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CELLULAR APPROACHES AND TAILOR-MADE 3D STARCH-BASED SCAFFOLDS FOR
IMPROVED VASCULARIZATION IN BONE TISSUE ENGINEERING STRATEGIES

ABSTRACT

The establishment of a vascular supply in bone grafts is presently identified as the main pitfall in
bone tissue engineering and the major hurdle for the clinical application of the engineered
constructs. Granted the importance of intraosseous vasculature in bone physiological processes,
the existence of a microcirculation is not only essential to assure cell survival in strategies that
involve cell seeding but also on all the other approaches aimed at bone tissue formation. This is
particularly critical in the regeneration of large bone defects because in these cases diffusion can
not assure the metabolic demands of the cells and post-implantation vascularization is a slow
and insufficient process to assure the success of the implant. The recognition of the
aforementioned problem urged the development of strategies to induce and accelerate the
formation of a blood vessel network to simultaneously supply the implant and functionally
connect to the host vasculature.

The research work described in this thesis addresses strategies to augment vascularization on
different formulations of starch poly(e-caprolactone) (SPCL) fiber-mesh scaffold, a biodegradable
material previously proposed for bone regeneration.

Endothelial cells (ECs) are the key element in angiogenesis. Vascularization strategies either
directly or indirectly target this cell type. Thus, the first part of this thesis aimed to build a body of
evidence regarding the compatibility of ECs and SPCL fiber-mesh scaffolds and the effect of
surface and architectural modifications on ECs’ biology. In chapter lll, ECs derived from the
macro- and microvasculature are shown to adhere and proliferate on SPCL fiber-mesh scaffolds.
Furthermore, seeded cells not only expressed the most typical endothelial marker von Willebrand
factor (VWWF) but also maintained cell-cell contact through the expression of Platelet/Endothelial
Cell Adhesion Molecule 1 (PECAM-1). ECs are also known to participate in inflammatory response
and regarding this role, cells on scaffolding material were sensitive to a pro-inflammatory
stimulus, as shown by the induction of the expression of the cell adhesion molecules. Despite the
fact that these results indicate a good interaction between cell and substrate, the adhesion of
ECs to the scaffold material was dependent on a pre-coating with fibronectin.

Chapter IV consisted in the development of strategies for the surface modification of SPCL fiber-
mesh scaffold in order to promote the adhesion of ECs independently of protein coating of the
scaffold. Argon (Ar) plasma revealed itself to be a very effective methodology for the proposed
task. Hence, plasma modified scaffolds could successfully sustain ECs’ growth, proliferation,

maintenance of endothelial monolayer integrity and the expression of endothelial markers. This



improved overall biological outcome was the reflex of the novel surface properties and their
interaction with adsorbed adhesive proteins that ultimately modulated cell behaviour.

The next two chapters V and VI focused on the innovative designs of SPCL fiber-mesh scaffolds
inspired in the extracellular matrix (ECM). This was achieved by means of combining in the same
3D structure a nano-network with a micro-fiber mesh. It was hypothesized that the nano-network
on nano/micro fiber-combined scaffold might favour the 3D guidance and distribution of ECs and
might thus accelerate vascularization of the implanted constructs. In chapter V it was observed
that addition of nano-fibers to the structure improved the spatial distribution of ECs in the bulk
structure of the scaffold. This finding, together with the formation of microcapillary-like structures
in an angiogenic environment, provided evidence of the ability of these structures to provide the
structural and organizational stability necessary for ECs migration.

Chapter VI described the development and characterization of collagen-nano and SPCL-micro
fiber-combined scaffold, a structure similar to the one described in the previous chapter but with
a built-in nano-network made of type | collagen. This combined structure incorporating the major
structural protein of bone matrix was developed by a two-step methodology consisting in wet-
spinning followed by type | collagen electrospinning. The structural merit of this scaffolding
material was evaluated by monocultures of osteoblast-like cells (SaOs-2) and human umbilical
vein ECs (HUVECS). In the case of Sa0s-2 it was observed increased proliferation and a different
rearrangement of cell cytoskeleton on the nano-fibers, whereas HUVECs exhibited a peculiar
organization in circular structures resembling the shape of microcapillary-like structures.

The last chapter (chapter VII) presents the outcome of a complex cellular strategy consisting in
the simultaneous culture of primary human osteoblasts (hOBs) with ECs derived from the
microvasculature (HDMECs). It was successfully demonstrated that co-culturing hOBs with
HDMEC on SPCL fiber-mesh scaffold resulted in the formation of microcapillary-like structures.
The existence of branching, lumen and type IV collagen positive-staining in the perivascular
region attested the complexity of the formed vascular structures. The mechanisms that supported
and orchestrated this system comprised the dense matrix of type | collagen deposited by hOBs
that provided the physical and chemical cues for migrating HDMECs; and the HDMEC:hOBs
communication though the soluble factor vascular endothelial growth factor (VEGF) and by direct

contact through the expression of the gap junction protein connexin43.

In summary, the results reported in this thesis provide insights that can be used in the successful
establishment of a vascular network in 3D starch-based scaffolding materials aimed at bone

regeneration.



ESTRATEGIAS CELULARES E ADEQUACAO DE SUPORTES 3D A BASE DE AMIDO PARA A
MELHORIA DA VASCULARIZACAO EM ENGENHARIA DE TECIDOS OSSEOS

RESUMO

Actualmente é reconhecido que o principal obstaculo em engenharia de tecidos ésseos e a
aplicacao clinica dos seus produtos é o suprimento vascular dos implantes 6sseos. Dada a
importancia da vasculatura intradssea nos processos fisiologicos do 0sso, a existéncia de uma
microcirculacao é nao sé essencial para garantir a sobrevivéncia das células em estratégias que
envolvam o seu cultivo, como em qualquer outra que vise a formacao deste tipo de tecido. Esta
questao é principalmente importante na regeneracao de grandes defeitos 6sseos, uma vez que
nestes casos a difusdo nao consegue assegurar as necessidades metabdlicas das células e a
vascularizacao pés-implantagao € um processo lento e insuficiente para garantir a viabilidade do
implante. O reconhecimento deste problema levou ao desenvolvimento de estratégias para
induzir e acelerar a formacao de uma rede de vasos sanguineos, que simultaneamente abasteca
o implante e que garanta a ligacao funcional a vasculatura do paciente.

O trabalho descrito nesta tese reporta a estratégias para aumentar a vascularizacdo em
diferentes formulacdes de um suporte a base de fibras de amido/policaprolactona (SPCL), um
material biodegradavel previamente proposto para regeneracao 6ssea.

As células endoteliais sao o elemento chave no processo de angiogénese. As estratégias de
vascularizacao tém directa ou indirectamente este tipo celular como alvo. Assim, a primeira parte
desta tese teve como objectivo reunir um conjunto de elementos relativos a compatibilidade das
células endoteliais com o suporte de SPCL e o efeito das modificacoes superficiais e
arquitecténicas na biologia destas mesmas células. No capitulo Ill prova-se que as células
endoteliais originadas da micro- e macrovasculaturas aderem e proliferam nos suportes de SPCL.
Para além desta evidéncia as células ndo sbé expressaram o marcador endotelial mais tipico
(factor von Willebrand, vVWF), como também expressaram a molécula de adesao PECAM-1,
sinénimo de coesao celular. As células endoteliais também sao conhecidas pela sua participacao
na resposta inflamatoria, e relativamente a esta fungao as células no suporte tridimensional
revelaram-se sensiveis a um estimulo pré-inflamatério, como observado pela inducdo da
expressao das moléculas de adesao celular. Apesar destes resultados indicarem uma interaccao
células-substrato favoravel, a adesdo das células endoteliais ao material polimérico estava
dependente de um pré-revestimento com fibronectina.

O capitulo IV consistiu na modificacao superficial do suporte de SPCL com o intuito de promover
a adesao das células endoteliais independentemente do revestimento proteico. O plasma de

argon (Ar) provou ser uma metodologia eficaz para evitar esta dependéncia. Assim sendo, o0s
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suportes 3D modificados por plasma puderam suportar eficientemente o crescimento celular das
células endoteliais, proliferacao, a manutencao da integridade da monocamada endotelial e a
expressao dos respectivos marcadores. Este resultado foi o reflexo das novas propriedades de
superficie e da sua interaccao com as proteinas adesivas adsorvidas, que, por sua vez modulam
o comportamento celular.

Os dois capitulos seguintes incidiram nos designs inovadores dos suportes de SPCL, inspirados
na matrix extracelular (ECM). Estes resultaram da combinag¢do na mesma estrutura 3D de uma
rede-nano com uma malha de micro-fibras. Foi sugerido que esta rede-nano poderia favorecer a
orientacao 3D e a distribuicao das células endoteliais e desta forma acelerar a vascularizagao do
implante. No capitulo V, observou-se que a adicao das nano-fibras a estrutura 3D melhorou a
distribuicao espacial das células endoteliais dentro do suporte polimérico. Este facto, juntamente
com a formacao em ambiente angiogénico de estruturas similares a microcapilares, forneceu a
prova da capacidade deste tipo de estruturas poliméricas em proporcionar a estabilidade
estrutural e organizacional para a migracao das células endoteliais.

O capitulo VI descreveu o desenvolvimento e caracterizagdo de um suporte combinando nano-
fibras de colagénio com uma malha de micro-fibras SPCL. Esta estrutura é similar a descrita no
capitulo anterior (capitulo V), mas em que a rede-nano incorporada é composta por colagénio
tipo |. Esta estrutura combinada, incorporando a principal proteina da matriz 6ssea foi
conseguida por uma metodologia de dois passos consistindo em “wet-spinning” seguido de
“eletrospinning” de colagénio. O desempenho deste material foi avaliado com monoculturas de
osteoblastos (Sa0s-2) e células endoteliais isoladas da veia do corddo umbilical (HUVEC). Nas
células Sa0s-2 verificou-se 0 aumento da proliferacao e um rearranjo diferente do citoesqueleto
nas nano-fibras, enquanto que as HUVECs curiosamente exibiram uma organizacdo em
estruturas circulares semelhantes a forma das estruturas microcapilares.

O (itimo capitulo (capitulo VII) apresenta o resultado de uma estratégia celular complexa
consistindo na cultura simultdnea de osteoblastos humanos (hOBs) com células endoteliais
derivadas da microvasculatura (HDMECs). Provou-se com sucesso que o co-cultivo de hOBs com
HDMECs nos suportes de SPCL resultou na formacao de estruturas microcapilares. A existéncia
de ramificacado, limen e da marcagao positiva para colagénio tipo IV na regiao perivascular
confirmou a complexidade das estruturas vasculares formadas. Os mecanismos que suportaram
e orquestraram este sistema incluem a densa matriz de colagénio tipo | depositada pelos hOBs e
gue providenciou o suporte fisico-quimico para a migracao das HDMECs; e a comunicacao
HDMEC:hOBs através do factor de crescimento do endotélio vascular (VEGF) e pelo contacto

directo através da expressao da proteina de juncao connexina-43.

Em suma, os resultados apresentados nesta tese fornecem elementos importantes que poderao
ser usados na implementacao de uma rede vascular em estruturas 3D a base de amido usadas

na regeneracao 6ssea.

Vi
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CHAPTER |

Vascularization in Bone Tissue Engineering: Physiology, Current Strategies, Major
Hurdles and Future Challenges *

ABSTRACT

The lack of a functional vascular supply has hampered to a large extent an all range
of clinical applications of laboratory “successful” bone tissue engineering strategies.
Until now implanted grafts were dependent on post-implant vascularization but this is
either a slow process or the formed capillaries are rather unstable, thus jeopardizing
graft integration and often leading to its failure. Therefore, it became a major goal for
tissue engineering research community the development of strategies that could
effectively induce the establishment of a microcirculation in the engineered
constructs that is connected to the host supply and on time to assure the survival of
seeded cells. Only in this way it might be possible to meet the metabolic demands of
the construct and assure a successful post-implantation performance.

In bone physiology angiogenesis is an omnipresent phenomenon that is relevant in
every process from bone development, to remodeling and repair. Furthermore, the
intimate connection that exists between angiogenesis and osteogenesis gives
important clues to the design of bone vascularization strategies. This review
addresses the importance and role of vasculature in a bone construct and on bone
biology. Moreover, up-to-date research approaches to optimize vascularization
outcomes, their principles, limitations and the identification of future challenges in

the field are also emphasized.

* This chapter is based on the following publication:

Santos M. I., Reis R.L. Vascularization in Bone Tissue Engineering: Physiology, Current
Strategies, Major Hurdles and Future Challenges, review paper, Submitted. (2008).



1. VASCULARIZATION: THE HURDLE IN REGENERATION OF ENGINEERED BONE

One of the most explored tissue engineering approaches used for the repair and
regeneration of bone defects has been the in vitro culture of a three dimensional
(3D) scaffolding material seeded with autologous cells, followed by the implantation
in the patient from which the cells have been harvest. Despite the enormous
potential, this regenerative strategy is generally associated with a major pitfall. When
the engineered tissue construct is implanted seeded cells will have limited access to
substrate molecules (oxygen, glucose and amino acids) and clearance of products of
metabolism (CO2, lactate and urea) thus impairing cell viability to an extent that limits
the utility and success of the engineered tissue [1, 2]. The lack of a functional
microvasculature connected to the host blood supply is identified as the culprit for
implant failure and currently recognized as the major challenge [3-6] in tissue
engineering.

Bone is a metabolically active tissue supplied by an intraosseous vasculature with
osteocytes distancing no more than 100 ym from an intact capillary [2, 7, 8]. In the
absence of a vascular supply nutrients transport is mainly assured by diffusion, a
transport mechanism only efficient over short distances or for tissues with low
metabolic activity (e.g. cartilage). Theoretical modeling predicts [2] that a cm thick
scaffold without a vascular supply can support 280,000 cells/cm3 without central
necrosis, whereas in native autogenous cancellous bone this value is 1000-fold
higher. Diffusion constrains of engineered constructs are already patent during in
vitro culture in which nutrient transport is only assured to cells on the superficial
areas of the scaffold, while those deeper in the construct face nutrient deprivation
and ultimately cell death [9, 10]. Therefore, mass transfer in a graft, defined as the in
and out movement of molecules, is a phenomenon highly impaired by the thickness
of the implant [11]. From the clinical point of view this is an important aspect
because the most critical cases in orthopedics, such as those resultant from
resection of bone tumors or trauma, originate large skeletal defects. In vitro delivery
of nutrients to engineered constructs can be further improved with dynamic culture
using bioreactor systems [12, 13] however this will in most cases only postpone the

problem of mass transfer to the in vivo situation.



Upon graft implantation, angiogenesis, i.e., the formation of new blood vessels from
pre-existing ones, will occur spontaneously. This vascular response induced by
inflammation is part of the wound-healing generated by the host as a response to the
ischemia-reperfusion injury formed during surgery [3, 4, 14]. However, capillary
networks induced by inflammatory processes are relatively transient in nature and
will regress within few weeks [1, 15, 16]. Apart from capillary networks formed during
wound healing, neovascularization of the scaffold will occur. Nonetheless, the slow
infiltration rate of blood vessels into the scaffold (<1 mm per day) [4, 17] makes it
an unsuitable process to vascularize tissues of clinically relevant size.

The challenge following the development of microcirculation in the engineered
construct is to connect it to the recipient’s systemic circulation, a phenomenon
designated as inosculation or anastomose [18]. Inosculation between the recipient
and construct vasculature is not an immediate process and may take up to 8 days,
leading to ischemia and a hostile environment [19]. Consequently, the spontaneous
postimplantation neovascularization from the host is not sufficient to assure implant
integration. This generates a need to design new strategies envisioning acceleration
of neovascularization.

The focus of the current review is vascularization in the context of bone tissue
engineering. It aims to cover the intricate connection between vascularization and
bone, starting with the development, moving through remodeling and ending with
repair. Furthermore, we will be herein reviewing the most recent strategies proposing
to accelerate the establishment of a fully functional vascular network within bone

engineered constructs.

2. INTRAOSSEOUS VASCULATURE IN BONE FORMATION, REMODELING AND

FRACTURE REPAIR

2.1. Intramembranous and endochondral ossification

Aside from assuring the nutrient transport and removal of waste products,

intraosseous vasculature accomplishes other important functions that range from



bone development, to remodeling and fracture repair. Depending on their origin,
bone is formed by two distinct modes of ossification: by intramembranous
ossification, characteristic of flat bones such as those from skull and clavicle; and by
endochondral ossification which is involved in the development of bones from load
bearing joints [20, 21]. Despite the differences, the two types of ossification have as
a common denominator the pre-requisite of vascularization [22-24]. In
intramembranous bone formation there is an invasion of capillaries transporting
mesenchymal stem cells that differentiate directly into osteoblasts which deposit
bone matrix [21]. Alternatively, in endochondral ossification mesenchymal stem cells
differentiate into cartilage, which provides a template for bone morphogenesis [25].
Then, the hypertrophic chondrocytes in the mineralized cartilaginous matrix secret
angiogenic growth factors, that promote the invasion of blood vessels bringing along
a number of highly specialized cells that will replace the cartilage mold by bone and
bone marrow [21, 23]. Vasculature also orchestrates bone formation through the
production of growth factors that control the recruitment, proliferation,
differentiation, function and/or survival of various cell including bone-forming
osteoblasts and bone-resorbing osteoclasts [24]. These bioactive factors are
secreted by endothelial cells (ECs), the cell type that forms the inner linning of blood
vessels [26-28]. Therefore, angiogenesis not only precedes osteogenesis but is also
required for its occurrence [29], and this is accomplished by a combination of
factors, including adequate oxygen tension, compression forces, nutrients and

growth factors [30].

2.2.Vascular organization of bone

Adult long bone is supplied by four arterial inputs, named according to their location:
nutrient artery or diaphyseal, periosteal arteries, metaphyseal arteries and
epiphyseal arteries. Nutrient artery, is the largest vessel and responsible for more
than 50 % of total blood supply of the long bones [31, 32]. As suggested by the
name, periosteal arteries supply periosteum, the membrane that covers the exterior

of bones and a rich source of stem cells that has been explored in several



regenerative strategies [29, 33]. Arteries enter the bone trough the respective
foramina, transverse the cortex, reach the medullary cavity and then branch to supply
the cortical and marrow microcirculations. In cortical bone vessels branch to feed the
capillaries in Havers’s and Volkmann’s canals [34], whereas in marrow, arterial
capillaries drain into sinusoids that are low-pressure vascular channels surrounded
by a single layer of fenestrated endothelium [35, 36]. Venous blood is drained to the
venous central sinus that runs along the middle of the diaphysis and leaves the bone

through veins that accompany arteries [32, 34].

2.3.Bone remodeling

Cortical and cancellous bone undergo ceaseless remodeling starting in the 6t week
of gestation and continuing along adulthood [8, 34]. Bone remodeling comprises two
phases, resorption of pre-existing bone tissue by the osteoclasts, followed by de novo
bone formation by the osteoblasts [37, 38]. Osteoblasts have a tight control on
osteoclast activity thus balancing resorption and bone deposition. When
metabolically active, osteoblasts secret osteoprotegerin, an inhibitor of osteoclast
activity; whereas the mature osteoblasts loose the ability to produce this molecule
and become vulnerable to osteoclast resorption [39]. Blood vessels direct osteoclast
precursors to specific areas of bone, i.e., to bone multicellular units (BMU) [20].
These are small compartments composed by osteoblasts, osteoclasts and blood
vessels where remodeling takes place [40]. In BMU resorption is initiated when the
receptor activator for nuclear factor kappa B ligand (RANKL), secreted by osteoblast,
binds to RANK receptors on the osteoclast cell membrane [39, 41]. Meanwhile, bone
vessels start the second phase of the process by trafficking osteoprogenitor cells into
BMU for the deposition of new bone [38]. The invading vasculature therefore serves
as both a reservoir and conduit for the recruitment of essential cell types involved in
bone resorption and deposition and it regulates the functional activities of such cells
and provides key signals necessary for bone morphogenesis [30]. In summary,

alterations of the micro-vascular supply network will ultimately affect the tightly



regulated resorption sequence resulting in a decrease in bone formation,

regeneration and repair [20].

2.4.Fracture repair

One of the hallmarks of bone is, upon injury, its capacity to truly regenerate [14], in
contrast to soft tissue that heals by forming scar tissue [25]. Fracture repair is a
complex regenerative mechanism as evidenced by the distinguishable processes that
it involves, such as the immediate response to injury, intramembranous bone
formation, endochondral bone formation and bone remodeling [42]. When bone is
injured not only skeletal integrity is compromised at the fracture site, but
intraosseous vasculature is clearly disrupted [20]. First a hematoma is formed and
due to the disruption of oxygen supply the fracture milieu becomes hypoxic. Hypoxia
is an important physiological signal in bone repair because it regulates osteoblast
production of key modulators that influence ECs proliferation [30], directs cellular
differentiation [43] and induces ECs to secret osteogenic growth factors [44, 45]. In
the hematoma phase, the first out of four overlapping phases that characterize bone
repair, a normal healing response is triggered [46, 47]. The inflammatory response
and the hypoxic environment are associated with the release of several growth
factors and cytokines that trigger ECs migration and the formation of new capillaries
[24, 46]. In fact, reconstruction of intraosseous circulation is one of the earliest
events during bone repair [47, 48]. Meanwhile, the hypoxic microenvironment
supports the differentiation of mesenchymal stem cells (MSCs) into chondrocytes
that stabilize the fracture by cartilage formation, known as internal callus [14]. Then,
the periosteum directly undergoes intramembranous bone formation leading to the
formation of an external callus. In the next phase, hard callus formation, the internal
callus becomes mineralized and forms a hard callus of woven bone. Finally, in the
remodeling phase callus is replaced by lamellar bone [46].

External factors such as biomechanical environment also influence bone
regenerative process by affecting angiogenesis and consequently cell differentiation
[49, 50] . In a fixed fracture the vascular network is rapidly reestablished and healing

occurs mainly by intramembranous ossification [49, 50]. Conversely, in an unstable



mechanical environment the spreading capillaries are disrupted and the hypoxic
environment promotes the differentiation of chondrocytes that stabilize the fracture
by cartilage formation [14]. The lack of angiogenesis is pointed out [49] as one of the
main reasons for non-healing bone. For instance, using a rat distraction osteogenesis
model Fang et al [51] have shown that the administration of an anti-angiogenic drug

prevented normal osteogenesis, which resulted in a fibrous nonunion.

