic for HUVEC and did not enhance the

angiogenic response.

Osteogenic response

6. Concentrations of Cu®* up to 10 uM and Co”" up to 100 pM were non-toxic for hBM-MSC.
7. The early gene expression induced by Cu** and Co®* indicated an early commitment of
hBM-MSC to osteogenic differentiation, but later gene expression suggested and

impairment.

First approximation of microparticle development method and their

encapsulation within fibers as dual drug delivery system

1. Using spraying method, microparticles containing ions could be developed.

2. Spraying method was a technic with high reproducibility allowing the extrusion of alginate
combined with hydroxyapatite (HA) up to 1:40 ratio.

3. The ratio selected of 1:40 resulted in a more spherical-like morphology.

4. The ion release from our ion delivery system was influenced by the ion concentration in
the crosslinking solutions. Moreover, the release of Cu®" also had an influence in the

release of Ca®** and Co**.

217



Co”" presented a zero order kinetic release whereas Ca®* and Cu®* presented a burst
release.
The minimum concentration of Cu** and Co®* incorporated allowed a proper release with

potential anti-bacterial properties and stimulation of blood vessel formation.

Direct extrusion of individually encapsulated endothelial and smooth muscle

cells mimicking blood vessel structures and vascular native cell alignment

The extrusion method using a triple coaxial nozzle allowed the formation of tissue
engineered blood vessel (TEBV) in one step procedure, with different diameters depending
on the injection speed. The sizes of the vessels obtained were in the range of arteries.
After extrusion and up to 20 days of culture, viability of cells was higher than 90% even in
co-culture conditions.

HUVEC and HASMCs could proliferate in their own layer.

HUVEC and HASMCs could mimic the native vascular cell alignment.

Mechanical and functional assessment of tissue engineered blood vessels

(TEBV)

TEBV placed with distilled H,O presented enough burst pressure and UTS being able to
withstand arterial shear stress.

TEBVs placed with cell culture media presented a reduced burst pressure and UTS.

TEBV become weaker with cell culture media due to high concentration of Na* and low
concentration of Ca®', which allowed a lower flow rate with a shear stress of 4.8
dynes/cm?®.

TEBVs showed a low vasoactivity, which can be due to the low flow rate and low shear
stress, but they showed a dose-concentration response.

Other alternatives to attach the TEBVs in the perfusion chamber are needed to allow

perfusion with arterial shear stress.

Extrusion of high concentrated collagen for tissue engineering blood vessel

development

It was possible to extrude TEBVs with high concentration of collagen through extrusion

method using a triple co-axial nozzle.
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The two extrusion baths tested allowed the extrusion of collagen TEBVs.

TEBVs could be extruded maintaining tubular structure with high collagen concentrations
(10 and 20 mg/mL).

Both 10 and 20 mg/mL of collagen with an extrusion injection speed of 25 mL/h allowed
HUVEC and HASMCs survival (=85%).

TEBVs developed with 20 mg/mL of collagen could withstand physiological flow rates with

an arterial shear stress of 10 dynes/cm?” when perfused with cell culture media.
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8.2. Future perspectives

The results obtained in the present doctoral thesis are encouraging in the field of vascular
tissue engineering. On one side, we defined a range of therapeutic concentrations of copper
and cobalt during time course that could induce angiogenesis and could potentially be
included in scaffolds to induce blood vessel network formation. As we studied the ions effect
in a gene expression level, further experiments are required to confirm that they have also an
effect in a protein expression level. To be able to increase their potentially in tissue
engineering and tissue regeneration, it could be interesting to combine these ions with other
molecules to elucidate if together they can have synergistic effects requiring lower doses of

them.

Regarding the drug delivery system, we were able to introduce potential anti-bacterial and
angiogenic properties, showing promising results. A first release of antimicrobial ion followed
by a sustained release with zero order kinetics of blood vessel formation ion was achieved,
both within therapeutic doses. Moreover, the composition of the system had the potential to
stimulate osteogenesis differentiation. These results open the possibility to use this system for
bone regeneration, mimicking early phases of regeneration. Moreover, as the system is fiber-
based, it could potentially be adapted with 3D printing technology and be used for custom-

shape scaffolds to fill bone defects.

Another interesting result in this thesis is derived from tissue engineered blood vessel (TEBV)
development. We were able to develop TEBVs mimicking the native architecture and vascular
cell alignment, with high percentages of viability and presenting some vasoactive response.
Furthermore, we were able to improve their mechanical properties using high concentration of
collagen, allowing their perfusion with arterial shear stress for further maturation. Further
experiments are required to confirm their functionality and degree of maturation. The present
developed TEBVs could have significant clinical relevance if their functionality is achieved. For
instance, it could be used as blood vessel replacement in some cardiovascular diseases such as
atherosclerosis or aneurisms. Nevertheless, it would be necessary to demonstrate their
functionality and patency in in vivo studies prior to clinical applications. Moreover, if cells from
patients with specific illness are reprogrammed and subsequently differentiated in vascular
cell types, they could be incorporated within TEBVs structure as vascular model disease. In
addition, this would not only serve as an in vitro model which reproduce key features of
specific illness, but it could also be used to test drug effectiveness and toxicity, which would

reproduce a more human physiological response compared to 2D cell culture or animal
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models. Alternatively, these TEBVs could be incorporated within scaffolds, which would allow a
direct perfusion once implanted if they are anastomosed with the vasculature of the patient.

Therefore, the development of TEBVs opens a wide range of clinical relevant applications.
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