2.5. Heterotypic communication between osteoblasts and endothelial cells

Considering the intricate connection between angiogenesis and osteogenesis
processes is not surprising that communication between osteoblasts and ECs is one
of the most important cellular interactions orchestrating bone [30, 52]. The cross-talk
between osteoblasts and ECs occurs at two levels, by indirect cell contact [53, 54]
trough the release of soluble factors with paracrine and autocrine action and by
direct cell-cell contact [55] mediated by proteins at gap junctions. One of the most
studied growth factors is vascular endothelial growth factor (VEGF) [47, 56, 57], a
potent and specific angiogenic cytokine produced at the fracture site by numerous
cell types, including osteoblasts. Besides being an EC-specific mitogen, VEGF also
induces increased vascular permeability and monocyte migration through endothelial
layers [58]. The action of VEGF it is not limited to ECs and there are some studies
reporting that osteoblasts also respond to members of VEGF family [59-61]. However
a recent study [22] has shed some light on the cellular and molecular mechanisms
responsible for controlling VEGF-dependent osteoblast-ECs crosstalk by confirming
that VEGF is released predominantly by human osteoblasts and its primary action is
via ECs. Another angiogenic growth factor, fibroblast growth factor (FGF) is also
produced by osteoblasts among other cell types [62, 63]. FGF functions as a
paracrine factor stimulating ECs proliferation and migration [63] and as an autocrine
factor inducing the proliferation and differentiation of osteoblasts [20]. Furthermore,
FGF-2 exerts its angiogenic effect indirectly by modulating VEGF expression through
osteoblasts [64]. Once the crosstalk between ECs and osteoblasts is bidirectional,

ECs also secret numerous regulatory molecules which exert major effects in



controlling the differentiation and activity of bone-forming cells [30]. Bone
morphogenic protein-2 (BMP-2) and endothelin-1 (ET-1) are two of the growth factors
produced by ECs that promote osteoblastic proliferation and differentiation [65-67].
In addition, platelet-derived growth factor BB (PDGF-BB) released at the fracture site
by several cell types including EC, has a mitogenic and chemotatic effect over
osteoblasts [68, 69]. Osteogenic growth factors produced by ECs (BMP-2, PDGF-BB)
and by osteoblasts (insulin-like growth factor, IGF and transforming growth factor,
TGF) also have an angiogenic effect by inducing VEGF mRNA expression in
osteoblasts [68, 70-72]. Nevertheless, Veillette et al [73] proposed an inhibitory role
of ET-1 on VEGF synthesis in osteoblastic cells as a feedback mechanism in the
temporal and spatial coupling of angiogenesis to bone formation and resorption.
External factors such as the hypoxic microenvironment of fracture healing stimulate
the expression of a variety of cytokines from inflammatory cells, ECs, osteoblasts and
fibroblasts [74]. ECs and osteoblasts respond to hypoxia by upregulating the
expression of numerous osteogenic factors (ET-1, PDGF-BB, BMP-2, IGF-Il and TGF-
B1) and of the angiogenic growth factor VEGF [66, 74-78]. The mechanism
underlying cells’ response to the hypoxic microenvironment is primarily mediated
through genes whose expression contain a hypoxia-inducible factor-1 (HIF-1) binding
site [79, 80]. Nevertheless, it has been reported [74, 77, 81] that this environment of
low oxygen tension has no effect on the expression of growth factors such as FGF-2
and members of IGF and TGF families.

The fact that hypoxia is a driving factor to the creation of a growth factor rich milieu
inspired researchers to exploit its potential benefits in engineered tissues. Several
studies have addressed oxygen tension as an important variable in optimizing in vitro
conditions for stem differentiation [82-85], while others [43] have hypothesized that
adapting the graft to hypoxia prior to engraftment might induce angiogenesis after
implantation. It is obvious that in order to avoid the noxious effects of low oxygen
tension culture conditions must be well balanced. While on one hand 48 hours of
culture do not have a significant effect on cell death [86], on the other hand long-
term cultures will have an inhibitory effect on bone formation partly due to decreased

osteoblast proliferation [87].
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3. STRATEGIES TO INCREMENT VASCULARIZATION

In order to accelerate the establishment of a functional vascular network in bone
engineered tissues several strategies have been proposed (Fig. 1.1). The following

sections will review the main approaches, their principles, outcomes and limitations.

Microfabrication Growth factors

N\
4

\ /

I—

Microsurgery

<=

" sgecaffold = Mature and precursor ECs
N 220 4

1

Co-culture

Figure 1.1 - Scheme illustrating the main five approaches to induce vascularization in a bone
construct
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3.1.Scaffolds architecture and microfabrication

Resection of tumors [88, 89], congenital deficiency, trauma or infection [90] are the
main pathologies responsible for the loss of large bone segments. Engineering bone
must assure the mechanical stability of the osseous defect, while simultaneously
stimulating the healing capacity of the tissue. Therefore the vast majority of bone
regeneration strategies have been centered on the scaffold material. However, within
the last few years a conceptual shift has been taking place in the development of
scaffolds for bone engineering, from considering only the role of supporting bone-
forming cells to a scaffold that homes a vascular network. On what concerns to the
bulk properties of a scaffolding material, porosity has been one of the most
discussed issues [91-93] but mainly focusing on osteoblast proliferation, matrix
deposition and calcification rather than in penetration of vasculature. Recent work
from Narayan et al [94] evaluated the effect of pore size and interpore distance on
ECs growth on 3D polymeric scaffolds and found that cell growth was enhanced by
smaller pore size (5-20 um) and lower interpore distance. A similar behaviour was
also reported for osteoblasts where in vitro lower porosity stimulates osteogenesis by
suppressing cell proliferation and forcing cell aggregation [93]. However, the in vivo
scenario is completely different and higher porosity and pore size result in greater
bone ingrowth and vascularization [93, 95]. This is explained by the fact that when
implanted scaffolds with smaller pores tend to be hypoxic and this environment will
favor chondrogenesis, whether in constructs with larger pores the higher oxygen
tension promotes the differentiation of mesenchymal stem cells into osteoblast
lineage.

The design and architecture of the scaffold are other features of paramount
importance. One example of an innovative architecture is the nano/micro fiber-
combined scaffold [96] (Fig. I.2a). This scaffold made from a blend of starch with
polycaprolactone (SPCL) [13, 92, 97-99] combines in the same structure micro- and
nano-fibers to simultaneously provide the mechanical support for bone repair and to
mimic the physical structure of extracellular matrix (ECM). As it will be described later
in greater detail, strategies that include seeding ECs on biomaterials and promoting

their adhesion, migration and functionality might be a solution for the formation of
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vascularized bone. Therefore, the nano-network resembling ECM physical structure
on SPCL nano/micro fiber-combined scaffolds was desighed with the aim at
promoting cell migration, namely ECs, and consequently the establishment of
vascular network. Under pro-angiogenic conditions in vitro, this nano-network
provided the structural and organizational stability for ECs’ migration and
organization into capillary-like structures [100]. The architecture of nano/micro-fiber-
combined scaffolds elicited and guided the 3D distribution of ECs without
compromising the structural requirements of a scaffold for bone regeneration. Our
group further explored the concept of combined structures and developed a scaffold
comprising type | collagen nano-fibers on SPCL fiber-mesh structure [101] (2b).
Besides being one of the main constituents of ECM, type | collagen provides
chemotactic and haptotactic signals to migrating ECs [102]. Thus, by providing both
physical and chemical cues to enhance ECs motility, collagen-nano and SPCL-micro

fiber-combined structure might lead to an increase of angiogenic activity.

Figure 1.2 - The architecture of nano/micro combined structures. These scaffolds comprise
two structures: a micro-fiber-mesh to give the mechanical support required during bone
repair and a nano-network mimicking ECM that can be made from SPCL (a) or collage | (b).
Scanning electron microscopy (SEM) of SPCL nano/micro fiber-combined scaffold (a).
Confocal laser scanning microscopy (CLSM) of collagen-nano and SPCL-micro fiber-combined
scaffold stained with type | collagen where nano-fibers are depicted in green fluorescence

(b).
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Another interesting concept is the inclusion of a network with a vascular geometry in
a biocompatible polymer. This is achieved for instance by means of using
microfabrication techniques that comprise a full range of processes and tools
originally developed for applications in the microelectronics, automotive, aerospace
and defense fields [103]. Photolitography, a process based on semiconductor waffer
technologies has been gathering some attention. This methodology is a two-step
process where a mould is first produced, generally made of silica, with an imprinted
pattern. Then, by replica-molding the pattern is printed in a biocompatible polymer
where the cells will be cultured [104]. The microfabricated pattern can go from
aligned microgrooves to a network with vascular geometry and can be incorporated
into a biodegradable or non-biodegradable material (table I.1). In order to achieve the
best hydrodynamic performance the imprinted network should be made up of multi
branches with no more than two vertical nodes in individual branch [105]. Fidkowski
et al [106] engineered a microvascular network made of poly(glycerol sebacate)
(PGS), a biodegradable and functional in vivo elastomer with mechanical properties
similar to veins. For that, a capillary network pattern was imprinted in PGS using
microfabricated silicon wafers as molds. Then, by seeding the imprinted capillary
networks with ECs and perfusing them with culture medium it was possible to obtain
a bioengineered microvascular network in vitro. Moreover, combining fabrication with
the principle of thermoresponsive surfaces it is possible to take the fabrication of
artificial networks to a whole new level. By imprinting the capillary pattern in a
thermoresponsive poymer it is possible to harvest an EC tubular network that can
then be used in the fabrication of 3D vascularized tissue grafts [107]. Unfortunatelly,
a drawback of photolitopgraphy is that it is not very effective at creating 3D
arquitectures. Recently, a novel Computer-Aided Design/Computer-Aided
Manufacturing (CAD/CAM) technology named tow-photon polymerization (2PP) has
emerged that allows the fabrication of any computer-designed 3D structure with a
structural resolution down to 100 nm from a photosensitive polymer material [108].
2PP was applied to a photosensitive polymer to successfully produce a
microstructure with a shape of microcapillaries [109]. The flexibility of this technology
and the ability to precisely define 3D construct geometry holds a great potential to

address issues associated with the establishment an intrinsic microcapillary network.
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Another CAD/CAM technique used for scaffold production is rapid prototyping [88,
110]. For example, Moroni et al [111] developed 3D fiber deposition, a rapid
prototyping tool to create 3D scaffolds with a hollow fiber architecture. Due to their
hollow structure these fibers can potentially provide the physical support within the
3D matrice for the formation of a compartimentalized vasculature.

A general remark regarding microfabrication is that these technologies are being
mainly applied to the establishment of complex branching vascular tree in soft
organs. A hard tissue such as bone has an increased level of complexicity, which
demands microfabrication methodologies to be adapted in order to address
simultaneously design and mechanical issues. For an excellent review about
microfabrication in the context of tissue engineering the readers should for example

refer to Borenstein et al [103].

Table I.1. Microfabrication techniques used to engineer structures with vascular geometry.
Compiled from references [104, 106-108].

Microfabricated Substrate Processing In vitro Ref
Structure methodology
Network with tlrigqoetgse;ﬁalized under
vascular geometry PGS Litography flow perfusion after [106]
14 days
Network with i'i'ccr%?abrication ang  HMEC-1 reached
vascular geometry PDMS . confluency after 4 [104]
polymer replica
. days
molding
ECs reach confluency
Aligned within 7 days of
topographical UA grafted  Photolithography and culture and at longer [107]
microridges and with PIPAAm  soft lithography (2-3 weeks) form
microgrooves capillary-like tube
formation
Microcapillary
structure sug  Iwo-photon n.a. [109]
polymerization
Abbreviations:

PGS - Poly(glycerol sebacate)
PDMS - Poly(dimethyl siloxane)

UA - Poly(urethane acrylate)

PIPAAmM - poly(N-isopropylacrylamide)

SUS8 - epoxy-based polymer (photosensitive)
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3.2.Angiogenic growth factors

Due to the close association between angiogenesis and osteogenesis angiogenic
growth factors are not only implicated in neovascularization but also in endochondral
ossification, thus being an important therapeutic agent for bone regeneration [57,
112]. For instance, VEGF the main angiogenic growth factor involved in bone healing
has an important role in bone repair by promoting angiogenesis and by stimulating
major skeletal cell populations, chondrocytes, osteoblasts and osteoclasts [113].
Current approaches to therapeutic angiogenesis focus on localized and sustained
delivery of growth factors [114, 115] rather than on local and systemic bolus
injection [116]. Delivery systems permit prolonged exposure of regenerating tissue to
low and localized doses of angiogenic factors [114, 115] and thus are superior over
bolus injection that are characterized by lack of control over growth factor availability.
A great variety of natural [117-123], synthetic [124] and composite materials [125,
126] have been used as delivery matrices for angiogenic growth factors. The
localized and sustained delivery of VEGF from a macroporous of biomineralized
poly(lactide-co-glycolide) (PLGA) led to simultaneous regeneration of both vascular
and bone tissue in a cranium critical defect [126]. A particular case where angiogenic
therapy can be applied but with a certain restraint is in defects resulting from the
resection of carcinomas that failed to be eliminated with radiation therapy [90]. In
these cases not only there is a large segmental loss of bone but also the regenerative
capacity of the adjacent tissue is impaired due to vasculature damage by radiation
treatment [90, 127]. The work of Kaigler and co-workers [124] addressed this
problem by delivering VEGF from PLGA scaffolds in irradiated osseous defects.
Although this revealed to be an effective strategy to augment neovascularization and
bone regeneration, the use of growth factors in cancer patients might come near to
the tenuous line that separates the therapeutic and pathological effects of
angiogenic growth factors.

The advances in molecular biology and drug delivery permitted the localized delivery
of the gene that codes for the angiogenic molecule of interest. For instance, Tarkka

and collaborators [113] have used a first-generation adenoviral vector to deliver
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VEGF in a mouse femur defect and reported that the gene transfer induced
angiogenesis, improved bone healing and bone mineral content. Another alternative
way to promote fracture healing by means of VEGF gene transfer consists in
transfecting cells with the gene of interest and thus using them as vectors. When
fibroblasts transfected with VEGF were applied to bone defects it was observed
complete bridging of new bone, whereas in control (fibroblasts alone) the defects
were fibrous and sparsely ossified [128].

One of the most critical and important aspects when designing an angiogenic therapy
is the dose of angiogenic growth factor delivered [115, 129]. For instance, blood
vessels formed by exposure to high doses of VEGF tend to be malformed and leaky
[115]. In addition, one can not disregard that angiogenesis is associated to several
pathologic processes such as tumor development, atheroscleosis, and proliferative
retinophaties, so there is the risk that a treatment with angiogenic growth factor
might exacerbate these processes [130]. Experiments performed by Davies and co-
workers [129] shed some more light into the effect of the continued delivery of VEGF
concentrations on scaffold vascularization. They reported that the administration of
150 ng/day led to a constant increase in vascularization, even after the cessation of
delivery, whereas a 10 time higher concentration induced a transient vessel growth
into the porous scaffold.

Recently other molecules with dual action have also been explored. For example,
sphingosine 1-phosphate (S1P) is a bioactive phospholipid affecting the proliferation
and migration of ECs, smooth muscle cells (SMCs) and osteoblast-like cells. Due to
its multiple cellular targets, S1P is an attractive molecule for bone repair and Sefcik
et al [131] have evaluated the sustained release of S1P-loaded microsphere-based
scaffold in a critical-size cranial defect. Their findings have showed that the sustained
delivery of S1P significantly stimulated new bone formation and increased
vasculature in the defect site.

Considering that angiogenesis is a multifactor processes involving the interplay of
several factors, a way to induce the formation of mature and stable blood vessels
includes the administration of multiple growth factors. Kilian et al [132, 133] have
explored the potential of enrichment with a non-defined cocktail mixture of growth

factors isolated from the platelet fraction aimed to stimulate the formation of new
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blood vessels in osseous defects. Using nanoparticulate hydroxyapatite (HA), a
neovasculature was formed in the defects independently of the delivery of platelet
growth factors. The low affinity of the cytokines to the HA might be a reason to the
lack of angiogenic effect of this growth factor cocktail. On the other hand, another
work [134] have tested the combined addition of both FGF-2 and VEGF to a collagen-
heparin scaffold and have reported the establishment of an early mature
vasculature. Growth factors with angiogenic properties can also be part of other
multifactorial delivery systems. For instance, the concerted delivery of VEGF, BMP-4
and human bone marrow mesenchymal stem cells (hBMSCs) from biodegradable
scaffolds proved to be more effective at promoting bone formation when compared
with any single or combination of two factors [135].

However the real turning point in delivery systems from a single growth factor to a
dual growth factor delivery technology came with the landmark paper from
Richardson and Money et al [136]. They reported a polymeric system that allows the
delivery of two or more growth factors with controlled dose and rate of delivery. With
the coordinated spatial and temporal presentation of VEGF and PDGF it was possible
to obtain a rapid and mature vascular structure [136]. PDGF is the key factor for
vessel stabilization because it is responsible for the recruitment of SMCs and
pericytes [114, 136]. In sum, an effective and safe angiogenic therapy is not only
dependent on the right combination of growth factors delivered but also on a

temporal and dose controlled release.

3.3.Mature and precursor endothelial cells

Regardless of the approach adopted to accelerate vascularization all of the
strategies will involve ECs directly or indirectly. Hence, in light of the critical role of
ECs in the angiogenic process, a necessary step to evaluate and properly predict the
vascularization potential of biomaterials is to assess the interaction of ECs with the
respective substrate [137-139]. Accordingly, a great number of works have examined
different aspects of ECs such as cell attachment, viability, growth and phenotypic/

genotypic expression on different bone substitutes: collagen [140], silk fibroin [141],

18



polyethersulfone [139], polycaprolactone (PCL) [142], and PLGA [137]. SPCL, a fiber-
mesh scaffold a material proposed by our group for bone regeneration [13, 92, 97-
99], also revealed to be compatible and a rather good substrate for ECs [138].
However, similar to what was observed in a large number of other polymeric
substrates [143-145], in order to sustain ECs adhesion and endothelialization the
surface of SPCL fiber-mesh scaffolds required a pre-coating with an adhesive protein
[138]. Protein coating has several drawbacks namely the difficulty to control it and its
stability over time [146]. In order to overcome this step and to render the surface
compatible for ECs, the scaffold was modified with argon (Ar) plasma [147]. The Ar
modified scaffolds had a performance comparable with the fibronectin-coated
substrate, i.e., the proliferation profile of cultured ECs were similar and the
expression of the endothelial markers maintained. Further investigation revealed that
the treatment by Ar plasma changed the chemical and physical properties of the
substrate and consequently changed the adsorption pattern of the adhesive protein
vitronectin.

Alternatively, ECs can be used to engineer a vascular network, in an approach based
on the principle that transplanted ECs will interact with host ECs and vasculature,
thus establishing a vascular supply much faster. The first line of evidence of
construct vascularization due to ECs transplantation came from the work of Holder et
al [148]. Polyglycolic acid (PGA) porous matrices seeded with aortic ECs
demonstrated organized and unorganized ECs within the matrix and increased
numbers of capillaries and lymphatic-like structures relatively to the controls with
SMCs and skeletal muscle cells. The feasibility of engineering microvascular network
in vivo has later been confirmed with ECs derived from the macro- and micro
vasculatures [149, 150]. However, Koike et al [6] have shown that in order to obtain
stable and durable vascular networks, ECs require co-implantation with perivascular
cells. These findings highlight that although mature ECs have the required
proliferative and angiogenic activity to create vascular networks in vivo, the
cooperation between ECs and perivascular cells is fundamental for vascular
maturation.

Mature ECs can be isolated from a great variety of sources such as the umbilical

cord, skin, fat tissue and saphenous vein but the low availability and proliferation
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capacity are the major drawbacks of these cells [151, 152]. There are also other
problems associated with mature ECs. On one hand, the senescent state of ECs on
larger vessels that can lead to the existence of defective signaling pathways and thus
decrease the ability to properly respond to angiogenic growth factors [4, 28]. On the
other hand, mature ECs display remarkable phenotypic and genotypic heterogeneity
in different tissues and these differences might generate different responses
depending on the tissue from where the cells were isolated [27, 28, 153].

An alternative source of autologous ECs to support pro-angiogenic therapies in tissue
engineering are endothelial progenitor cells (EPCs). These cells indentified trough the
expression of three cell markers (CD133, CD34 and vascular endothelial growth
factor receptor 2, VEGFR2) are present in bone marrow, fat tissue and peripheral
blood, are able to differentiate into mature ECs and participate in both angiogenesis
and vasculogenesis [154, 155]. EPCs occur in low number but when expanded in
culture can undergo more than 1000 population doublings, in stark contrast to
mature ECs that senesce after 30 population doublings [156].

EPCs are a heterogenous population composed by two cell sub-populations: early-
EPC [157] and late-EPCs [157, 158]. As suggested by their name, early-EPCs are the
first to appear in culture generally within 4-7 days, share some endothelial but also
monocytic characteristics and exhibit a restricted capacity of expansion [157]. In
contrast, late-EPCs also known as blood outgrowth ECs (OECs) develop after 2-3
weeks of culture, exhibit cobblestone-like morphology and long term proliferative
potential [157, 158]. Regarding the differences and relevance of the different
populations of EPCs on vascularization, the work from Yoon et al [159] has
highlighted the synergism between EPCs populations during neovascularization. In
this work it was shown that the injection of early EPCs (CD14*) and OECs resulted in
superior neovascularization in vivo relatively to any single-cell-type transplantation. It
was suggested that this synergy between EPCs population might be to different
contributions, early EPCs may contribute to neovascularization by secretion of
cytokines and matrix metalloproteinase-8 (MMP-8), whereas OECs participate by
providing building blocks and secreting MMP-2.

The phenotypic stability in culture that characterize OECs [158], has also been

demonstrated in 3D matrices. OECs have been used in combination with fibroin silk
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fiber meshes for application in tissue engineering and the results showed
endothelialization of fibroin silk fiber meshes, maintaining their endothelial
characteristics and functions [160]. Furthermore, when embebbed in a wound-
healing matrix, OECs migrated from the fibroin scaffolds and formed a microvessel-
like network in vitro.

EPCs have already been successfully applied in the treatment of fracture healing.
Matsumoto and co-workers [161] demonstrated that transplantation of EPCs can be
a successful strategy for the treatment of delayed unions. Briefly, EPCs were
systemically transplanted and recruited to the osseous fracture by factors present in
the healing environment. Once within the fracture site, the transplanted cells
enhanced vasculogenesis/angiogenesis and osteogenesis, thus leading to the
recovery of the fracture. However, in order to avoid large systemic doses of EPCs and
potential side effects [162], later on the same group refined the strategy [163]. For
that, EPCs were seeded in the femoral non-union site and mobilized by local delivery
of granulocyte colony stimulating factor, hence promoting fracture union.

Similarly, as reported for mature cells, for EPCs to form stable and long-lasting
microcapillary structures the construct requires a perivascular component [164,
165]. For instance, it has been found that seeding EPCs in polyglycolic acid-poly-L-
lactic acid (PGA-PLLA) preserved the endothelial phenotype but the formation of
microvessels in vitro was only observed when SMCs were added to the culture [156].
In the same research line, it was reported the formation of functional microvascular
beds in immunodeficient mice by co-implantation of EPCs and mesenchymal

progenitor cells isolated from blood and bone marrow, respectively [166].

3.4.Co-culture systems

Bone is a complex tissue and this is well present in the multitude of cell populations
that make up this tissue. Hence, it is expected that co-culture of heterogenous cell
types recreate more closely the in vivo environment than single-cell cultures [142,
167]. As previously described, one of the most important heterotypic cross-talks in

fracture is the one between ECs and osteoblasts. Many researchers [168-170] have

21



explored this relationship and have designed strategies to regenerate a vascularized
bone construct based on the simultaneous culture of these two cell types. Co-
cultures may be applicable to a prevascularization strategy for biomaterials prior to
implantation [170] or to a vascularization strategy post-implantation. The co-culture
system of ECs and osteoblasts can be used in several ways such in scaffold-free
approaches (e.g. spheroids) [168, 171] or in conjunction with 3D scaffolds [172,
173] (table 1.2). Furthermore, fully differentiated mature or progenitor cells isolated
from several sources can make-up the co-culture system. Although normally ECs and
osteoblasts are isolated from different sources, from the clinical point of view it is
more practical to obtain the two cell populations from a common cell source as it has

being described for adipose tissue and bone marrow [173, 174].
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Table 1.2 - Co-culture systems for vascularization of bone constructs. Compiled from the
references [168-170, 172-179].

Components of co-culture system Substrate In vivo Ref
Recruitment of mural cells
HUVEC hOBs Tutobone® and anastomose with host [175]
vasculature
HUVEC hOBs Polyurethane [172]
scaffolds
Cell line HBMEC- Bone marrow
60 fibroblasts PCL scaffold n.a. [142]
Several 3D
HDMEC hOBs or MG-63 bone n.a. [170]
materials
SPCL fiber-
HDMEC hOBs mesh n.a. [177]
scaffolds
HUVEC hOBs Collagen gel n.a. [178]
OECs hOBs or MG63 ~ Scarroldfree o [171]
approach
HUVEC hMSCs Scaffold-free Limited anastomose with [168]
approach host vasculature
Kidney vascular MSCs PLGA scaffolds Neovasculature and bone [179]
ECs formation
PCL-HA Establishment of capillary
EPCs hOBs network and osteoid [173]
scaffolds .
formation
Porous HA Formation of ectopic bone

Adipose tissue stromal cells ceramic tissue and blood vessels [174]
connected to host
scaffolds

vasculature

Abbreviations:

Tutobone® - processed bovine cancellous bone
hOBs - primary human osteoblasts

hMSCs - human mesenchymal stem cells
HUVEC - human umbilical vein endothelial cells

HDMEC - human dermal microvascular
endothelial cells

EPCs - endothelial progenitor cells
PCL-HA - polycaprolactone-hydroxiapatite

It has been reported by several authors [170, 172, 177] that ECs co-cultured with
osteoblasts are able to establish microcapillary-like structures in a 3D scaffold and
that these vascular structures are stable in in vitro culture for up to 42 days.
Furthermore, the complexity of these structures formed by ECs was confirmed by the
presence of a patent lumen and by the expression in the perivascular region of type

IV collagen, the major constituent of endothelial basement membrane. The great
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advantage of this strategy is its self-sustainability, i.e., the interaction between the
two cell populations recreates the physical and chemical environment favorable for
the formation of vascular-like structures, thus obviating the exogenous supply of
angiogenic stimuli. Regarding the mechanisms and factors underlying the cross-talk
communication between ECs and osteoblasts it has been shown [170, 177, 180]
that osteoblasts in co-culture released higher amounts of the pro-angiogenic factor
VEGF than in monoculture. However, not only soluble factors [170] but also
molecules from ECM [177, 181] play an important role in the orchestration of co-
culture. In agreement with other studies of 2D co-culture [53], our group has shown
that co-culture of human dermal microvascular ECs (HDMECs) with osteoblasts on
SPCL fiber-mesh scaffold triggered collagen type | mMRNA and protein synthesis [177]
(Fig. 1.3). Hence, collagen type | is a key molecule and modulator in the co-culture
system by providing chemical and physical cues for migration and proliferation of
ECs. On the other hand, ECs also influence osteoblasts’ activity and the up-regulation
of alkaline phosphatase expression (ALP) is an indicator of the effect of ECs on
osteogenic differentiation [168, 182]. Another major issue in co-culture is the direct
cell-cell contact. Interestingly, when conditioned medium from osteoblast was added
to ECs or when the two cell types were co-cultured physically separated by a filter, no
formation of microcapillary-like structure was observed [170]. Also in support of
these findings it has been reported that changes in the expression of several genes
in both cell populations were dependent on cell to cell contact and that were not
seen in conditioned supernatants [182, 183]. Connexin-43 (Cx43) is pointed out as
the gap junction protein that mediates the intracellular exchanges of regulatory ions
and small molecules between ECs and osteoblasts [54, 55]. Studies from Villars and
co-workers [55] have confirmed the role of this gap junction in this heterotypic
communication by showing that its inhibition decreased the effect of human

umbilical vein endothelial cell (HUVEC) co-cultures on hBMSC differentiation.
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Figure 1.3 - Co-culture system of HDMEC and primary osteoblasts on SPCL fiber-mesh
scaffold. After 21 days of culture HDMEC organized into microcapillary-like structures with
linear and branched forms. In order to distinguish between the two cell populations the
sample was stained for CD31 (green fluorescence, endothelial-specific) and nuclei (blue
fluorescence, both osteoblasts and HDMECs). The value of the scale bar is 300 uym.

In vitro co-culturing for long-term holds the promise that in vitro pre-vascularization
might accelerate the establishment of a vascular supply within the implanted
scaffold but it remains to be determined whether these pre-formed microcapillary-like
structures in the biomaterials are able to link up with the host microvasculature.
Another alternative to the in vitro establishment of a microcapillary network is to co-
culture ECs and osteoblasts in the scaffolding material for short time (hours to few
days) followed by implantation. This approach takes advantage of the in vivo
environment to orchestrate the cellular interaction for the establishment of a
functional vasculature. In the work of Yu and co-workers [173] implanted co-culture
of EPCs and bone marrow-derived osteoblasts on porous PCL not only improved
osteogenesis but also enhanced vascularization that consequently prevented the
ischemic necrosis at the center of the graft. In contrast, when the same scaffolding
material was seeded with osteoblasts alone impaired osteogenesis accompanied
with progressive necrosis of the graft were observed. Steffens et al [175] also

reported the formation of vasculature after implanting sub-cutaneously into
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immunodificient mice a co-culture of mature ECs and osteoblasts on bovine
cancellous bone. Specially worth mentioning was the fact that vasculature was
stabilized by recruited mural cells and that the newly vascular networks anatomoed

with mouse vasculature.

3.5.Microsurgery strategies

A vascularized graft can be obtained from a hybrid approach combining microsurgery
approaches with bone tissue engineering concepts. Biomaterials, osteogenic cells
and osteoinductive growth factors have been used for the creation of vascularized
bone tissues in combination with the microsurgery approaches: flap fabrication and
arteriovenous loop [184]. In flap fabrication the engineered structure relies on
extrinsic blood supply, in which vascular ingrowth occurs from the surrounding
tissues [185]. It basically consists of a two-stage surgical procedure, where in the
first stage the scaffolding material loaded with cells and/or growth factors is
implanted into a site of rich vascularization, usually a muscle or the forearm fascia
[18, 186]. Capillary ingrowth from recipient site vascularizes the scaffold, and in the
second stage the graft is transferred as free bone flap to the defect and by
microvascular surgery the vascular pedicle is anastomosed with vessels at the
recipient site. Many researchers have tried to develop and explore this concept [187-
189]. For instance, the clinical studies performed by Warnke et al [88] took the
concept of combining tissue engineering with flap fabrication to a new level. They
accomplish mandible reconstruction putting together custom scaffold with bone
morphogenetic protein 7 (BMP-7) and patient’s bone marrow. Then, the construct
was implanted into the lastissimus dorsi muscle for 7 weeks and transferred as a
free bone-muscle flap to repair the mandibular defect. The mandible replacement
remarkable improved patient’s quality of life and retained its function over 13
months, until the death of patient from cardiac arrest [89]. Despite the successful
outcome of this approach one can not disregard its drawbacks such as the
inconvenience of two surgical interventions and donor-site morbidity in sacrificing the

attached muscle [185].
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Vascularization of porous matrices can also be accomplished by means of implanting
an arteriovenous loop around the construct. The advantages over flap fabrication is
that the arteriovenous loop accomplishes vascular growth with minimal fibrosis
[186], the construct acquires an inherent perfusion and thus does not need to rely on
favorable local conditions [184]. Kneser et al [190] reported the induction of axial
vascularization in a processed bovine cancellous bone matrix by means of a
microsurgically constructed arteriovenous loop. Additionally, the induction of
vascularization in scaffolding material prior to cell injection may help to increase the
initial survival and engraftment of transplanted cells and may consecutively optimize
bone formation in bioartificial osteogenic bone tissues [191]. The work of Lokmic
and co-workers [192] explored this concept and developed a model where an
arteriovenous loop is placed in a noncollapsible space protected by a polycarbonate
chamber aimed to provide a proper vascularized environment for a successful cell
transplantation. They hypothesized that the optimal time point for exogenous cell
seeding would be in the period of intense angiogenesis, i.e., 7 to 10 days after
implantation. However, there are some drawbacks associated to arteriovenous loop.
On one hand there is the technical challenge of loop fabrication and on the other

hand the donor site morbidity caused by removal of donor vein graft [3, 19].

4. CONCLUSIONS AND FUTURE CHALLENGES

In the last few years we have observed a shift in the paradigm of bone tissue
engineering. The major players have always been osteoblasts and the
osteoconductive and/or inductive properties of the biomaterials, and bone
vasculature was typically relegated to a secondary and less relevant role. Lately, this
scenario has changed when it became clear that the successful clinical outcome of
the implanted cell-constructs was dependent on the establishment of a functional
tissue. Furthermore, a large body of evidence emerged to highlight the crucial role of
intraosseous vasculature in bone development, repair and remodeling. The intricate
relation between angiogenesis and osteogenesis has been unveiled and the cross-

talk between osteoblasts and ECs was identified as one of the most important
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cellular interactions orchestrating bone processes. Several strategies for the
acceleration of neovascularization either in vivo or in vitro have been proposed and
explored. As revised in this work, it is possible to establish capillary networks by
several approaches: by adding angiogenic growth factors that elicit an angiogenic
response in vivo; through the seeding of mature and progenitor ECs; by incorporating
microcapillary-like structures into the scaffold design that could provide the
necessary physical cues for ECs; by exploring the unique relation between ECs and
osteoblasts through co-culture systems; and by combining microsurgery techniques
with tissue engineering concepts.

Although this great first achievement of establishment of capillary structures on bone
constructs, these vascular structures revealed to be unstable and prone to
regression. Hence, at the present moment, efforts are mainly centered on stabilizing
neovasculature and thus on promoting the formation of long-lasting blood vessels.
Perivascular cells such as pericytes and SMCs contribute to the remodeling and
maturation of the primitive vascular network and are therefore targets for the
construction of durable engineered vasculature. In this line of thought the strategy of
dual growth factor delivery encompasses the release of growth factors to promote
ECs activity and the recruitment of perivascular cells in separate phases. In addition,
it is also expected that the complexity of co-culture systems will be upgraded and tri-
cultures encompassing the triad osteoblasts, ECs and mural cells will be the adopted
system.

An issue equally important to the establishment of microcirculation in the engineered
construct is its anastomose with host circulation. If this connection to recipient’s site
is not accomplished the all vascularization strategy will be jeopardized. Until now, the
existing technology allows the connection to host vasculature of vessels with a
minimum diameter of 2mm. The solution is either the establishment of vessels with
bigger caliber or the improvement of vascular surgery techniques.

The reconstruction of lesions that involve both vascular and avascular tissue, such as
osteochondral defects, raises a new challenge. The regeneration of osteochondral
defects implies not only the development of biphasic systems that meet the distinct
mechanical/metabolic requirements of bone and cartilage, but also an integrated

system that compartimentalizes and limits vascularization to the bone phase.
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The take home message is that bone is a multicomponent system and any successful
vascularization strategy of bone engineered-construct must be able to recreate all
these elements and the intricate network of connections between them. All bone
tissue engineering strategies must take that into relevant account or they will be

always prone to fail.
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CHAPTERII.

Materials and Methods

This chapter is aimed to provide a general overview of the methodologies, materials

and cells used in the experimental plan of the thesis.

1. SCAFFOLDS

1.1.Starch polycaprolactone (SPCL) fiber-mesh scaffolds

SPCL fiber-mesh scaffolds were produced from a polymeric blend (30/70 wt%) of
corn starch with the synthetic polymer PCL. Starch is one of the most abundant
naturally occurring polymers, that present excellent characteristics for applications in
biomaterials field, such as low toxicity, biodegradability and biocompatibility [1]. PCL,
on the other hand is a Food and Drug Administration (FDA)-approved biodegradable
polyester [2]. The combination of these two polymers in a blend confers increased
biodegradability to PCL and improves the processability and mechanical properties of
starch [3].

Two different methodologies were used in the production of SPCL fiber-mesh
scaffolds: melt spinning and fiber-bonding. First, by a process of melt spinning the
polymeric blend is melted for extrusion through a spinneret and directly solidified by
cooling. The obtained fbers with diameter in the range of 160-260 um were
processed into fiber-mesh scaffolds by a fiber-bonding methodology consisting in
cutting and sintering. The samples were cut into discs of approximately 8 mm
diameter and 1.5-2 high mm and were sterilized by ethylene oxide.

Our group has proposed and extensively studied SPCL fiber-mesh scaffold as a

biodegradable natural-based material aimed for bone regeneration. Thus, within
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these years a great amount of knowledge has been accumulated about SPCL fiber-
mesh scaffolds. Next it will be reviewed the most relevant studies related with theme
of this thesis.

SPCL is a biodegradable polymer susceptive to be degraded by hydrolysis mainly
catalysed by the enzymes lipase and o-amylase [4]. The first catalyses he hydrolysis
of PCL, whereas the second catalyses the hydrolysis of o-1,4-glycosidic linkages of
starch. Among other sources, both lipase and a-amylase exists in serum [1, 5].
Degradation studies of SPCL fiber-mesh scaffolds have been performed in solutions
contanining the hydrolytic enzymes lipase and o-amylase in physiological
concentrations [6]. The results have shown that after 12 weeks of immersion the
scaffolds were completely degraded. Furthermore, the products resultant from
degration are non toxic and are either metabolized via the tricarboxylic acid cycle or
eliminated by direct renal secretion [4, 7].

The great advantage of fiber-mesh design is the large surface area for cell
attachment which also enables rapid diffusion of nutrients enhancing cell survival
and growth [6]. As determined by micro computed tomography (UCT) analysis the
SPCL scaffolds used in this thesis have a porosity ranging 66-75 % [8, 9].
Nevertheless, regarding the application of these scaffolds in hard-tissue replacement
the mechanical properties are also an important aspect to have in consideration. The
mechanical properties evaluated in compression tests in the dry and wet state are
2.1+0.40 and 1.82+0.40 MPa, respectively [6]. Hence, these mechanical properties
suggest the application of SPCL fiber-mesh scaffold in the regeneration of non-load
bearing defects [10].

An additional advantage of SPCL fiber-mesh scaffold architecture and specially pore
interconnectivity is its application in tissue-engineering strategies that involve the use
of bioreactor cultures. The work of Gomes et al with flow perfusion bioreactors [8, 11]
has shown that SPCL fiber-mesh scaffold was an appropriate matrice for the
proliferation and osteogenic differentiation of rat bone marrow cells. It was also
reported the production of several growth factors with osteogenic and angiogenic
activity by the seeded cells [11]. Furthermore, the fiber-mesh structure allowed a
homogenous distribution of the cells and throughout deposition of mineralized matrix

[8]. A complementary work investigated the influence of porosity of these scaffolds in
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a flow perfusion bioreactor and concluded that the best outcome was obtained with
SPCL fiber-mesh scaffolds with a porosity of 75%, rather than 50% [12].

SPCL fiber-mesh scaffold is the common denominator to all remaining five chapters.
This thesis deals not only with the interaction between cells (ECs and osteoblasts)
and SPCL fiber-mesh scaffolds but also with improvements in the architecture and

surface of the scaffold towards the final aim of vascularization.

1.2. Plasma-modified SPCL fiber-mesh scaffolds

Plasma treatment is one of the main techniques of modifying polymer surfaces to
improve cell adhesion while maintaining the desirable properties of the bulk material.
Chapter IV deals with the surface modification of SPCL fiber-mesh scaffold by means
of Ar plasma to improve ECs adhesion and proliferation. In this study it was used the
plasma reactor PlasmaPreps (Gala Instrument GmbH, Germany) that allowed a fully
automated process and had a control reactor with a chamber size of 15 cm diameter
and 31 cm length (5L). Ar was the working gas and the air present in the system was
first displaced with Ar, by flushing it through the reactor. Then, the outlet was closed,
and the reactor was filled with Ar with a controlled pressure of 0.18 mbar. A radio
frequency source (13.56MHz) and a power of 30 W were used, and the scaffolds
were exposed to plasma for 15 minutes. The samples were kept at air atmosphere

after being removed from the reactor.

1.3. Nano/micro fiber-combined scaffolds

Nano/micro fiber-combined scaffold is an architectural upgrade of SPCL fiber-mesh
scaffold, inspired in the physical structure of the ECM. The interaction of ECs with this
combined structure and its influence in several biological functions are evaluated in
the scope of chapter V.

Electrospinning is an electrostatic processing methodology used to fabricate fibers

with diameters that can do down to 3 nm [13]. Due to its ability to produce fibers in
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the nano-range, electrospinning was the selected methodology to produce the nano-
fibers of the starch-based scaffold. In electrospinning a high voltage is applied to
create electrically charged jets of a polymer solution or melt [14]. These jets dry to
form nanofibers, which are collected on a target. The final diameter of the fibers are
easily changed by manipulating the polymer concentration, the used solvent and
various process parameters [15]. This technique was used to produce

Nano/micro fiber-combined scaffolds previously developed by Tuzkoglu were
obtained by a two-step methodology. First, it was produced the micro support, i.e.,
SPCL fiber-mesh scaffold by melt-spinning and fiber-bonding, as previously described.
Then, this scaffold was impregnated with electrospun nano-fibers. The solution used
in the electrospinning experiments was prepared by dissolving 1g of SPCL in 7 ml
chloroform. After dissolution was completed, 3 ml of dimethylformamide (DMF) which
has a high dielectric constant was added to the solution to enhance electrospinning
of the solution. A syringe filled with the polymer solution was placed on a syringe
pump and SPCL fiber-mesh scaffolds were stationed in a special designed collector
that allowed the movement of the samples through the electrospun polymeric jets.
Collector and syringe needle were distanced by 10 cm. A high power supply provided
a 15 KV voltage and the scaffolds were electrospun for 10 s. This procedure was
applied to both sides of SPCL fiber-mesh scaffolds. In the final structure nano-fibers

had an average diameter of 400 nm.

1.4. Collagen-nano and SPCL-micro fiber-combined scaffolds

Collagen-nano and SPCL-micro fiber-combined scaffold is a structure that aims to
recreate not only the physical but the chemical structural of ECM. This construct
combines in the same structure electrospun type | collagen nano-fibers with starch-
based micro-fibers. In chapter VI it will be provided a more detailed description of the
production of this combined structure.

As macrosupport of the combined structure were used SPCL fiber-meshes obtained
by wet-spinning. For this, SPCL was dissolved in chloroform at a concentration of 40%

(W/V) and the solution was extruded with a syringe pump (World Precision
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Instruments, UK) into a coagulation bath of methanol. The fiber-mesh structure was
formed during the processing by moving the coagulation bath randomly. Following an
overnight dry at room temperature (RT) to remove solvent traces, fiber-meshes were
impregnated with collagen nanofibers obtained by electrospinning. The collagen used
in this process was isolated from Wistar rat tails according to a typical cid extraction
procedure [16]. For electrospinning a syringe placed in a syringe pump was filled
with a solution of 0.85 mg of collagen dissolved in 1 mL of 1,1,1,3,3,3-hexafluoro-2-
propanoll (HFP, Sigma-Aldrich, Germany). Fiber-meshes were placed in the collector
and it was applied a voltage of 20 KV for 10 seconds. The fiber-meshes were turned
and the procedure repeated. The final structures were dried overnight at RT to
eliminate solvent residuals. Finally, in order to maintain the structural and
mechanical integrity of collagen nano-fibers the scaffolds were crosslinked with
saturated gluteraldehyde vapour at RT for 48 hrs. After crosslinking, the constructs
were subsequently immersed in 0.02 M glycine solution for 4 hrs in order to remove
unreacted glutaraldehyde. The structures were washed several times with distilled
water, dried and stored in desiccators until use.

Additionally, it was also produced thicker scaffolds exploring the proposed concept of
layer by layer. SPCL fiber-meshes scaffolds with nano-fibers on one side were stacked

together by heating at 60°C, the melting point of SPCL.

2. STRUCTURAL/CHEMICAL CHARACTERIZATION

2.1. Optical and scanning electron microscopy (SEM)

The overall organization of collagen-nano and SPCL-micro fiber-combined structures
was visualized by optical microscopy (chapter VI). Scanning electron microscopy
(SEM, Leica Cambridge S360) on the other hand, was used to assess the morphology
of the collagen nano-fibers. Previously to SEM analysis samples surfaces were gold
sputtered (Fisons Instruments, Suptter Coater SC502, UK).

On chapter IV the surface morphology of SPCL fibers was analyzed by SEM before

and after plasma treatment.
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2.2. Confocal laser scanning microscopy (CLSM)

To confirm the collagenous nature and to reveal the architecture of the nano-network
on the combined structures the samples were stained with antibody against type |
collagen and visualized by confocal laser scanning microscopy (CLSM, Olimpus IX81).
The samples were incubated for 1 h at RT with the primary antibody mouse anti-
bovine (1:100, Sigma-Aldrich, Germany), followed by incubation with secondary
antibody anti-mouse Alexa Fluor 488 (1:1000, Invitrogen, USA) also for 1 h at RT.
Phosphate buffered saline (PBS) washing was performed between each step and for
CLSM observation the samples were covered with mounting medium (Vectashield,
UK).

2.3.Optical profilometry

When the surface of a polymer is exposed to plasma treatment it might occur etching
of the superficial layers, thus changing the roughness and topography of the material
[17]. The roughness of a surface can be measured by atomic force microscopy (AFM)
or in the case of a 3D structure by optical profilometry. This last technique allows
roughness analysis of 3D structures with high resolution from subnanometer to
millimetre-high steps.

In chapter IV using optical profilometry it was measured the topographical changes in
SPCL fiber-mesh scaffolds surface after Ar plasma treatment. It was used an optical
profiler Wyko NT 3300 from Veeco Instruments Inc and measurements were
performed in Vertical Scanning Interferometry (VSI) mode. An area of 2 mm with

vertical resolution of 3 nm was analyzed.

2.4. Surface chemical analysis

X-Ray photoelectron spectroscopy (XPS) and time-of-flight secondary ion mass

spectrometry (TOF-SIMS) are two surface chemical analysis technigues that measure
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the elemental composition of a material surface. TOF-SIMS is complementary to XPS,
owing to its molecular information, high sensitivity and selectivity to the uppermost
surface layers [18]. In chapter IV these two techniques were used to assess the
effect of plasma treatment on surface chemistry of SPCL fiber-mesh scaffolds. The
XPS analysis was carried out using the instrument VG Escalab 250 iXL (VG Scientific,
UK) and TOF-SIMS with a TOF-SIMS IV instrument (lon-TOF GmbH, Germany); further

details of the analysis are provided in the respective chapter.

2.5.Contact angle

Contact angle is a technique that characterizes the wettability of a surface by
measuring the surface tension of a water droplet at its interface with a homogenous
surface [19]. In order to determine the effect of Ar plasma treatment on the
wettability of SPCL, static angle measurements were performed on two dimensional
(2D) samples (chapter IV). These samples were prepared by a similar procedure to
that used for the scaffolds, i.e., by polymer melting with subsequent injection into a
mould. The surface of SPCL 2D samples was treated using the same conditions as
described in section 1.2 for the 3D scaffolds. The values were obtained by sessile
drop method using a contact angle meter OCA15+ with a high-performance image

processing system from DataPhysics Instruments, Germany.

3. PROTEIN ADSORPTION

Protein adsorption is one of the first events to occur upon implantation of a graft and
is a critical modulator of several cellular mechanisms [20]. In turn, protein adsorption
is dependent on the chemical and physical properties of the underlying substrate
[21]. Thus, in chapter IV it was evaluated in which extent Ar plasma treatment of
SPCL fiber-mesh scaffolds affected the adsorption profile of two adhesive proteins
fibronectin (Fn) and vitronectin (Vn). For that, untreated and plasma-modified SPCL

fiber-mesh scaffolds were immersed for 1 h at 37 °C in a multi-protein solution that
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was basically constituted by M199 culture medium (Sigma-Aldrich, Germany)
supplemented with 20% (v/v) of fetal calf serum (FCS, Sigma-Aldrich, Germany). As
blanks were used samples immersed in PBS. For immunostainning samples were
fixed in 2.5 % formalin solution, washed and incubated for 1 h with the primary
antibody mouse anti-human Fn with goat cross-reactivity (1:50, Sigma-Aldrich,
Germany) or mouse anti-bovine anti-Vn (1:50, Santa Cruz, USA). Finally, samples
were incubated with the secondary antibody goat anti-mouse Alexa Fluor 488 for 1h
at RT and analysed by CLSM

4. CELLS

4.1. Endothelial cells (ECs)

ECs line in the lumen of all blood vessels and play important roles in angiogenesis,
i.e., in the formation of new blood vessels from existing ones [22]. Furthermore, ECs
also participate in inflammation trough the recruitment of circulating lymphocytes to
the inflammatory focus [23]. Regarding the vascularization topic addressed in this
thesis, and the relevance of ECs for this phenomenon, the use of ECs cultures was
the common element to all the chapters of the present thesis. In the experimental
plan it was used the endothelial cell line HPMEC-ST1 and primary cultures of HUVECs
and HDMECs.

4.1.1. Cell line HPMEC-ST1

The microvascular cell line HPMEC-ST1 was developed from human pulmonary
microvascular ECs. This cell line was generated by transfection and displays the
major constitutively expressed and inducible endothelial phenotypic markers [24].
HPMEC-ST.6R were propagated in the conditions summarized in table 1l.1. Geneticin
was added to the medium as the selective agent for selection of the transfected

HPMEC-ST1 cells. Other supplements also common to the culture of HUVEC and
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HDMEC are: endothelial cell growth supplement (ECGS) that contains a mixture of
growth factors aimed to improve proliferation; sodium heparin, stabilize the growth
factors in culture and Glutamax | is a direct substitute for L-glutamine that aims to
improve growth efficiency and performance of mammalian cell culture systems.

Expanded cells were cultured in culture flasks coated with gelatine 0.2% (Sigma-
Aldrich, Germany). This a common procedure in ECs culture because previous studies
have shown that coating culture dishes with components of ECM potentiate the FGF-
2 activity and that the absence of this coating did not support the growth of low seed
density HUVEC in the presence of 20% FCS [25, 26]. Cells were cultured under

standard conditions (37 °C, 5 % CO2) and medium was changed every 3 days.

Table 1.1 - Conditions for endothelial cells culture

Supplement
Cells Culture medium
(type, amount and supplier)

FCS - 20% (Life technologies, Germany)
_ Glutamax | - 2mM (Life technologies, Germany)
HPMEC- M199 (Sigma- Pen/strep - 100U/100ug/mL (Sigma-Aldrich,Germany)
ST1 Aldrich, Germany) Sodium heparin - 50 pg/mL (Sigma-Aldrich,
ECGS - 25 pyg/mL (BD Biosciences, USA)
Geneticin 418 - 50 pg/mL (Life technologies, Germany)

FCS - 10% (Life technologies, Germany)
FCS - 10% (PAA Laboratories, Germany)

HUVEC M199 Pen/strep - 100U/100ug/mL (Sigma-Aldrich, Germany)
Glutamax | - 2mM (Life technologies, Germany)
Sodium heparin - 25 pyg/mL (Sigma-Aldrich, Germany)
ECGS - 25 ug/mL (BD Biosciences, USA)

Endothelial Basal FCS - 15 % (Invitrogen, Germany)
HDMEC Medium MV Pen/strep - 100U/100ug/mL (Sigma-Aldrich, Germany)
FGF-2 - 2.5 ng/mL (Sigma-Aldrich, Germany)

(PromoCell,Germany) Sodium heparin - 25 pg/mL (Sigma-Aldrich, Germany)

4.1.2. Human umbilical vein endothelial cells (HUVEC)

HUVECs were isolated from the umbilical cord vein by collagenase digestion [27].

Briefly, the umbilical vein was cannulated and with the help of a syringe perfused and
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washed with HEPPES buffer. Following perfusing the vein with a solution of pre-
heated collagenase (22 U/100 mL HEPES, (Worthington Biochemical Corporation,
USA) it was incubated for 20 min at 37°C. After incubation the cells were
mechanically loose and the vein was flushed with complete medium (table Il.1). The
collected cells were then centrifuged 5 min at 1500 rpm, the medium discarded and
ECs resuspended in fresh culture medium. The cells were cultured in gelatine coated

flasks and cell were used until fourth passage.

4.1.3. Human dermal microvascular endothelial cell (HDMEC)

HDMECs were isolated from juvenile foreskin by enzymatic diggestion. The foreskin
was cut into small pieces, washed with PBS and incubated in 3-5 ml dispase
(depending on the amount of tissue; 2.5 U/ml PBS; Sigma Chemicals, Germany)
overnight (12-18 h) at 4°C. This enzymatic digestion assisted in the removal of the
epidermis. Epidermis-free dermal pieces were incubated in 5ml versene (0.02% EDTA
in PBS; Gibco, Germany) with trypsin (0.04%; Seromed, Germany) at 37°C for 2 h.
Enzymatic digestion was stopped by the addition of 2ml FCS, then the tissue pieces
were placed into culture medium (table 11.1) and pressed with the back of a scalpel to
loosen the individual cells from the tissue. The resulting cell suspension (containing
HDMEC and other contaminating cell types) was centrifuged at 300g for 5 min. The
cell pellet was resuspended in culture medium and seeded into a 75 cm? tissue
culture flask (gelatin-coated). Culture medium was changed every 2-3 days. Before
the cultures were confluent (normally 3 days upon seeding) the HDMEC were
separated from the other cells in culture by immunomagnetic isolation with CD31-
Dynabeads following the manufacturer’s instructions (Invitrogen, USA). For the

experiments were used purified HDMEC expanded until passage four.
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4.2.0steoblasts

In the present studies it was used the osteoblast cell line Sa0s-2 and human primary
osteoblasts (hOBs) isolated from human femoral head explants. Sa0Os-2, a non-
transformed cell line derived from a primary osteosarcoma was used in chapter VI for
monoculture studies with collagen-nano and SPCL-micro fiber-combined scaffolds.
hOBs on the other hand, were used in co-culture systems (chapter VII) and were
obtained by sequential enzymatic digestion of bone chips as will be briefly described.
Table 1.2 compiles the culture conditions for SaOs-2 and hOBs. Bone chips were
scraped from the femoral head, and washed thoroughly several times with calcium-
free PBS to remove erythrocytes, bone marrow and tissue debris. The bone chips
were then grown in a complete osteoblast medium (Table 11.2) and digested with a
collagenase (100 U/mL)/trypsin (300 U/mL) (Sigma-Aldrich, Germany) mixture
buffered with 0.01 m HEPES to prepare a single cell suspension. The cells were then

expanded in culture and cultured under standard conditions.

Table 1.2 - Conditions for osteoblast cell culture

Supplement

Cells Culture medium .
(type, amount and supplier)

DMEM low glucose 10% Foetal Bovine Serum (Sigma-Aldrich, Germany)

Cell "”26 (Sigma-Aldrich, Pen/strep - 100U/100ug/mL (Sigma-Aldrich, Germany)
Sa0s2  Germany)

10 % FCS (Sigma-Aldrich, Germany)
DMEM low glucose  pen /strep - 100U/ 100pg/mL (Sigma-Aldrich, Germany)
Efg%ﬂ:;’;')d“"“’ 300 pg/mL ascorbic acid (Sigma-Aldrich, Germany)

100 nM dexamethasone (Sigma-Aldrich, Germany)

2 mM Glutamax (Life Technologies, Germany).

hOBs
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5. CELL CULTURE

5.1.Scaffolds seeding

Prior to cell seeding scaffolds were immersed overnight in serum-free culture
medium. For ECs culture the scaffolds were previously coated with Fn. As afore
mentioned, in order to sustain ECs adhesion and growth the majority of the
substrates require a pre-coating with an adhesive protein such as Fn. For that, the
samples were coated with 10pug/mL Fn in PBS (Roche, Germany) for 1 hour at 37°C.
Plasma-treated SPCL fiber-mesh scaffolds once were modified aiming to the avoid Fn
coating did not receive this treatment. Confluent ECs in culture flasks were
trypsinized and a cell suspension (0.5 mL) was added to each scaffold. The number
of cells added to each scaffold is specified in each chapter. Regarding osteoblast
seeding, apart from Fn pre-coating, the procedure was the same. The scaffolds were

incubated under standard conditions and medium was changed every 3 days.

5.2. Co-culture

For the co-culture studies described in chapter VIl, HDMECs and hOBs were mixed in
a proportion of 4:1 and cultured in HDMEC medium. One day prior to co-culture,
hOBs medium was changed to the one used in co-culture. Then, Fn-coated SPCL
fiber-mesh scaffolds were seeded with 1.5 x 10° cells of the mixed cell suspension
and cultured for up to 35 days. Scaffolds were also cultured with HDMECs (1.30 x
105 cells/scaffold) or hOBs (2 x 104 cells/scaffold) alone to be used as monoculture
controls. All experiments involving HDMECs:hOBs co-culture were performed with at
least three different HDMEC and hOBs donors.
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6. BIOLOGICAL CHARACTERIZATION

6.1. Morphology

The morphological analysis of cells growing on the scaffolds under study was
performed by SEM. After each time interval, cells/scaffold constructs were fixed with
2.5% glutaraldehyde for 30 min in 0.1 M sodium cacodylate buffer, dehydrated in
increasing concentrations of acetone and dried with hexamethyldisilane. Before the
analysis all the samples were sputtered coated with gold.

On chapter V the ultrastructure of HDMECs that migrate from nano/micro fiber-
combined scaffold onto a collagen gel was evaluated by transmission electron
microscopy (TEM). Scaffolds plus collagen gel were fixed in 2.5 % glutaraldehyde in
cacodylate buffer, post-fixed in 1% osmium tetroxide for 2 h and dehydrated in
increasing ethanol concentration. Samples were embedded in agar resin 100
(PLANO, Germany) with ethanol as solvent for transition state and subjected to
polymerization at 60°C for 48 hrs. Ultrathin sections were cut, placed onto copper

grids and examined by transmission electron microscope (Philips EM 410).

6.2. Viability

The viable cells growing on the developed scaffolds were visualized by CLSM (Leica
TCSN, Germany) after incubating the samples with medium supplemented with 0.1 M
calcein-AM (Invitrogen, USA) for 10 min. Calcein-AM is a non-fluorescent membrane-
permeant compound that in viable cells by the action of active intracellular esterases
is converted into the green fluorescent and impermeable calcein. Viable cell are

identifiable by the green fluorescent cytoplasma.
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6.3. Proliferation

The proliferation of cells growing on the scaffolds was assessed with the metabolic
assay Cell Titer 96® Aqueous One Solution Cell Proliferation (Promega, USA) or the
DNA quantification assay PicoGreen (Invitrogen, USA).

The principle of the first assay is based on MTS (3-(4,5-dimethylthiazol-2-yl)-5-(3-
carboxymetyhoxyphenyl)-2(4-sulfophenyl)- 2H tetrazolium), a substrate that is
converted by nicotinamide adenosine dinucleotide phosphate (NADPH) or NADP
which are produced by dehydrogenase enzymes in metabolically active cells, thus
yielding a brown formazan product . The intensity of the color is directly related to the
number of viable cells, and thus to their proliferation in vitro. Cell viability on the
scaffolds after different time intervals was determined by using Cell Titer 96®
Aqueous One Solution Cell Proliferation Assay kit according to the standard
procedure. Briefly, the samples were transfered to new culture wells with fresh
medium without phenol red and MTS reagent in 5/1 ratio. Following an incubation 3h
at 37°C, 100 ul of incubated medium was transferred to 96-well plate and optical
density was read at 490nm in a micro-plate reader (Synergy HT, Bio-tek). The results
were expressed as the average absorbance of triplicate samples.

In PicoGreen assay a fluorophore specific for double-stranded DNA allows to quantify
the amount of DNA per scaffold. Knowing that each cell type has a certain amount of
DNA is possible, trough a calibration curve, to relate DNA content with cell number.
For the assay the samples were prepared by rinsing with sterile PBS and incubated
with sterile ultra pure water at 37°C for 1h. Then, they were frozen at - 80°C and
thawed. Before starting the assay, they were sonicated 15min in an ultrasonic bath.
An aliquot of each sample was transferred to the 96-well plate. A certain ratio of Tris-
EDTA buffer and PicoGreen reagent prepared in the same buffer was added to the
each well. The fluorescence was read at 485nm and 528nm excitation and emission,
respectively. The number of cells in each scaffold was then calculated by correlation

with the DNA of a known amount of cells.
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7. PROTEIN ANALYSIS

7.1.Immunofluorescence

By immunofluorescence it was assessed at the single cell level the expression of the
endothelial cell markers: platelet endothelial cell adhesion molecule-1 (PECAM-1)
and Von Willebrand factor (vWF); of the pro-inflammatory molecule E-selectin; and of
the gap junction protein Cx43. The E-selectin staining was performed on ECs growing
on SPCL fiber-mesh scaffolds and on culture plastic in the presence or absence of
1.0 pg/mL of lipopolysaccharide (LPS) for 4 hrs (Sigma-Aldrich, Germany).

At different time points the constructs seeded with ECs cultured alone or with
osteoblasts were fixed in 2% paraformaldehyde for 30 min. Samples were then
permeabilized with 0.1% Triton for 5 min at RT. After washing with PBS the samples
were incubated for 1 hr at RT with the respective primary antibody (table 11.3). Under
the same conditions a second incubation was performed with the secondary antibody
(table 11.3). The nuclei were counterstaining with 1 yg/mL Hoechst. Between all the
steps the samples were washed with PBS. Finally, the samples were mounted with
Gel/Mount (Natutec, Germany) and visualized by CLSM.

Table Il.3 - Primary and secondary antibodies used in immunofluorescence

Primary antibody (anti-human) Secondary antibody
(dilution, supplier) (dilution, supplier)

Anti-mouse Alexa Fluor 488 (Invitrogen, USA)

M PECAM-1; 1:50; (Dako, D K ) .
ouse (Dako, Denmark) Anti-mouse Alexa Fluor 594 (Invitrogen, USA)

Rabbit vVWF; 1:8000; (Dako, Denmark) Anti-rabbit Alexa Fluor 488 (Invitrogen, USA)

Mouse E-selectin; 1:100;(Monosan) Anti-mouse Alexa Fluor 488 (Invitrogen, USA)

Rabbit Cx43; 1:50; (Cell Signalling, USA) Anti-rabbit Alexa Fluor 488 (Invitrogen, USA)
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7.2. Immunohistochemistry

The expression of PECAM-1, collagen | and IV was assessed on co-cultures of
HDMEC:hOBs on SPCL fiber-mesh by immunohistochemistry. At several time points
the samples were fixed with 3.7% glutaraldehyde for 30 min, dehydrated in
ascending alcohol concentrations, changed to xylene substitute and finally
transferred to liquid paraffin. Parafin blocks were cut in transversal cross-section (5
pm thick), deparaffinised and rehydrated. Sections were blocked with serum for
unspecific binding and then the sections were incubated first with primary antibody
for 1h at RT, followed by a second incubation with secondary antibody biotin-labeled
(table 11.4). This was followed by a 30 min incubation with horseradish peroxide-
conjugated streptavidin complex (ABC kit, Vector). Peroxidase staining was performed
using 3,3-diaminobenzidine (DAB) as a chromogen (Vector). The nuclei were
counterstained with Mayer’'s haematoxylin and the sections were examined under a

light microscope. Between all the steps it was performed at least one PBS washing.

Table Il.4 - Primary and secondary antibodies used in immunohistochemistry

Primary antibody (anti-human) Secondary antibody
(dilution, supplier) (dilution, supplier)

Mouse PECAM-1; 1:50; Anti-mouse biotin-labeled; 1:200
(Dako, Denmark) (Vector,USA)
Rabbit collagen type I; 1:100 Anti-rabbit biotin-labeled; 1:200
(Biodesign Inter., USA) (Vector,USA)
Mouse collagen IV; 1:50 Anti-mouse biotin-labeled; 1:200
(Dako, Denmark) (Vector,USA)

7.3. Enzyme-Linked Immunosorbent Assay (ELISA)

Enzyme-linked immunosorbent assay (ELISA) is a biochemical technigue used to

detect and quantify an antibody or antigen in a fluid. In the scope of chapter VIl it was
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used a sandwich ELISA to quantify the VEGF released in the supernatant of
HDMEC:hOBs co-culture and monocultures (HDMEC and hOBs) on SPCL fiber-mesh
scaffolds. The supernatant from these cultures was collected every 7 days and stored
at -80°C. VEGF was quantified using the human VEGF DuoSet (R&D Systems,
Germany) and following manufacturer’s instructions. Briefly, a capture antibody anti-
VEGF was bound to a microtiter plate to create the solid phase. Unbound antibody
was removed by washing the plate and a blocking reagent was added. Following a
wash, samples, standards and blank (culture medium) were then incubated with the
solid phase antibody, which captures VEGF present in the supernatant. After washing
away unbound analyte, biotin-conjugated detection antibody was added. This
detection antibody binds to a different epitope of immobilized VEGF, completing the
sandwich. Following a wash to remove unbound detection antibody, the detection
reagent streptavidin-horseradish peroxidase was added. The plate was washed,
hydrogen peroxidase was added as substrate solution and color developed in
proportion to the amount of bound analyte. Color development was stopped with an
acid solution and the intensity of the color was measured at 450 nm in a micro-plate

reader

8. GENE EXPRESSION

8.1. mRNA isolation and cDNA synthesis

In the present thesis different aspects of cell-substrate and cell-cell interaction were
evaluated at the gene level. In chapter Il and V it was assessed the ability of ECs
growing on SPCL fiber-mesh scaffolds to express pro-inflammatory genes upon
stimulation with LPS; in chapter IV it was evaluated the effect of plasma treatment on
the expression of endothelial cell markers; and in chapter VIl it was studied the
expression of a set of osteogenesis-related genes in co-culture relatively to
monocultures. For the assessment of pro-inflammatory genes the samples were
cultured on the scaffolding material and on 2D tissue culture polystyrene (TCPs) in

the presence and absence of LPS, as previously described in section 7.1.
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Total RNA was extracted from the constructs using the RNeasy Micro Kit (Qiagen,
Germany). Total RNA (0.5 ug) was then reverse transcribed into cDNA using

Omniscript RT Kit (Qiagen, Germany).

8.2. Semi-quantitative polymerase chain reaction (PCR)

Using gene-specific primer sets the genes of interest were amplified by semi-
guantitative polymerase chain reaction (PCR). Equal amounts of cDNA (1pug),
measured by NanoDrop microspectrophotometer, were amplified by PCR with Taq
DNA Polymerase Kit (Qiagen) and with gene-specific primer sets shown in Table 11.5.
Thirty five cycles were used for all genes, each one consisting of 2 min of
denaturation at 94°C, 30s of annealing (Table I1.5) and 30s of chain elongation at
72°C, followed by a final 10 min extension at 72°C. Amplification products were
separated by electrophoresis on an agarose gel (0.8%) and stained with ethidium

bromide staining. The housekeeping gene B-actin was used as internal standard.

Table I1.5 - Genes amplified by semi-quantitative PCR

Product Annealing
SRL i i size (bop) Temperature Primer pair sequences
(°C)

574 65 5’AGCATTTGCGGTGGACGATGGAG-3’
B-actin 5’-GACCTGACTGACTACCTCATGA-3’

5’-ATCAACATGAGCTGCAGTGG-3'’

E-selectin 304 62 5'-AGCTTCCGTCTGATTCAAGG-3'

305 7 5 TATTCAAACTGCCCTGATGG-3
ICAM 5'-CAGTGCGGCACGAGAAATTGG-3’

5-TCTCATTGACTTGCAGCACC-3’

VeAM 282 62 5"-ACTTGACTGTGATCGGCTTCC-3'
5"~ CAACAGACATGGCAACAAGG-3'
PECAM-1 280 >7 5"- TICTGGATGGTGAAGTTG GC-3'
| 5" GCTGAAGGAAAACCAGAAGAAGC 3
VE-cadherin 452 > 5"-TCGTGATTATCCGTGAGGGTAAAG-3'
sos o 5 TCTCCTTAGGTGGGTCTCC - 3
VEGFR1 5'- CAGCTCAGCGTGGTCGTAG - 3
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8.3. Real time PCR

In opposition to semi-quantitative PCR, real time PCR enables the quantification of
the amplified gene-product, thus giving a relative or absolute quantification of gene
expression.

The amplification of pro-inflammatory genes E-selectin and intercellular adhesion
molecule-1 (ICAM-1) plus the housekeeping gene glyceraldehyde-3-phosphate
dehydrogenase (GAPDH) was performed using Applied Biosystems 7300 Real-Time
PCR System (Applera Deutschland GmbH, Germany). The number of cycles and
annealing temperature were selected according to the manufacturer’s instructions.
Real time PCR was performed with 2.5 ng cDNA and 12.5 uL of 2x-master mix,
primers (0.25 yL forward and 0.25 uL reverse primer) in a final volume of 25 pL.
Table II.6 lists the gene-specific primer sets that were used. Gene expression was
normalized to the expression of the housekeeping gene GAPDH. Relative
guantification of gene expression was calculated in stimulated samples (+LPS)

compared to samples cultured in the absence of pro-inflammatory stimulus (-LPS).

Table 1.6 - Pro-inflammatory genes and housekeeping gene amplified by real time-PCR

Name of gene . .
Primer pair sequences

5-CCCGTGTTTGGCACTGTGT-3’

E-selectin 5" -GCCATTGAGCGTCCATCCT-3’

AV 5 (CGGCTGACGTGTGCAGTAAT-3'
5" -CACCTCGGTCCCTTCTGAGA-3’

CAPDH 5. ATGGGGAAGGTGAAGGTCG-3

5’ -TAAAAGCAGCCCTGGTGACC-3’

In chapter VIl it was used a human osteogenesis RT2 Profiler PCR array (Superarray,
USA) to profile the expression of 84 genes related to osteogenesis plus housekeeping
and control genes (table I.7). Equal amounts of cDNA (1.25 ng) plus master mix RT2
SYBR Green/ROX qPCR (12.5 uL) were added in a final volume of 25 uL to each well
of the human osteogenesis RT?2 Profiler PCR array for quantitative PCR. The number

of cycles and annealing temperature were selected according to the manufacturer’s
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instructions. For these experiments three different donors for both OBs and ECs were
used. In each sample the mRNA level expression of each gene was normalized to the
average expression of the housekeeping genes GAPDH and ribosomal protein L13A
(RPL13A). Gene fold change was calculated in comparison with HDMEC or hOBs as control

samples. The statistic treatment of the results and their plot in the form of a volcano plot are

explained in greater detail in the respective chapter.

66



Table 1.7 - Osteogenesis-related genes amplified by real-time PCR

Gene name Description Gene bank
Accession no.
AHSG Alpha-2-HS-glycoprotein NM_001622
ALPL Alkaline phosphatase, liver/bone/kidney NM_000478
AMBN Ameloblastin NM_016519
AMELY Amelogenin, Y-linked NM_001143
ANXAS Annexin A5 NM_001154
BGLAP Bone gamma-carboxyglutamate protein (osteocalcin) NM_199173
BGN Biglycan NM_001711
BMP1 Bone morphogenetic protein 1 NM_006129
BMP2 Bone morphogenetic protein 2 NM_001200
BMP3 Bone morphogenetic protein NM_001201
BMP4 Bone morphogenetic protein 4 NM_130851
BMP5 Bone morphogenetic protein 5 NM_021073
BMP6 Bone morphogenetic protein 6 NM_001718
CALCR CALCITONIN RECEPTOR NM_001742
CD36 CD36 molecule NM_000072
CDH11 Cadherin 11, type 2 NM_001797
COL10A1 Collagen, type X, alpha NM_000493
COL11A1 Collagen, type XI, alpha 1 NM_080629
COL12A1 Collagen, type XllI, alpha 1 NM_004370
COL14A1 Collagen, type X1V, alpha 1 NM_021110
COL15A1 Collagen, type XV, alpha 1 NM_001855
COL1A1 Collagen, type |, alpha 1 NM_000088
COL1A2 Collagen, type |, alpha 2 NM_000089
COL2A1 Collagen, type ll, alpha 1 NM_001844
COL3A1 Collagen, type lll, alpha 1 NM_000090
COL4A3 Collagen, type IV, alpha 3 NM_000091
COLbA1L Collagen, type V, alpha 1 NM_000093
COMP Cartilage oligomeric matrix protein NM_000095
CSF2 Colony stimulating factor 2 NM_000758
CSF3 Colony stimulating factor 3 NM_000759
CTSK Cathepsin K NM_000396
DMP1 Dentin matrix acidic phosphoprotein NM_004407
DSPP Dentin sialophosphoprotein NM_014208
EGF Epidermal growth factor NM_001963
EGFR Epidermal growth factor receptor NM_005228
ENAM Enamelin NM_031889
FGF1 Fibroblast growth factor 1 (acidic) NM_000800
FGF2 Fibroblast growth factor 2 (basic) NM_002006
FGF3 Fibroblast growth factor 3 NM_005247
FGFR1 Fibroblast growth factor receptor 1 NM_015850
FGFR2 Fibroblast growth factor receptor 2 NM_00014
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Table II.7 - (Continued)

Gene name Description Gene bank
Accession no.
FLT1 Fms-related tyrosine kinase 1 NM_002019
FN1 Fibronectin 1 NM_002026
GDF10 Growth differentiation factor 10 NM_004962
ICAM1 Intercellular adhesion molecule 1 NM_000201
IGF1 Insulin-like growth factor 1 NM_000618
IGF1R Insulin-like growth factor 1 receptor NM_000875
IGF2 Insulin-like growth factor 2 NM_000612
ITGAL Integrin, alpha 1 NM_181501
ITGA2 Integrin, alpha 2 NM_002203
ITGA3 Integrin, alpha 3 NM_002204
ITGAM Integrin, alpha M NM_000632
ITGB1 Integrin, beta 1 NM_002211
MINPP1 Multiple inositol polyphosphate histidine phosphatase, 1 NM_004897
MMP10 Matrix metallopeptidase 10 NM_002425
MMP2 Matrix metallopeptidase 2 NM_004530
MMP8 Matrix metallopeptidase 8 NM_002424
MMP9 Matrix metallopeptidase 9 NM_004994
MSX1 Msh homeobox 1 NM_002448
NFKB1 Nuclear factor of kappa polypeptide gene enhancer B1 cells NM_003998
PDGFA Platelet-derived growth factor alpha polypeptide NM_002607
PHEX Phosphate regulating endopeptidase homolog NM_000444
RUNX2 Runt-related transcription factor 2 NM_004348
SCARB1 Scavenger receptor class B, member 1 NM_005505
SERPINH1 Serpin peptidase inhibitor NM_001235
SMAD1 SMAD family member 1 NM_005900
SMAD2 SMAD family member 2 NM_005901
SMAD3 SMAD family member 3 NM_005902
SMAD4 SMAD family member 4 NM_005359
SOX9 Sex determining region Y NM_000346
STATH Statherin NM_003154
TFIP11 Tuftelin interacting protein 11 NM_012143
TGFB1 Transforming growth factor, beta 1 NM_000660
TGFB2 Transforming growth factor, beta 2 NM_003238
TGFB3 Transforming growth factor, beta 3 NM_003239
TGFBR1 Transforming growth factor, beta receptor | NM_004612
TGFBR2 Transforming growth factor, beta receptor Il NM_003242
TNF Tumor necrosis factor NM_000594
TUFT1 Tuftelin 1 NM_020127
TWIST1 Twist homolog 1 NM_000474
VCAM1 Vascular cell adhesion molecule 1 NM_001078
VDR Vitamin D (1,25- dihydroxyvitamin D3) receptor NM_000376
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Table II.7- (Continued)

Gene name Description Gene bank
Accession no.
VEGFA Vascular endothelial growth factor A NM_003376
VEGFB Vascular endothelial growth factor B NM_003377
B2M Beta-2-microglobulin NM_004048
HPRT1 Hypoxanthine phosphoribosyltransferase 1 syndrome) NM_000194
RPL13A Ribosomal protein L13a NM_012423
GAPDH Glyceraldehyde-3-phosphate dehydrogenase NM_002046
ACTB Actin, beta NM_001101

9. IN VITRO ANGIOGENESIS

The angiogenic potential of HDMEC growing on nano/micro fiber-combined scaffold
and control scaffolds (without nano-fibers) was assessed by observing the cell
migration from the scaffold into a collagen type | gel that mimics the in vivo
microenvironment. Scaffolds with confluent HDMECs were transferred to a Petri dish,
covered by a solution of collagen type | and when solidified into a gel culture medium
supplemented with angiogenic growth factors 50 ng/mL VEGF (Biomol, Germany) and
10 ng/mL FGF-2 was added. After an additional 7 days in culture, the migration of
ECs the samples was assessed by incubation with calcein-AM live-staining and
visualization by CLSM. Furthermore, the obtained confocal image stacks were post-
processed with the image processing software ITK-SNAP [28] to provide a better

perception of the spatial distribution of capillary-like structures and micro-fibers.
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CHAPTER Il

Response of micro- and macrovascular endothelial cells to starch-based fiber

meshes for bone tissue engineering *

ABSTRACT

The establishment of a functional vasculature is as yet an unrealized milestone in
bone reconstruction therapy. For this study, fiber-mesh scaffolds obtained from a
SPCL, that have previously been shown to be an excellent material for the
proliferation and differentiation of bone marrow cells and thereby represent a great
potential as constructs for bone regeneration, were examined for EC compatibility. To
be successfully applied in vivo, this tissue engineered construct should also be able
to support the growth of ECs in order to facilitate vascularization and therefore
assure the viability of the construct upon implantation. The main goal of this study
was to examine the interactions between ECs and SPCL fiber-meshes. Primary
cultures of HUVEC cells were selected as a model of macrovascular cells and the cell
line HPMEC-ST1 as a model for microvascular endothelial cells.

Both macro and microvascular ECs adhered to SPCL fiber-mesh scaffolds and grew
to cover much of the available surface area of the scaffold. In addition, endothelial
cells growing on the SPCL fibers exhibited a typical morphology, maintained
important functional properties, such as the expression of the intercellular junction
proteins, PECAM-1 and vascular endothelial-cadherin (VE-cadherin), the expression
of the most typical endothelial marker VWF and sensitivity to pro-inflammatory
stimuli, as shown by induction of the expression of cell adhesion molecules by LPS.
These data indicate that ECs growing on SPCL fiber-mesh scaffolds maintain a
normal expression of EC-specific genes/proteins, indicating a cell compatibility and
potential suitability of these scaffolds for the vascularization process in bone tissue
engineering in vivo.

* This chapter is based on the following publication:

M. I. Santos, S. Fuchs, M.E. Gomes, R.E. Unger, R.L Reis, C.J. Kirkpatrick. Response of micro-
and macrovascular endothelial cells to starch-based fiber meshes for bone tissue
engineering. Biomaterials. (2007). 28: 240-248.



1. INTRODUCTION

A critical obstacle in tissue engineering approaches based on the in vitro culture of
cell-scaffold constructs prior to implantation is the ability to maintain large masses of
living cells upon transfer from the in vitro culture conditions into the host [1]. In vivo
most cells are no more than 100um away from the nearest capillary, which serves to
supply oxygen and nutrients, remove waste products and transport biochemical
signals [2]. Insufficient vascularization results in hypoxic cell death of engineered
tissues [3] and consequently in implant failure [4]. Considering that the infiltration of
blood vessels into a macroporous scaffold is a process that occurs at a rate of < 1
mm per day and that it typically takes 1-2 weeks for the vascular structure to
complete the penetration into relatively thin (3 mm thick) scaffolds [1], the need for
the development of new approaches to increase the rate or augment vascularization
is evident.

In the particular case of bone grafts the lack of a successful blood supply is
implicated as one of the major factors responsible for implant failure. In bone,
angiogenesis is a fundamental process for both osseous formation and repair [3].
Thus, for example, in intramembranous bone formation extensive vascularization is
observed at the transition of pre-osteoblasts to osteoblasts [5]. In endochondral bone
formation, an avascular cartilage template is replaced by highly vascularized bone
tissue [6]. In the repair of fractures by callus production the formation of soft callus is
accompanied by strong angiogenic activity [7]. Accordingly, strategies that enhance
angiogenesis should have positive effects on bone repair [3]. Several approaches
have emerged to solve the lack of vascularization in bone grafts, such as
incorporation of angiogenic factors in the scaffold to stimulate the endogenous
angiogenic response [8-10], deposition of an angiogenic extracellular matrix on the
surface of the implant by a tumorigenic cell line [11, 12], vector delivery of genes
encoding angiogenic factors [13-15], bulk culturing of EC as a homogenous

population [13] or combined with osteoblasts [16]. These approaches all have in
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common the focus on ECs because these are the primary cells making up the
vasculature.

Previous studies [17, 18] have demonstrated that fiber-meshes obtained from a
blend of starch and polycaprolactone constitute an excellent scaffolding material for
rat bone marrow stromal cells, allowing for their proliferation and differentiation into
osteoblasts. Bioreactor studies have also shown the expression of an array of bone
growth factors by marrow stromal cells growing on SPCL fiber-mesh scaffolds [19].
However, for a bone cell-scaffold construct to be successful after implantation it
should also elicit an adequate response of ECs. The scope of this work was to
examine the ability of SPCL fiber-meshes, a scaffold for bone repair, to serve as an
appropriate substrate for ECs. For this purpose two types of ECs, HUVEC and HPMEC-
ST1 were cultured with SPCL fiber-mesh scaffolds and several functional and
structural features of cells were analysed such as: viability, morphology, expression

of EC markers and EC responsiveness to a pro-inflammatory stimulus.

2. MATERIALS AND METHODS

2.1.Scaffolds

The fiber-mesh scaffolds used in this study were based on SPLC (a polymeric blend of
corn starch with polycaprolactone, 30/70% wt) and were obtained by a fiber bonding
process, as described elsewhere [20]. The fiber-meshes scaffolds had a porosity of
about 75% and for these experiments were cut into discs of approximately 8 mm
diameter and 2 mm height. The scaffolds were sterilized by ethylene oxide and prior

to cell seeding were immersed overnight in serum-free culture medium.
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2.2.Cells and culture conditions

In this study primary cultures of human endothelial cells derived from umbilical vein
(HUVEC) and the microvascular cell line HPMEC-ST1 developed from human
pulmonary microvascular endothelial cells were used. HUVEC were isolated from
umbilical vein by collagenase digestion according to a published method [21].
HUVECs were cultured in M199 medium (Sigma-Aldrich, Germany) supplemented
with 10% FCS (Life Technologies, Germany), 10% FCS (PAA Laboratories, Germany),
100 U/100 upg/mL Pen/Strep (Sigma-Aldrich, Germany), 2mM Glutamax | (Life
Technologies, Germany), 25 yg/mL sodium heparin (Sigma-Aldrich, Germany) and 25
pug/mL ECGS (BD Biosciences, USA). Cells were used until the fourth passage. The
HPMEC-ST1 cell line was generated by transfection and displays the major
constitutively expressed and inducible endothelial phenotypic markers [22]. HPMEC-
ST1 was propagated in M199 culture medium supplemented with 20% FCS (Life
Technologies, Germany), 2mM Glutamax |, 100 U/100 ug/mL Pen/Strep (Sigma-
Aldrich, Germany), 50 uyg/mL sodium heparin, 25 ug/mL ECGS and 50 pg/mL
geneticin 418 (Life Technologies, Germany) for selection of transfected cells. Both
cells were cultured until confluence in culture flasks cultured with 0.2% gelatin

(Sigma-Aldrich, Germany).

2.3.Endothelial cell culture on SPCL fiber-mesh scaffolds

SPCL fiber-meshes were placed in 48 well plates and coated with 10ug/mL Fn in PBS
(Roche, Germany) for 1 hour at 37°C. A control in PBS without Fn was performed
under the same conditions. Confluent HPMEC-ST1 and HUVEC cells were trypsinized
and a suspension of 1,5x105 HPMEC-ST1 cells or 2,5x10°% HUVEC cells was added
per scaffold. The culture plate was placed in the incubator for 2 hours and then the
cell-seeded SPCL fiber-meshes were transferred to a new 24 well plate with 1.5 ml of

fresh culture medium. Cells from the same donor grown on cell culture polystyrene
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were used as controls. The scaffolds were incubated under standard culture
conditions (37°C, 5% CO2) for 3 and 7 days.

2.4.Endothelial cell imaging

The viability and morphology of endothelial cells on SPCL fiber-meshes was
assessed, after 3 and 7 days, by CLSM following calcein-AM staining and by SEM. For
CLSM visualization, SPCL fiber-meshes were incubated in culture medium with
0.1uM calcein-AM (Molecular Probes, Netherlands) for 10 min. Calcein-AM is a non-
fluorescent permeable compound that once inside viable cells is converted by
intracellular esterases into a fluorescent cell impermeable form. The calcein-AM
stained scaffold was placed on a microscope slide and observed by CLSM (Leica TCS
NT). In order to examine the growth and morphology of ECs on SPCL fiber-meshes
the samples were treated for SEM observation. Samples were fixed with 2%
glutaraldehyde in 0.1M sodium cacodylate buffer for 30 min, postfixed in 1% osmium
tetroxide for 1 h, dehydrated in increasing concentrations of acetone, critical point

dried and sputter coated with gold prior to SEM observation.

2.5.DNA quantification

The DNA content of each scaffold was measured using the PicoGreen DNA
quantification assay (Molecular Probes). The samples were allowed to thaw at room
temperature and then were sonicated for roughly 15 min. A description of the assay
can be found elsewhere [23]. The number of cells on each scaffold was then
calculated by correlation with the DNA of a known amount of ECs. Results are

presented as means =+ standard deviation (n=3).
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2.6.Immunostaining of endothelial cell markers

The expression and localization of the endothelial cell markers PECAM-1, vWF and E-
selectin was assessed by immunocytochemistry. The expression of PECAM-1 and
vWF was assessed after growing HUVECs on SPCL fiber-mesh scaffolds for 7 days.
The E-selectin staining was performed on HUVECs growing on SPCL fiber-mesh
scaffolds and on cell culture plastic in the presence or absence of LPS. HUVEC cells
on the scaffold and on plasticware were rinsed briefly with PBS and then fixed with
2% paraformaldehyde for 30 min. Samples were then rinsed in PBS and treated with
0.1% Triton for 5 min at RT. After washing with PBS the samples were incubated for
45 min at RT with the primary antibodies: mouse anti-human PECAM-1 (1:50, Dako,
Denmark), rabbit anti-human vWF (1:8000, Dako, Denmark) and mouse anti-human
E-selectin (1:100, Monosan). Following PBS washing, a second incubation was
performed for 45 min at RT with the secondary antibodies: anti-mouse Alexa Fluor
488 for PECAM and E-selectin staining and anti-rabbit Alexa Fluor 488 for vWF
(Molecular Probes, Netherlands). The nuclei were counterstained with 1ug/mL
Hoechst in PBS for 5 min. SPCL fiber-meshes were then washed with PBS, mounted

with Gel/Mount (Natutec, Germany) and visualized by CLSM (Leica TCS SP2).

2.7.Molecular analysis of proinflammatory genes

For assessment of cell adhesion molecules expression on HUVEC seeded on to SPCL
fiber-meshes, these samples were cultured in the presence or absence of 1.0 ug/mL
of LPS for 4 hours (Sigma-Aldrich, Germany). HUVEC cells grown on plasticware with
and without LPS were used as controls. The cell adhesion molecules under analysis
were E-selectin, ICAM, vascular cell adhesion molecule (VCAM) and the housekeeping
gene [B-actin was used as internal standard. Total RNA from HUVEC cells was
extracted using the RNeasy Mini Kit (Qiagen, Germany) according to the

manufacturer’s protocol. Afterwards, the extracted RNA was reverse transcribed into
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cDNA, (Omniscript RT Kit, Qiagen) and used for PCR analysis. Equal amounts of cDNA
(1ug), measured by NanoDrop microspectrophotometer, were amplified by PCR with
Taqg DNA Polymerase Kit (Qiagen) and with gene-specific primer sets shown in Table
lll.1. Thirty five cycles were used for all genes, each one consisting of 2 min of
denaturation at 94°C, 30s of annealing (Table Ill.1) and 30s of chain elongation at
72°C, followed by a final 10 min extension at 72°C. Amplification products were
separated by electrophoresis on an agarose gel (0.8%) and stained with ethidium

bromide staining.

Table 1ll.1 - Amplified genes, specific primer pair sequences and annealing temperature and
product size

Name of gene

(GenBank Product Al . .
. . Temperature Primer Pair sequences
Accession size (bp) °C)
no.)
B-actin 5’AGCATTTGCGGTGGACGATGGAG-3’
(ABO04047) 574 65 5’-GACCTGACTGACTACCTCATGA-3
E-selectin 5-ATCAACATGAGCTGCAGTGG-3’
(NM 000450) 304 62 5-AGCTTCCGTCTGATTCAAGG-3
ICAM 5-TATTCAAACTGCCCTGATGG-3’
(J03132) 395 57 5’-CAGTGCGGCACGAGAAATTGG-3’
2/)?5’\3'\2)5 " og0 - 5" TCTCATTGACTTGCAGCACC-3
5’-ACTTGACTGTGATCGGCTTCC-3’

3. RESULTS

3.1.Micro- and macrovascular endothelial cell adhesion to SPCL fiber-mesh

scaffolds

Endothelial cells of micro- (HPMEC-ST1) and macrovascular (HUVEC) origin were both
able to attach and proliferate on Fn-coated SPCL fiber-meshes (Fig. Ill.1). However, in

the absence of Fn coating, very few cells adhered, cells remained in a rounded-up
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shape and with time, no cells were detected on SPCL fiber-meshes (data not shown).
CLSM micrographs showed an increase in the cell number of HPMEC-ST1 (Fig. Ill.1A,
C) and HUVEC (Fig. lll.1B, D) cells, on the surface of SPCL fiber-meshes, between 3
and 7 days. Also, EC remained viable on SPCL fiber-meshes as shown by their ability
to convert calcein-AM into a green fluorescent compound. To further confirm that cell
numbers increased with time, cell DNA was isolated and quantified at two different
time points, day 3 and 7 after addition of cells. As depicted in 1E, both HUVEC and
HPMEC-ST1 cell numbers increased with time. Concerning cell morphology, SEM
analysis showed that both micro- and macrovascular cells spread along the fibers,
exhibited a typical flattened morphology and established contact with adjacent EC
(Fig. 111.2).

82



450000 -
400000 -
350000 -
300000 -
250000 - o 3 days
200000 -
150000 -
100000 -

50000 -

0
E HUVEC HPMEC-ST1.6R

@ 7days

Number of cells/scaffold

Figure Ill.1. Confocal micrographs of HPMEC-ST1 cells (A, C) and HUVEC (B, D) seeded on Fn-
coated SPCL fiber-meshes stained by calcein-AM after 3 (A, B) and 7 days of culture (C, D).
Magnification (100x). Number of cells on SPCL fiber-mesh scaffolds after 3 and 7 days of
culture based on DNA quantification (as described in Materials and Methods) (E).
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Figure Ill.2. SEM micrographs of HPMEC-ST1 (A, C) and HUVEC cells (B, D) on Fn-coated SPCL
fiber-meshes, after 3 (A, B) and 7 days of culture (C, D).

3.2.Immunohistochemistry of endothelial cell markers

The expression of the endothelial cell markers vWF, PECAM and VE-cadherin was
examined by immunohistochemistry. Immunostaining data showed vWF in a small
dotted pattern surrounding the nuclei, and represented storage in Weibel-Palade
bodies (Fig. l11.3A-B). Strong PECAM-1 staining was observed at the cell-cell interface
typical of endothelial cells on cell culture plastic and in vivo (Fig. 1ll.4A-B).
Immunostaining of VE-cadherin exhibited labelling at the intercellular junctions
between adjacent EC, similar to cells grown on cell culture plastic (data not shown).
Thus, the labelling pattern and localization of the endothelial cell structural markers
for cells growing on SPCL fiber-mesh materials exhibited a similar pattern to that

observed for HUVEC cells grown on normal cell culture plastic (data not shown).

84



Figure Il1.3. Immunofluorescent micrographs of HUVEC cells grown for one week on Fn-
coated SPCL fiber-meshes and stained for vVWF (green fluorescence) and with Hoechst for
nuclear staining (blue fluorescence).

149.93 i

&

Figure lll.4. Immunofluorescent micrographs of HUVEC cells grown for one week on Fn-
coated SPCL fiber-meshes and stained for PECAM-1 (green fluorescence) and with Hoechst
for nuclear staining (blue fluorescence).

3.3.Expression of pro-inflammatory genes

Endothelial cells are involved in the inflammatory response in vivo through the
expression of cell adhesion molecules. These molecules are expressed by the

inflamed endothelium in a sequential manner and in response to inflammatory
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stimuli such as cytokines and endotoxins [24]. Fig. lll.5 shows the mRNA expression
of genes encoding cell adhesion molecules of HUVECs grown on plastic wells and on
SPCL fiber-meshes, in the absence and in the presence of the pro-inflammatory
stimulus. LPS, an endotoxin present in the cell wall of Gram-negative bacteria, was
the selected stimulus. HUVEC grown on plastic wells in the absence of LPS expressed
little or no levels of the cell adhesion molecules. However, in the presence of LPS an
induction of cell adhesion molecules expression was observed. Under non-
inflammatory conditions, HUVEC on the SPCL fiber-mesh scaffold had a low basal
expression of ICAM, VCAM and E-selectin. In response to LPS, the expression of cell
adhesion molecules increased.

Since RT-PCR analysis examines the RNA of the entire population and does not give
an indication of the gene expression at the single-cell level, we also carried out an E-
selectin staining of cells growing on the SPCL fiber-mesh scaffolds in the presence
and absence of LPS and compared the expression to the same cell type growing on
normal cell culture plastic. As depicted in Fig. Ill.6, a few HUVEC growing on both cell
culture plastic and SPCL fiber-meshes exhibited an expression of E-Selectin in the
absence of LPS. We generally observe this for primary endothelial cells in culture
and between 1-5% of cells may exhibit expression of E-selectin in the absence of LPS
stimulation (data not shown). However, after a 4 hour stimulation with LPS, a large
number of cells were observed on both materials exhibiting E-selectin expression
(Fig. I11.6). Thus, endothelial cells grown on the SPCL fiber-meshes exhibited a similar
pattern of expression and induction of E-selectin compared to cells growing on

plastic.
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Figure llIl.5. PCR analysis of the genes that encode cell adhesion molecules on HUVEC cells
grown on SPCL fiber-meshes for 7 days. cell adhesion molecule expression was assessed in
the absence and in the presence of pro-inflammatory stimulus (LPS 1.0 pg/m for 4 h). B-actin
was the selected housekeeping gene.

Figure IIl.6. Immunofluorescent images of E-selectin-stained HUVEC cells grown on Fn-coated
SPCL fiber-meshes (A and C) and on cell culture plastic (B and D) with and without LPS for
4h. Figures A-B correspond to cells grown in the absence of LPS and C-D in its presence.
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4. DISCUSSION

After implantation of a biomaterial, a neovascularization process begins with the
formation and outgrowth of microvasculature from the host tissue. For this reason,
the ability of a tissue engineering scaffold to illicit an appropriate response from the
host endothelial cells is crucial for a successful vascularization of the implant. We
have formerly described the SPCL fiber-mesh scaffold as a biomaterial for bone
regeneration. Previous work has shown that this is an excellent scaffolding material
for rat bone marrow stromal cells, allowing for their proliferation and differentiation
into osteoblasts [17]. A successful implant not only requires the growth and function
of the cells for a functioning tissue or organ replacement but also needs an intact
vasculature to supply these cells with oxygen and nutrients and also to remove
metabolites. Therefore, in this study the growth, morphology and gene expression of
human endothelial cells on the SPCL fiber-mesh scaffolds were examined. HUVEC
and the human microvascular endothelial cell line, HPMEC-ST1, were used to assess
endothelial cell interaction with the biomaterial since these cells maintain the
endothelial cell phenotype in vitro and have been validated on many biomaterials
[25-27].

Calcein-AM staining (Fig. Ill.1) and SEM analysis (Fig. 111.2) of HPMEC-ST1 and HUVEC
cells on SPCL fiber-meshes showed that with time these cells covered much of the
available surface area of the fiber-meshes. Cells grew to various depths in the fiber
meshes and were also observed on the side opposite to that to which the cells were
added (data not shown). An increase in cell number measured by DNA quantification
was also observed for both cell types between day 3 and 7 (Fig. lll.1E). In addition,
cells remained viable and retained the typical flattened morphology for the tested
periods. However, this behaviour was only shown on Fn-coated fiber meshes. This is
not a surprising result, since it has been extensively reported in the literature [28, 29]
that ECs show little adhesion and no proliferation on several kind of materials
without prior coating with some form of extracellular matrix. Considering the
relevance of the interactions of EC with extracellular matrix molecules for cell

adhesion and proliferation [30, 31], a common way to improve this behaviour is
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accomplished by coating the material with cell adhesion proteins, such as Fn, prior to
the cell seeding. Plasma treatment of the surface of SPCL fiber-mesh scaffold may
also be a way to improve the adhesion of endothelial cells without requiring the
addition of extracellular matrix molecules [32] and we are currently examining this
possibility. In addition to depending on the tight adhesion of the cells to the
underlying basement membrane, the integrity of the endothelial layer is also strongly
dependent on the junctions established between adjacent EC [33]. Such cell-cell
adhesion is also crucial for vessels to sprout and the elongation process is mediated
by a distinct series of cell surface receptors that includes PECAM-1 and VE-cadherin
[34]. PECAM-1, or Platelet Endothelial Cell Adhesion Molecule-1, occurs on the
endothelial cell membrane, close to the intercellular junctions, and regulates the
adhesion of endothelial cells to other cells of the same type and to leukocytes [35].
VE-cadherin is an adhesion molecule that mediates cell-cell contact between ECs and
plays a relevant role in the maintenance of vascular integrity [36].
Immunocytochemical data revealed the typical localization of the endothelial cell
markers VWF, around the nuclei and PECAM-1 and VE-cadherin at the intercellular
junctions between adjacent cells (Fig. Ill.3 and lll.4). The maintenance of the
expression of PECAM-1, VE-cadherin and vWF, by HUVEC cells on SPCL fiber-meshes
is a good indicator of the interactions between EC and SPCL fiber-meshes.

In addition to participating in angiogenesis EC also play an important role in the
inflammatory response. During the inflammatory response to endotoxins or cytokines
a cross-talk between the endothelium and immune cells occurs resulting in the up-
regulation of cell adhesion molecules. These molecules are expressed on the
inflamed endothelium in a sequential manner. These cells are involved in the steps
leading to the adherence of circulating leukocytes from the blood flow and in their
transmigration to the inflammatory focus. Thus, for example, E-selectin induces a
prolonged contact between circulating leukocytes, resulting in a decelerated rolling
along the endothelium [24]. VCAM-1 favours the adhesion and transendothelial
migration especially of lymphocytes where they find the specific ligand [35]. ICAM-1
is constitutively expressed at a low level on EC and during inflammation is up-
regulated several fold to facilitate EC-leukocyte adhesion, especially neutrophils and

monocytes [37, 38]. In contrast, E-selectin and VCAM are not usually expressed
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under physiological conditions, indicating that they require induction, a process
involving de novo mRNA synthesis, resulting ultimately in the expression of the gene
product, which then appears on the EC plasma membrane [38]. Analysis of
expression of cell adhesion molecules by RT-PCR and immunofluorescent staining of
HUVEC cells grown on SPCL fiber-meshes compared with HUVEC cells on plastic
provided information regarding the ability of these cells to participate in the
inflammatory response through the expression of cell adhesion molecules in
response to pro-inflammatory stimulus (Fig. lll.5 and IIl.6). HUVEC cells growing on
plastic wells were used as control and RT-PCR analysis of their mRNA revealed that
little or none of the analyzed cell adhesion molecules was expressed in unstimulated
cells. In the presence of LPS the cells responded by rapidly inducing the synthesis of
MmRNA of ICAM, VCAM and E-selectin. The intensity of the bands for the three cell
adhesion molecules was higher than that detected in the absence of LPS. A similar
result was observed by HUVEC growing on SPCL fiber-meshes in the presence and
absence of LPS. Little or no expression of E-selectin, VCAM and ICAM by HUVEC cells
was observed in the absence of LPS, and in the presence of LPS, a clear increase
was observed. This indicates that growth on SPCL fiber-meshes does not effect the
expression of the inflammatory genes, but after an inflammatory-stimulating event, a
normal induction of gene expression occurs. This was also confirmed through the
immunofluorescent staining of the cells for E-selectin. Under non-inflammatory
conditions, only a few cells exhibited E-selectin staining. Upon LPS-stimulation, most
of the cells exhibited some degree of E-selectin expression. Interestingly, the few
cells expressing E-selectin in the absence of LPS also confirmed the results observed
in the RT-PCR analysis (slight bands for E-selectin in the unstimulated cells, Fig. lII.5).
We routinely see that up to 5% of freshly isolated human endothelial cells may
express cell adhesion molecules (unpublished data). However, in all cases, after the
addition of LPS, an increase in the expression of cell adhesion molecules was

observed, indicating normal cell behaviour when growing on the SPCL fiber-meshes.
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5. CONCLUSIONS

It was found that endothelial cells from both macro and microvascular origin adhered
to SPCL fiber-meshes and grew over much of the surface area of the scaffold and
cells, with viability being maintained up to at least 7 days after addition to the
scaffold. Moreover, SPCL fiber-mesh scaffolds supported the maintenance of EC
morphological structure. Important functions such as endothelial integrity were
maintained as shown by the expression of the endothelial intercellular junction
proteins, PECAM-1 and VE-cadherin. The expression of the most typical endothelial
marker VWF was also detected at single cell level. Furthermore, ECs cultures onto
SPCL fiber-meshes were sensitive to a pro-inflammatory stimulus as was shown by
the enhancement in the expression of cell adhesion molecules induced by LPS. The
results obtained demonstrate that SPCL fiber-meshes are an excellent substrate for
the growth of human endothelial cells required for the vascularization process. Our
findings, coupled with those previously reported for bone marrow cells, suggest that
SPCL fiber-meshes may have a potential for use as a scaffold material for bone

tissue engineering applications.
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CHAPTER IV

Surface-Modified 3D Starch-based Scaffold for Improved Endothelialization for Bone

Tissue Engineering *

ABSTRACT

Providing adequate vascularization is one of the main hurdles to the widespread
clinical application of bone tissue engineering approaches. Due to their unique role in
blood vessel formation, EC play a key role in the establishment of successful
vascularization strategies. However, currently available polymeric materials do not
generally support EC growth without coating with adhesive proteins. In this work we
present Ar plasma treatment as a suitable method to render the surface of a 3D
starch-based scaffold compatible for ECs, this way obviating the need for protein pre-
coating. To this end we studied the effect of plasma modification on surface
properties, protein adsorption and ultimately on several aspects regarding EC
behavior. Characterization of surface properties revealed increased surface
roughness and change in topography, while at the chemical level a higher oxygen
content was demonstrated. The increased surface roughness of the material,
together with the changed surface chemistry modulated protein adsorption as
indicated by the different adsorption profile observed for Vn. In vitro studies showed
that human umbilical vein ECs (HUVECs) seeded on plasma-modified scaffolds
adhered, remained viable, proliferated, and maintained the typical cobblestone
morphology, as observed for positive controls (scaffold pre-coated with adhesive
proteins). Furthermore, genotypic expression of endothelial markers was maintained
and neighbouring cells expressed PECAM-1 at the single-cell-level. These results
indicate that Ar plasma modification is an effective methodology with potential to be
incorporated in biomaterial strategies to promote the formation of vascularized
engineered bone.

* This chapter is based on the following publication:

Santos M. I., Pashkuleva I., Alves C.M., Gomes M.E., Fuchs S., Unger R.E., Reis R.L.,
Kirkpatrick C.J. Surface-Modified 3D Stach-based Scaffold for Improved Endothelialization for
Bone Tissue Engineering. (2008). Submitted.



1. INTRODUCTION

During its 15 years of existence the tissue engineering field has evolved greatly and
important milestones have been achieved [1]. However, despite the major advances
this field has brought, the lack of vascular supply remains the holy grail and the main
hurdle to the clinical application of large constructs. When in vitro engineered cellular
constructs are transferred in vivo, they have to rely on processes, such as interstitial
fluid diffusion and blood perfusion to cover their metabolic demands [2]. Theoretical
modeling studies predict hypoxia and central necrosis in almost any graft site with a
diffusion distance of more than 500 to 1000 um [3]. Therefore, a successful
engineered-construct must be supported by a dense capillary network connected to
the microcirculation at the implantation site, supplying perfusion for adequate
oxygenation and nutrition, as well as removal of waste products from the
corresponding tissues.

In the particular case of bone, a functional vascular network is more than just simple
conduits that ensure cellular metabolic requirements. Its importance is already
manifest in bone ontogeny, where angiogenesis precedes osteogenesis and
continues during bone process repair [4]. Furthermore, initial vascularization may be
essential for enhanced engraftment and prevention of infections [2]. For these
reasons, induction of vascularization is an integral element of any successful bone
tissue engineering concept. Several strategies have been proposed to accelerate
vascularization in engineered bone. Hybrid approaches, combining tissue engineering
with microvascular surgical techniques such as free bone flap [5] and pedicle bone
flap transplantation [6], have been described. Nevertheless, these methods are
associated with several major drawbacks such as the need for a donor site, creation
of a soft-tissue donor-site defect and the consequent patient inconvenience in the
clinical setting [5, 7]. The localized or systemic application of angiogenic growth
factors has also been one of the most popular strategies [8]. Delivery systems
releasing a single angiogenic growth factor [9] have been upgraded into multi-phasic
delivery systems [10], able to promote the formation of more stable vessels.

However, these systems can only be regarded as an adjuvant of vascularization
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orchestration. As ECs are the main cellular mediator of neovascular growth several
approaches for vascularized engineered-bone involving this cell type have been
explored. Strategies involving bulk culturing of mature ECs [11], progenitor cells [12]
or ECs combined with other cell types such as osteoblasts [13] can be found in the
literature. It is expected that in the in vivo environment ECs migrate out from the
tissue-engineered construct into the implantation site, form networks of capillaries
and gain access to the recipient’s circulation [2, 7]. Hence, whether relying on an
extrinsic or intrinsic blood supply, the adopted neovascularization approach will
always have, directly or indirectly, ECs as target cell type. Therefore, it is of ultimate
importance that the 3D construct is compatible with this cell type.

It is rare that a biomaterial with adequate bulk properties also possesses the surface
characteristics suitable for clinical application [14] and this is particularly true for ECs
because most of the proposed polymeric substrates do not support their adhesion
and growth. A common approach is to fabricate biomaterials with appropriate bulk
properties and to modify those by specific treatments resulting in enhanced surface
properties [15]. Surface modification techniques for 3D polymeric structures include
different wet chemical treatments such as grafting, attaching cell-recognizing ligands
or more aggressive methods as soaking in oxidative or hydrolytic baths. However,
lack of reactive groups on the polymer backbones and/or interactions between the
solvents and the modified materials, also leading to bulk modification, are very often
obstacles to the use of these methods. Hence, some research has been focused on
coating of scaffolds with extracellular matrix proteins in order to increase cell
adhesion to the surface [16, 17]. Although this approach overcomes the difficulties
related with the wet-based treatments, protein adsorption is a difficult process to
control and its stability with time is problematic [18]. Plasma surface modification
has only recently been considered as an alternative route to enhance the surface
biocompatibility of 3D polymer-based structures [19, 20]. The difficulties in
modification of scaffolds by plasma are enhanced by the requirement for highly
porous and interconnected samples. Therefore, application of different plasma
surface modification has been limited to various polymer membranes and 2D bulk

structures.
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In this work, fiber-mesh scaffolds made from SPCL and previously proposed for bone
engineering scaffolding [21-24], have been modified by means of Ar plasma
treatment. This method was applied to tailor the surface of this type of scaffold to
promote EC adhesion and proliferation, and thus obviate the need for protein pre-
coating. To our knowledge this is the first report on a efficient plasma surface
modification of a 3D natural-based construct for tissue engineering applications. The
effect of plasma treatment at the surface properties level and its influence on the
adsorption of adhesive proteins were assessed. Furthermore, the ultimate benefits of
plasma-modified SPCL fiber-mesh scaffolds were evaluated by assessing EC
biological responses, namely adhesion, proliferation profile and

genotypical/phenotypical expression of endothelial markers.

2. MATERIALS AND METHODS

2.1.Scaffolds

Scaffolds produced from a blend of starch with polycaprolactone (SPCL, 30/70 wt%)
were used for this study. SPCL fiber-mesh scaffolds were obtained by a fiber-bonding
process consisting of spinning, cutting and sintering melt-spun fibers, as previously
described [21, 22, 25]. The samples were cut into discs with 8 mm diameter and 2

mm height and sterilized by ethylene oxide.

2.2.Plasma Surface Modification

The surface treatment was performed using a plasma reactor PlasmaPreps (Gala
Instrument GmbH, Germany) with a fully automated process control. Ar was used as
a working gas and the pressure in the reactor was controlled (0.18 mbar) by
adjusting flow rate. Prior the treatment, the chamber was pursuit with Ar five times. A

radio frequency source (13.56MHz) was used and a power of 30 W was applied for
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15 minutes. The samples were kept at air atmosphere after being removed from the

reactor.

2.3.Surface characterization and protein adsorption

2.3.1. Scanning electron microscopy (SEM)

The surface morphology of SPCL fibers was analysed by SEM (Leica Cambridge S360,
UK) before and after plasma treatment. The samples were previously sputter-coated
with gold in an ion sputter chamber (JEOL JFC 1100). Microphotographs at the

surface were taken at various magnifications.

2.3.2. Optical profiler analysis

Optical profilometry is a non-contact method which allows roughness analysis of 3D
structures with high resolution from subnanometer to millimeter stepllheight. In this
study an optical profiler Wyko NT 3300 from Veeco Instruments Inc. was used. The
measurements were performed in VSI mode and an area of 2 mm was analysed with

vertical resolution of 3 nm.

2.3.3. X-Ray photoelectron spectroscopy (XPS)

XPS was used to determine the elemental surface composition of treated and
untreated samples. The analysis was carried out using the instrument VG Escalab
250 iXL (VG Scientific, UK). The measurements were performed with monochromatic
Al-Ka radiation (hv=1486.6 eV) in a constant analyzer energy mode (CAE) with 100
eV pass energy for survey spectra and 20 eV pass energy for high-resolution spectra.
Photoelectrons were collected from a take-off angle of 90° relative to the sample

surface. Charge referencing was adjusted by setting the lower binding energy Cls
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hydrocarbon (CH,) peak at 285.0 eV. Surface elemental composition was determined

by standard Scofield photoemission cross sections. The identification of the chemical
functional groups was obtained from the high-resolution peak analysis of Cls
envelopes by XPSPEAK 4.1 software.

2.3.4. Time-of-Flight Secondary lon Mass Spectrometry (TOF-SIMS)

Detailed quantitative analysis of the surface composition before and after plasma
modification was obtained by TOF-SIMS. The mass spectra of the samples were
recorded on a TOF-SIMS IV instrument from lon-TOF GmbH Germany. The samples
were bombarded with a pulsed bismuth ion beam (25 keV) at 45° incidence over an
area with size 100 mmz2. The generated secondary ions were extracted with a 10 kV
voltage and their time of flight from the sample to the detector was measured in a

reflection mass spectrometer.

2.3.5. Contact angle measurements

Surface wettability was evaluated by static contact angle measurements on 2D
samples prepared by a procedure similar to the one used for the scaffolds, i.e. by
polymer melting with subsequent injection into a mould. Prior measurements, the
samples were plasma modified at the same conditions used for the scaffolds. The
values were obtained by sessile drop method using a contact angle meter OCA15+
with a high-performance image processing system from DataPhysics Instruments,
Germany. The used liquid (H20, 1 mL, HPLC grade) was added by a motor driven
syringe at room temperature. Five samples of each material were used and six
measurements per sample were carried out. The normality of the data was checked
by applying the Shapiro-Wilk’'s W-test. Since all the samples followed a normal
distribution, Student’s t-tests for independent samples were performed to test

differences. Throughout the following discussion differences were considered
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significant if p<0.05, and highly significant if p<0.01. The statistical analysis was
performed with the package Statistica 6.0 (StatSoft, USA).

2.3.6. Protein adsorption: Immunolabelling and Confocal Laser Scanning
Microscopy (CLSM)

The effect of plasma treatment on the adsorption of Fn and Vn from the cell culture
media was investigated using CLSM in combination with fluorescent immunolabelling
methodology. The protein system used in this study was a multi-protein solution of
20% (v/v) of FCS (Sigma, Germany) in of M199 medium (Sigma, Germany). Untreated
and plasma treated SPCL scaffolds were immersed in this solution and incubated for
1h at RT. Samples immersed in PBS were used as blanks. Then, samples were fixed
in 2.5 % formalin solution for 5 min and washed with PBS solution. Afterwards,
samples were incubated with primary antibody mouse anti-human Fn with calf cross-
reactivity (1:50, Sigma, Germany) or mouse anti-bovine anti-vitronectin (1:50, Santa
Cruz, USA). After washing with PBS, materials were incubated with goat anti-mouse
Alexa Fluor 488 secondary antibody (Invitrogen, USA), for 1 h at RT. Labelled
samples were analysed by CLSM (Olimpus IX81).

2.4.Cell culture and scaffold seeding

Primary endothelial cells (ECs) derived from the umbilical cord vein (HUVECs) were
used for cell culture studies. The cells were isolated from the umbilical vein by
collagenase solution. Further details about the procedure can be found elsewhere
[26]. HUVECs were cultured in M199 medium supplemented with 20 % FCS, 1%
penicillin/streptomycin, 25 yg/mL ECGS (BD Bioscience, USA) and 2 mM Glutamax |
(Gibco, Germany). Cells were cultured in culture flask previously coated with 0,2 %
gelatine (Sigma, Germany).

Prior to cell seeding SPCL fiber-mesh scaffolds were soaked overnight in culture

medium without serum. Untreated scaffolds pre-coated with 10 pg/mL Fn in PBS
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(Roche, Germany) for 1 h at 37 °C were used as positive control since this is a
standard procedure to improve ECs adhesion to a certain substrate. As negative
control non-coated untreated scaffolds were used. Plasma-modified SPCL fiber-mesh
scaffolds were also not coated with any protein. Confluent HUVECs were trypsinized
and a suspension of 2 x 105 cells was added per scaffold. The samples were

incubated under standard culture conditions (37 °C, 5 % CO2) for up to 7 days.

2.5.Characterization of cell viability, growth and morphology

Cell growth and viability were assessed by staining with the fluorochrome dye calcein-
AM and samples were visualized by CLSM. HUVECs were cultured for 4 hrs, 3 days
and 7 days on the three materials studied: i) Ar plasma-modified SPCL fiber-mesh
scaffold; ii) positive control (untreated and Fn-coated scaffold); and iii) negative
control (untreated and non-coated scaffold). After each time point, the samples were
incubated in culture medium with 0.1 yM calcein-AM (Invitrogen, USA) for 10 min
under standard culture conditions. For CLSM (Leica TCS NT), and samples were
prepared in mounting medium (Natutec, Germany). SEM was used to evaluate
cellular morphology. Thus, after 7 days of culture samples were fixed with 2 %
glutaraldehyde in 0.1 M sodium cacodylate buffer for 30 min and postfixed in 1 %
osmium tetroxide for 1 h. Subsequently, samples were dehydrated with increasing
ethanol concentrations, dried with hexamethyldisilasane and sputter coated with

gold.

2.6.Cell proliferation assay

The DNA content in the scaffolds lysate was determined using the fluorescent
picoGreen dsDNA quantification assay (Invitrogen, USA). The samples were thawed at
RT and sonicated for 15 min. A detailed description of the assay is published
elsewhere [27]. The number of cells was calculated by correlation with the DNA
content of a known number of ECs. Triplicates were prepared for all materials and

results were presented as means + standard deviations. All the values were analysed
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by a two-tailed student’s t-test. Throughout the following discussion, the differences

were considered significant if p<0.05.

2.7. Gene and protein expression

The expression of markers related with ECs and angiogenesis, namely PECAM-1
(CD31), (vascular endothelial growth factor receptor 1) VEGFR1 and VE-cadherin, was
assessed at the mRNA level by semi-quantitative PCR. Total RNA was extracted from
HUVECs cultured for 7 days on Ar plasma-modified SPCL scaffold, on the positive
control and on 2D tissue culture polystyrene (TCPs), using the RNeasy Micro Kit
(Qiagen, Germany). Equal amounts of RNA (1 ug), measured by the NanoDrop
microspectrophotometer, were reverse transcribed into cDNA (Omniscript RT Kit,
Qiagen, Germany). Afterwards, using gene-specific primer sets (Table IV.1) the genes
of interest were amplified by PCR with Tag DNA polymerase Kit (Qiagen). The
procedure for all the genes included 35 cycles, consisting of an initial stage of 2 min
of denaturation at 94°C, followed by 30 s of annealing (Table 1V.1), 30 s of chain
elongation at 72 °C and a final 10 min extension at 72 °C. Amplification products
were separated by electrophoresis on an agarose gel (0.8 %) and stained with

ethidium bromide. B-actin was selected as the housekeeping gene.

Table IV.1. Genes under evaluation, primers and PCR conditions

Name of gene

Annealing
(GenBank Product . .
Accession size (bp) Temp()fé;ature Primer Pair sequences
no.)
B-actin 5’AGCATTTGCGGTGGACGATGGAG-3’
(AB004047) 574 65 5’-GACCTGACTGACTACCTCATGA-3
5’- CAACAGACATGGCAACAAGG-3’
PECAM-1 280 57 5'- TTCTGGATGGTGAAGTTG GC-3’
5’-GCTGAAGGAAAACCAGAAGAAGC-3’
VE-cadherin 452 57 5-TCGTGATTATCCGTGAGGGTAAAG-3’
5" - TCTCCTTAGGTGGGTCTCC - 3’
VEGF-R1 665 55 5" - CAGCTCAGCGTGGTCGTAG - 3’
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The expression of PECAM-1, a major endothelial hallmark, was evaluated at the cell-
cell level by immunocytochemistry. Hence, after 7 days of culture, the samples were
fixed with a solution of 2 % paraformaldehyde for 30 min and washed with PBS.
Then, the cells were permeabilized with 0.1 % Triton for 5 min and incubated with
mouse anti-human PECAM-1 (1:50, Dako, Denmark) for 1 h. After PBS washing, the
secondary antibody goat anti-mouse Alexa Fluor 488 (Invitrogen, USA) was added
and incubated for 1 h. Nuclei were counterstained with 1 pg/mL Hoechst in PBS for 5
min. For CLSM observation SPCL fiber-mesh scaffolds were covered with mounting

medium. All immunostainning procedures were performed at RT.

3. RESULTS

3.1.Physical and chemical characterization of Ar plasma modified SPCL fiber-

mesh scaffolds

During the contact of plasma with the biomaterial surface different physical and
chemical processes occur. These processes can provoke changes in surface
morphology and composition, which in turn can affect protein and cell behaviour on
the modified material. Untreated materials presented a smooth surface with minor
irregularities (Figs. IV.1A and IV.2A), typically observed for melt-processed polymers.
Although the SEM analysis did not show different morphology or surface texture after
the applied plasma treatment (pictures not shown) the results from optical profiler
demonstrated (Figs. IV.1B and IV.2B) a strong increase of the surface roughness for
the modified samples. An average roughness of Ra= 144.5+6.5 nm was measured
for the untreated samples, while this value was almost double for the modified ones
(Ra=236.5+18.5 nm). Moreover, not only roughness but also a topography change
was observed for the modified samples and the characteristic signal for the

untreated samples’ laminated structure was markedly reduced (Fig. IV.2).
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Figure IV.2. Optical profiler micrographs for SPCL fibers before (A) and after (B) surface
modification by Ar plasma (Mode: VSI, Mag: 107x)

On the other hand, the surface chemistry was also affected by the applied treatment
and significantly higher oxygen content was measured for the modified surface
compared to the untreated one (Table 1IV.2). The measured C:0 ratio together with

the TOF-SIMS spectrum (Fig. IV.3A) of the untreated material, shows predominant
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presence of the synthetic component (PCL) on the surface. Prominent peaks
characteristic for the low mass hydrocarbon fragments derived from the linear back
bone of PCL [28] were detected at m/z 41, 55, 69, 97 as well as the monomer
(M+H)* at m/z 115. The applied treatment by plasma was confirmed by SIMS and
less intensive peaks were detected in the positive mass spectrum of modified
samples (Fig. IV.3B). The decrease of these peaks intensities for the treated material
reflects the attack of the aliphatic sites and the subsequent loss/modification of
these groups. The change in the general appearance of the negative mass spectra
(Fig. IV.4) as a result of the treatment is typical [29] for plasma-treated polymers. The
original polymer gives rise to a limited number of intense peaks (Fig. IV.4A), referring
to structural ions while plasma treatment produces complex patterns with an intense
peak on almost every m/z (Fig. IV.4B), although the signal-to-noise ratio of individual
peaks remains good.

The contact angle values did not show any significant changes in the hydrophilicity of
the studied materials. The value of 83.56+5.34 measured for untreated material was
almost the same as that (81.76+2.09) measured after the applied treatment by
plasma. However, it must be noticed that because of the changes in the surface
roughness the effect of Cassie [30] must be present and influences the measured

values, especially those after modification.

Table 1V.2. Calculated atomic concentrations of the building elements (carbon and oxygen) of
the studied materials

9 0, . .
Material %C %0 C:O ratio

Theoretical PCL 75.0 25.0 3.00

Theoretical SPCL 68.9 311 220

Untreated SPCL scaffolds 7.0 230 3.35

Plasma-modified SPCL scaffolds 722 218 260
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Figure IV.3. Positive ion TOF-SIMS spectra of SPCL fiber mesh before (A) and after (B) plasma

modification. The PCL peaks are marked.
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Figure IV.4. Negative ion TOF-SIMS spectra of SPCL fiber mesh before (A) and after (B)
plasma modification. More characteristic PCL peaks are marked.

3.2. Protein adsorption on treated and untreated SPCL fiber-mesh scaffolds

Two different adhesive proteins, Fn and Vn, were taken for the studied materials. Fn

was chosen for this study because it is commonly used as a standard procedure,

applied to improve the adhesion of ECs. Vn is known for its ability to modulate HUVEC

spreading and migration. Moreover, a previous study [31] on 2-dimensional starch-

based materials has shown higher adsorption affinity of Vn than Fn or albumin using

unitary or complex protein solutions. The micrographs presented on Figure V.5
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confirmed the results obtained for 2D samples and higher staining intensities for Vn
can be observed in comparison with those for Fn. Homogeneous protein distribution
was simliar for both Fn-labelled untreated (Figure IV.5A) and treated (Figure IV.5B)
samples. In contrast, different protein distribution patterns were observed for Vn
adsorbed onto non-treated (Figure 1IV.5¢c) and plasma-modified scaffolds (Figure
IV.5d). In the latter case, Vn presented a heterogeneous distribution on the SPCL

fiber surface, with foci of high fluorescent signal on the Ar plasma-treated scaffolds.

Figure IV.5. Untreated (a, ¢) and plasma-modified (b, d) SPCL fiber meshes immunolabeled
for Fn (a-b) and Vn (c-d) after 1h immersion in culture medium supplemented with 20 %
serum. Note the markedly increased adsorption of Vn compared to Fn.

3.3.Influence of Ar plasma treatment on cell adhesion, viability and morphology
Viable ECs were detected on the surface of Ar plasma-modified scaffolds after 4

hours of cell seeding (Fig. IV.6A). The cells were homogenously distributed on the

scaffold and presented a morphology that reflects an early stage of attachment. On
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the positive control, i.e., untreated scaffolds pre-coated with Fn, viable ECs had also
adhered on the surface and the cells exhibited a well-developed spread morphology
(Fig. IV.6b). In contrast, only a few cells exhibiting a rounded-up morphology were
observed on the negative control (Fig. IV.6¢). After 7 days of culture, ECs formed a
complete monolayer on the surface of the plasma-modified scaffolds, as well as on
the positive control (Figs. IV.6d and IV.6e). In addition, the morphological differences
observed for these two samples at the earlier time points vanished after 7 days of
culture. On the other hand, on the negative control, only a few cells were detectable
on the scaffold surface (Fig. IV.6f). Figure IV.7 reveals further details of EC
morphology on the plasma-modified scaffold and on the positive control after 7 days
of culture. ECs exhibited the typical flattened and well-spread morphology in both
samples. Moreover, the intimate contact established between neighbouring cells led
to a compact and uniform cell distribution that covered the individual fibers of the

scaffolds.

Figure IV.6. Calcein-AM viability assay of HUVEC grown on plasma-modified (a, d), Fn-
coated (b, €) and untreated (c, f) scaffolds for 4 hours (left column) and 7 days (right
column). The value of the scale bars is 600 pm.
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Figure IV.7. SEM micrographs of HUVEC grown on plasma-modified scaffolds (a) and on the
positive (Fn-coated scaffolds) control (b) for 7 days.

3.4. EC proliferation profile on the SPCL fiber mesh scaffolds

DNA quantification (Fig. IV.8) showed that HUVECs were able to proliferate when they
were cultured on plasma-modified or Fn-coated fiber meshes. From day 3 to 7
increased cell proliferation was observed for these two materials and this difference
was significant for the plasma-modified material. On the contrary, the negative
control sustained the growth of very few cells, and after 7 days of culture this value
dropped below the method’s detection limit. It must be noted that the highest
number of cells was observed on the plasma-modified scaffolds. This pattern was
more apparent after longer culture times when the proliferation rate on plasma-

treated scaffolds was significantly higher as compared to the positive control.
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Figure IV.8. Cell proliferation of HUVEC growing on plasma-modified scaffold, positive and
negative control. The number of cells was determined by DNA quantification. Error bars
represent means £ SD. *Significantly different t-Test, p<0.05.
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3.5.Expression of endothelial markers

To confirm the maintenance of the endothelial phenotype and of markers involved in
angiogenesis, total RNA was extracted from EC-seeded scaffolds and assayed by RT-
PCR. The expression of important cell adhesion molecules such as PECAM-1 and VE-
cadherin was retained in both plasma-treated and positive control scaffolds (Fig.
IV.9). Furthermore, RT-PCR revealed the expression of the receptor for the most
potent angiogenic growth factor, vascular endothelial growth factor (VEGFR1). On
TCP, the optimal surface for tissue culture, used as 2D control, ECs were also

capable of producing mRNA that encodes for the three markers under study.

YEGF-R1

VE-cadherin

Figure IV.9. Expression of endothelial markers at the mRNA level (RT-PCR) for HUVEC grown
on tissue culture polystyrene, plasma-treated, and Fn-coated SPCL scaffolds.

PECAM-1 expression was also assessed at the single-cell level by
immunocytochemistry. This marker was depicted as a well-defined green ring around
neighbouring cells on the surface of plasma-treated and on positive control SPCL
fiber-mesh scaffolds (Fig. 1V.10). In fact, the expression of this adhesion molecule
involved in endothelial cell-cell interaction was similar for these two materials and
represents the distribution pattern for physiologically quiescent, that is, non-activated
ECs.
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Figure IV.10. PECAM-1 staining (green fluorescence) of ECs on plasma-modified SPCL
scaffold (a) and on positive control (b) cultured for 7 days. Nuclei were counterstained with
Hoechst (blue fluorescence). The value of the scale bars is 150 um.

4. DISCUSSION

In a simplistic way, bone can be described as a three-component tissue: i) a
mineralized matrix, supplied by ii) a complex vascular network and orchestrated by iii)
several cell types that release a multitude of growth factors. Therefore, in a strategy
aimed at regeneration of bone tissue, these components must be considered. The
bulk structure of the scaffold must take into account the mechanical function of the
tissue, while the architecture must allow the penetration of a functional vascular
plexus and the scaffold’s surface must be compatible with the different cells that
build up the tissue. SPCL fiber-mesh structures have been proposed as a scaffolding
material for bone tissue engineering [21, 22, 32]. Previous studies have shown the
ability of these scaffolds to promote adhesion of bone marrow cells, their
differentiation into an osteoblast lineage accompanied by the deposition of a
mineralized matrix and production of several growth factors involved in osteogenesis
and angiogenesis [21, 23, 33]. Moreover, regarding the importance of ECs in

angiogenesis, other work from our group demonstrates the ability of this material to
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support the adhesion, proliferation and maintenance of the phenotypic expression of
ECs [24]. The surface of SPCL fiber-mesh scaffold requires a pre-coating with an
adhesive protein in order to sustain EC adhesion similar to that observed by a large
number of other polymeric substrates [34-36] However, protein adsorption is a
process difficult to control and several obstacles such as low stability to sterilization
processes, heat treatment and pH variation, storage and conformation shifting [37,
38] are associated with its application. Therefore, based on the results of our
studies, we propose that plasma surface modification of SPCL fiber-mesh scaffolds
can be used as an alternative approach to render the surface compatible for EC
adhesion. The described methodology has the advantage that it obviates the need for
protein pre-coating and can be simultaneously used as a cost-effective method for
sterilization.

The interplay between the surface features changed by plasma modification and the
adsorption of proteins may subsequently affect cell behaviour via:

i) Increasing the surface area available for protein adsorption by etching
processes, typically ongoing during the plasma treatment;

i) Modulation of the surface chemistry, i.e. the physical bonds on the
surface/proteins. Although a straightforward relation can not always be established,
EC adhesion is often associated with groups such as hydroxyl (-OH) or carboxyl (-
COOH) [39, 40]. Furthermore, enhanced EC proliferation and spreading in response
to increased oxygen content has also been shown in previous studies [41, 42] on 2D
samples prepared from synthetic polymers.

iii) Alternation of the surface charge. Negatively charged groups have
shown[43-46] positive effects on cell adhesion and growth and this is attributed to
the favourable protein conformation on these surfaces. The polarity of these groups
allows formation of additional hydrogen bonds with the proteins, which will keep
them fixed onto the surface. From the oxygen containing functional groups, COOH are
the ones that influence mostly the growth of ECs [47, 48]

When physical plasma becomes into contact with the biomaterial surface, the
activated species are accelerated towards the substrate by the applied electrical
field. Since some parts of the surfaces are exposed to energies higher than the

bonding energy of polymers, these parts undergo chain scission [49, 50]. Chain
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scission processes will then initiate various events. Surface degradation or so-called
etching is one of the effects that can be observed. This effect depends on the used
power, which determines the acceleration of the active species toward the material
surface, as well as on the time during which the material is exposed to this
bombarding with active species. Surface etching was observed at the used
conditions for SPCL fiber-mesh scaffolds. Both roughness and topography were
altered by the applied treatment as shown by optical profilometry. Hence, alterations
in cellular/protein behaviour could be expected as a response to the introduced
changes of the surface morphology. The higher roughness is associated with a higher
surface area and therefore an increased quantity of adsorbed proteins as well as
ahigher number of cells on the modified surface must be observed. On the other
hand, the chain scission was confirmed by TOF-SIMS, were the intensity of the
characteristic polymer peaks decreased for the plasma treated material. Chain
scission results in the formation of highly reactive radicals on the surface. Those
radicals can recombine (e.g. crosslinking reactions) or react with the other species
such as oxygen from the air. Those processes were confirmed by both XPS and TOF-
SIMS analyses of the surface chemical composition of the studied materials. XPS
showed higher oxygen concentration for the modified materials. Additionally, the
negative mass spectrum of plasma treated scaffolds was abundant in new, low
intensity peaks, which also reveal ongoing functionalisation. Changing of the surface
chemistry in turn is expected to modulate protein adsorption. Depending on the
nature of the established protein-surface interactions, surfaces can modulate
adhesion and cell biochemical mechanisms such as those involved in cell
differentiation. Protein-containing solutions can be used as a source of biomolecules
that will further bridge and affect cell adhesion. The analysis of the adsorption of the
cell-adhesive molecules, Fn and Vn, showed some differences in their comparative
adsorption ability as well for the comparison of modified and untreated samples.
Although a different affinity of Fn and Vn to 2-dimensional SPCL surfaces was
previously observed [31], the analysis of the adsorption of these molecules on 3D
starch-based scaffolds following Ar surface modification has not been demonstrated.
An important result of the present study is the indication that Vn distribution follows

the surface morphology of the studied fibers and can be altered by changing of their
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surface pattern. Before treatment, a laminated distribution of Fn was observed. This
same morphology was also shown by optical profiler for the untreated scaffolds. After
plasma treatment the laminated structure was lost and in turn the Vn distribution
pattern was affected, analogous to the changed morphology of SPCL scaffolds. Vn is
a biomolecule known to control and modulate EC spreading and migration and is
well-characterized as a modulator of the cytoskeleton.[51, 52] On the other hand, no
difference was observed for Fn. However, this is not surprising, as it is reported that
in complex protein solutions Fn interacts with the available cell non-adhesive
molecules[53], which reduces its competitiveness and explains its failure to adsorb
on to the substrate in the presence of other serum proteins[54]. As a result, in bovine
plasma and fresh serum higher cell activity is associated with Vn but not with Fn.

Cell adhesion is the ultimate functional result of both the material’s surface
physicochemical properties and its protein adsorption. The changed physicochemical
properties of the underlying substrate can modulate the EC behaviour by affecting
the proteins’ conformation and orientation and hence enhancing the anchorage
strength to the substrate. Additionally, the surface properties of treated scaffolds
might also stabilize the proteins secreted and deposited by ECs aimed to constitute
the basement membrane [48, 55]. In vitro studies with human ECs revealed that
uncoated and non-modified SPCL fiber-mesh scaffolds displayed substantially
reduced cellular adhesion. However, cell attachment to SPCL scaffolds was
significantly enhanced when physically adsorbed Fn, a standard procedure in
endothelial culture, was used. Moreover, ECs on the positive controls remained
viable and also proliferated during the 7 days of culture. When the SPCL surface was
treated by Ar plasma the surface was tailored for EC adhesion, obviating the need for
protein pre-coating. Furthermore, the proliferation level of ECs on Ar plasma-treated
scaffolds was significantly higher than on the positive control. Hence, plasma
treatment not only promoted the initial stages of cell attachment but also triggered
the EC metabolic activity.

Protein-mediated interactions established between cells and substrate not only
provide anchorage sites for cell adhesion but also dictate important cell parameters
such as morphology, proliferation, migration, differentiation and responsiveness [56].

Therefore, the effect of the performed modification on the morphology and
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phenotypic/genotypic expression of ECs was assessed. Morphology mirrors cell-
substrate interactions in so far as altered orientation of adsorbed proteins will
modulate cellular integrin receptor binding and consequently this will be reflected in
cytoskeletal re-arrangement. Changing the surface of SPCL fiber-mesh scaffolds by Ar
plasma did not affect the typical flattened EC morphology. This is a positive indicator
of cellular mechanical coupling to the underlying substrate. Regarding endothelial
markers, the expression of VEFGR-1 at the gene level was confirmed for plasma-
treated scaffolds as well as on positive and TCP controls. VEGFR1 is a key gene not
only involved in angiogenesis but also associated with monocyte chemotaxis and with
recruitment of bone marrow-derived progenitor cells [57]. Another gene whose
expression was maintained on the modified scaffold was VE-cadherin, an essential
cell adhesion molecule in establishing and maintaining endothelial integrity. The
anchorage of cadherins to the cytoskeleton and their clustering are indispensable for
the development of strong and rigid cell-cell adhesions [58]. Additionally, PECAM-1,
one of the hallmarks of the endothelium is a crucial molecule for homotypic adhesion
involved in the maintenance of endothelial integrity [59]. The expression of PECAM-1
was observed on plasma-modified and Fn-coated scaffolds at both mRNA and single-
cell protein level. Furthermore, cell-cell adhesion was detected at the cell borders,
which is a good indication of the non-activated status of interactions between
neighbouring cells. These overall results indicate that ECs maintained their
differentiated phenotype and the integrity of endothelial monolayer on plasma-

modified scaffolds.

5. CONCLUSIONS

Ar plasma treatment was shown to be an effective method to modify the surface of a
3D starch-based scaffold for EC adhesion. Cell attachment and expression of
endothelial markers on plasma-treated SPCL fiber-mesh scaffolds was comparable to
the scaffold pre-coated with Fn, used as positive control. However, higher

proliferation rates were observed on plasma-modified scaffolds. This improved
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overall biological outcome is the result of novel protein-surface interactions
generated by plasma treatment. Increased surface roughness, altered surface
pattern and changed surface chemistry were the main physicochemical changes
demonstrated on the SPCL fiber-mesh scaffold surface. Consequently, these
properties modulate protein adsorption as indicated by the different adsorption
profile of the adhesive protein Vn.

Finally, Ar plasma treatment renders the surface compatible for ECs and this is a
significant step forward towards the improvement of constructs for vascularization.
Furthermore, in addition to eliminating the need for pre-coating with proteins and the
respective drawbacks associated with this methodology, plasma treatment does not
affect the scaffold’s bulk structure and can simultaneously be used as an effective
sterilization method. Starch-based scaffolds treated by Ar plasma were shown to be a
good support to use on bone tissue engineering, where vascularization is a main

requirement.
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CHAPTER V

Endothelial Cell Colonization and Angiogenic Potential of Combined Nano- and Micro-

fibrous Scaffolds for Bone Tissue Engineering *

ABSTRACT

Presently the majority of tissue engineering approaches aimed at regenerating bone
rely only on post-implantation vascularization. Strategies that include seeding ECs on
biomaterials and promoting their adhesion, migration and functionality might be a
solution for the formation of vascularized bone. Nano/micro fiber-combined scaffolds
have an innovative structure, inspired by ECM that combines a nano-network, aimed
to promote cell adhesion, with a micro-fiber mesh that provides the mechanical
support. In this work we addressed the influence of this nano-network on growth
pattern, morphology, inflammatory expression profile, expression of structural
proteins, homotypic interactions and angiogenic potential of human EC cultured on a
scaffold made of a blend of starch and poly(caprolactone). The nano-network allowed
cells to span between individual micro-fibers and influenced cell morphology.
Furthermore, on nano-fibers as well as on micro-fibers ECs maintained the
physiological expression pattern of the structural protein vimentin and PECAM-1
between adjacent cells. In addition, ECs growing on the nano/micro fiber-combined
scaffold were sensitive to pro-inflammatory stimulus. Under pro-angiogenic
conditions in vitro, the ECM-like nano-network provided the structural and
organizational stability for ECs migration and organization into capillary-like
structures. The architecture of nano/micro- fiber-combined scaffolds elicited and
guided the 3D distribution of ECs without compromising the structural requirements
for bone regeneration.

* This chapter is based in the following publication:

M. . Santos, K. Tuzlakoglu, S. Fuchs, M.E. Gomes, K. Peters, R.E. Unger, E. Piskin, R.L Reis,
C.J. Kirkpatrick. Endothelial Cell Colonization and Angiogenic Potential of Combined Nano-
and Micro-fibrous Scaffolds for Bone Tissue Engineering. Biomaterials (2008). 29:4306-
4313.
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1. INTRODUCTION

To become widely used in clinical practice tissue engineering products must
overcome a series of major challenges, the vascularization of the biomaterial
constructs being one of the major current limitations [1-3]. To date, most approaches
in tissue engineering have relied on postimplantation neovascularization from the
host, but for large and metabolically demanding organs, which rely on blood vessel
ingrowth, this is clearly insufficient to meet the implant’'s demand for oxygen and
nutrients [4-6].

In vascularized tissues/organs such as bone a complex network of blood vessels is
more than just simple conduits that provide nutrients and oxygen and simultaneously
remove by-products. They also have important metabolic and rheologijcal functions
which are organ-specific [7-9]. In bone, the intraosseous circulation allows traffic of
minerals between the blood and bone tissue, and transmit the blood cells produced
within the bone marrow into the systemic circulation [9, 10]. New blood vessels are
intimately involved in osteogenesis (intramembranous and endochondral) and,
furthermore, cytokines and growth factors that regulate intraosseous angiogenesis
also regulate bone remodelling [7, 9]. In addition, vascularization is also vital for the
survival of the implanted cells on the carrier material after implantation [6].

Many approaches have been proposed to increase vascularization in bone such as
gene and/or protein delivery of angiogenenic growth factors [11, 12], provision of a
vascularized bone-flap [13, 14] and ex vivo culturing of scaffolds with ECs alone or in
combination with other cell types [6, 15]. Recently the work of Levenberg et al on
skeletal muscle showed that pre-vascularization of constructs improved in vivo
performance of the tissue construct, shedding light into ex vivo use of ECs to
accelerate vascularization [16]. Thus, the scaffold design must not only take into
consideration the structural and mechanical properties of bone but also ECs
adhesion, migration and blood vessel formation and ingrowth. In blood vessels ECs
are attached as a monolayer to a basement membrane composed of protein fibers in

the nanoscale, such as type IV collagen and laminin fibers, embedded in heparin
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sulfate proteoglycan hydrogels [17, 18]. This natural ECM provides structural and
organizational stability to ECs and during angiogenesis EC migration is dependent on
the adhesion to this matrix [19].

In this present work we evaluate the interaction of ECs with a scaffold made from
SPCL with an innovative structure, inspired by the ECM, and combining polymeric
micro- and nano-fibers in the same construct. This architecture was designed for
bone regeneration to simultaneously provide mechanical support and to mimic the
physical structure of ECM. We hypothesized that the presence of a nano-network
might favour the adhesion of ECs and increase the density of cell colonization
between micro-fibers, and might thus accelerate vascularization of the implanted
scaffold. Previous work demonstrated favourable activity and differentiation of bone-
like cells on this nano/micro- fiber-combined scaffold [20]. In this paper we
addressed several important biological questions, such as whether this nano-network
favours the growth pattern of ECs on the scaffold, cell morphology, inflammatory
gene expression profile, expression of structural proteins and finally the angiogenic

potential.

2. MATERIALS AND METHODS

2.1.Scaffolds

The scaffolds used in this study were based on a blend of starch with
poly(caprolactone). Nano/micro-fiber-combined scaffolds resulted from a two step
methodology. First by a fiber bonding methodology an SPCL fiber-mesh scaffold
composed of micro-fibers (® 160 uym) with 70% porosity was obtained and second,
by electrospinning the scaffold was impregnated with nano-fibers (® 400nm). SPCL
fiber-mesh scaffold without the nano-network were used as control. Further details
concerning scaffold production have been published elsewhere [20-22]. Samples
were cut into discs of 8 mm diameter and 2 mm height and sterilized by ethylene
oxide. Prior to cell seeding scaffolds were soaked overnight in medium without

serum.
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2.2.Cells, culture conditions and scaffolds seeding

Primary cultures of human ECs isolated from umbilical cord (HUVEC) and from human
dermis (HDMEC) were used. HUVECs were isolated from umbilical vein by
collagenase digestion according to a published method [21]. HDMECs were obtained
from enzymatic digestion of juvenile foreskin as previously described [22]. HUVEC
were cultured in M199 medium (Sigma-Aldrich, Germany) supplemented with 20%
FCS (Gibco, Germany), 100U/100ug/mL Pen/Strep (Sigma-Aldrich, Germany), 2 mM
glutamax | (Life Technologies, Germany), 25 ug/mL sodium heparin (Sigma-Aldrich,
Germany) and 25 ug/mL ECGS (BD Biosciences, USA). HDMEC were cultivated in
Endothelial Basal Medium MV (PromoCell, Germany) supplemented with 15 % FCS
(Invitrogen, Germany), 100 U/100 pg/mL Pen/Strep (Sigma-Aldrich, Germany), 2.5
ng/mL, FGF-2 (Sigma-Aldrich, Germany), 10 yg/mL sodium heparin and 100 U/100
ug/mL Pen/Strep. In order to promote better cell adhesion, ECs were seeded into
culture flasks previously coated with gelatine. All assays were conducted with cells
until passage 4.

Prior to cell seeding scaffolds were coated with a Fn solution (10 ug/mL PBS, Roche,
Germany) for 1 hr at 37 °C. Confluent HUVECs and HDMECs were trypsinized and a
suspension of 2 x 10° cells was added to each scaffold. The scaffolds were
incubated under standard culture conditions (37 °C, 5 % CO2, humidified

atmosphere).

2.3.ECs imaging

The viability, phenotype and growth of ECs on nano/micro fiber-combined scaffolds
and on SPCL fiber-mesh scaffolds were analysed by scanning electron microscopy
[23] and by CLSM after 3 and 7 days. For viability assessment, the ECs-seeded

scaffolds were incubated for 10 min in medium supplemented with 0.1 uM calcein-
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AM. Viable cells convert the non-fluorescence and membrane permeable calcein-AM
due to the presence of active intracellular esterases into the green fluorescent and
impermeable calcein. Viable cells are identifiable by the green fluorescent cytoplasm
when viewed with CLSM (Leica TCSN NT). For SEM analysis the samples were fixed
for 30 min with 2.5 % glutaraldehyde in 0,1 M sodium cacodylate buffer, dehydrated
in increasing concentrations of acetone, dried with hexamethyldisilasane and sputter

coated with gold prior to SEM observation (Leica Cambridge S360).

2.4.Gene analysis of pro-inflammatory genes

The gene analysis of two pro-inflammatory cell adhesion molecules E-selectin and
ICAM-1 were analysed by Real Time PCR. The mRNA expression of cell adhesion
molecules as well as the house keeping gene GAPDH were analyzed in HUVECs
growing for 7 days on SPCL fiber-mesh scaffold and on nano/micro fiber-combined
scaffold. As control HUVECs were grown on cell-culture plastic. Furthermore, as
positive control, gene expression was analyzed when the samples were cultured in
the presence of 1.0 uyg/mL of LPS for 4 hours (Sigma-Adrich, Germany). Total mMRNA
from HUVEC cells was extracted using the RNeasy Mini Kit (Qiagen, Germany)
according to the manufacturer’s protocol. Afterwards, total RNA (0.5 ug) was reverse
transcribed using Omniscript RT Kit (Qiagen, Germany). Gene amplification was
performed using Applied Biosystems 7300 Real-Time PCR System (Applera
Deutschland GmbH, Germany). The number of cycles and annealing temperature
were selected according to the manufacturer’s instructions. Real time PCR was
performed with 2.5 ng cDNA and 12.5 pL of 2x-master mix, primers (0.25 yL forward
and 0.25 L reverse primer) in a final volume of 25 yL. The following gene-specific
primer sets were used: (1) E-selectin, sense 5 -CCCGTGTTTGGCACTGTGT-3,

antisense 5°-GCCATTGAGCGTCCATCCT-3; (2) ICAM-1, sense 5'-
CGGCTGACGTGTGCAGTAAT-3’, antisense 5" -CACCTCGGTCCCTTCTGAGA-3~ (3)
GAPDH, sense 5'- ATGGGGAAGGTGAAGGTCG-3’, antisense 5°-

TAAAAGCAGCCCTGGTGACC-3.” Gene expression was normalized to the expression of
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the housekeeping gene GAPDH. Relative quantification of gene expression was
calculated in stimulated samples (+LPS) compared to samples cultured in the

absence of pro-inflammatory stimulus (-LPS).

2.5. Immunocytochemistry

The expression pattern of the structural protein vimentin and of PECAM-1 (also
known as CD31) was examined by immunocytochemistry. After 7 days in culture, EC-
confluent SPCL scaffolds were fixed with a solution of 2 % paraformaldehyde for 30
min at RT. Samples were rinsed in PBS and then treated with PBS-buffered 0.1 %
Triton X-100 for 5 min at RT to permeabilize the cell membranes for the antibody
reactions. The samples were incubated for 45 min at RT with the primary antibodies:
mouse anti-human PECAM-1 (1:50, Dako, Denmark) or mouse anti-human vimentin
(1:200, Sigma-Aldrich, Germany). Following PBS washing, a second incubation was
performed for 45 min at RT with the secondary antibody anti-mouse Alexa Fluor 488
(Invitrogen, Germany). The nuclei were counterstained with 1ug/mL Hoechst in PBS
for 5 min. SPCL fiber-meshes were then washed with PBS, mounted with Gel/Mount

(Natutec, Germany) and visualized by CLSM.

2.6. Induction of angiogenesis in vitro

The angiogenic potential of HDMEC growing on SPCL fiber-mesh scaffolds was
assessed by observing the cell migration from the scaffold into a collagen type | gel
that mimics the in vivo microenvironment. When HDMECs reached confluence on the
scaffolds the scaffolds were transferred to a Petri dish and covered with a 1.5
mg/mL solution of collagen type | in M199 medium containing 2% sodium
bicarbonate, 0.05 M NaOH and 200 nM HEPES. As soon as the solution solidified
into a gel, culture medium supplemented with angiogenic growth factors 50 ng/mL
VEGF (Biomol, Germany) and 10 ng/mL FGF-2 was added. After an additional 7 days

in culture, materials were examined for the migration of ECs and organization into
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capillary-like structures after calcein-AM live-staining and visualization by CLSM. All
the above referred reagents were from Sigma-Aldrich, Germany.

In order to have a better perception of the spatial distribution of capillary-like
structures and micro-fibers the confocal images were post-processed using the
image processing software ITK-SNAP [24]. Individual confocal image stacks from
nano/micro fiber combined scaffold composed of 99 sections were examined.
Capillary-like structures were identified and labelled in green and red, respectively,
using the manual segmentation tool and the segmented elements were processed
into a final 3D image.

Aimed at the evaluation of EC ultrastructure, transmission electron microscopy (TEM)
of collagen gel ultrathin sections was performed. Scaffolds plus collagen gel were
fixed in 2.5 % glutaraldehyde in cacodylate buffer, post-fixed in 1% osmium tetroxide
for 2 h and dehydrated in increasing ethanol concentration. Samples were
embedded in agar resin 100 (PLANO, Germany) with ethanol as solvent for transition
state and subjected to polymerization at 60°C for 48 hrs. Ultrathin sections were cut,
placed onto copper grids and examined by transmission electron microscope (Philips
EM 410).

3. RESULTS

3.1.Growth, viability and phenotype of ECs on starch-based scaffolds

ECs of microvascular origin, HDMECs as well the macrovascular HUVECs grew on
both Fn-coated nano/micro fiber-combined scaffolds and on SPCL micro-mesh
scaffolds. Growth was observed on both micro- and nano-fibers (Fig. V.1). The
requirement of a pre-coating with Fn or other ECM molecule for EC adhesion to
several substrates has been widely reported [25-27]. On nano/micro fiber-combined
scaffolds, after 3 days of culture HDMEC spanned between adjacent micro-fibers
using the nanobridges formed by the nano-fibers, thus yielding a high density of

adherent ECs (Fig. V.1A). After 7 days, nearly complete growth on the surface areas
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of the scaffold was observed (Fig. V.1B). HDMEC were found on both micro- and
nano-fibers and remained viable as proven by the ability to convert calcein-AM into a
green fluorescent compound. On the other hand, on the scaffold without the nano-
network, cells were detected on the micro-fibers after 3 days as well as after 7 days,
but no cells were seen to span between the fibers (Fig. V.1D and V.1E).

Cell adhesion studies were also performed with primary cultures of macrovascular
ECs, HUVECs. HUVECs seeded onto nano/micro fiber-combined scaffolds rapidly
covered the entire surface of the nano-network without significantly impairing the
scaffold porosity (day 3, Fig. V.1C). On the other hand, viable HUVECs adhered to the
individual fibers on SPCL micro-fiber mesh scaffold (Fig. V.1F).
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Figure V.1. Confocal fluorescent micrographs of viable HDMECs (A, B, D, E) and HUVECs (C &
F) growing on Fn-coated nano/micro fiber combined scaffolds (left column) and on micro-
fibre scaffold (right column) after 3 (A, D, C, F) and 7 days (B, E). Cells were stained with the
vital fluorochrome calcein-AM. Good cell growth is seen for both EC types on both nano- and
micro-fibres. The values of the scale bars are: (A) 208 um, (B, D, E) 300 pm, (C, F) 600um.

Phenotype of HUVECs was assessed by SEM after 3 days of culture. ECs adhered to
the randomly electrospun nano-network as well as to microfibers and cells used the
nano-fibers to bridge empty spaces in the micro-fiber mesh (Fig. V.2A). In contrast,

the SPCL micro-fiber mesh scaffold did not induce cell-spanning across the construct
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(Fig. V.2C). Morphologically, ECs on micro-fibers exhibited the typical flattened
phenotype of ECs (Fig. V.2C) whereas the nano-network induced a different
cytoskeletal arrangement reflected in the stretched shape and numerous cellular
protrusions (Fig. V.2A). Besides improving the interconnectivity in the scaffold,
nano/micro fiber-combined scaffolds also provided a unique physical support that
allows the growth of ECs into circular arrangements that resemble the morphology of

capillary-like structures (Fig. V.2B).

. )/r
Figure V.2. SEM micrographs of HUVEC cells on Fn-coated SPCL scaffolds: (A, B) nano/micro

fiber-combined scaffold and (C) micro-fibre scaffold after 3 days of culture. Note the ability of
the EC to use the nanofibres to span across the microfibre structure.

3.2. Expression of genes involved in the inflammatory response

In blood vessels the endothelium functions as a dynamic and actively transporting

barrier, which under special conditions, such as inflammation, mediates leukocyte
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recruitment by the expression of different cell adhesion molecules like ICAM-1 and
selectins. Utilizing Real Time PCR the expression of two cell adhesion molecules E-
selectin and ICAM-1 on HUVECs growing on nano/micro fiber-combined scaffolds was
analyzed and compared with the expression on control scaffolds (SPCL micro-fiber
mesh scaffold without nano-fibers). HUVECs grown on tissue culture plastic served as
control (Fig. V.3). ECs growing on the three substrates reacted in a similar way when
exposed to the pro-inflammatory stimulus LPS, increasing the levels of mRNA that
code for ICAM-1 and E-selectin. As a common pattern it was observed that the up-
regulation of E-selectin was higher than ICAM-1 in response to LPS. This lower level of
up-regulation of ICAM-1 relatively to E-selectin is probably due to the constitutive
expression of this cell adhesion molecule on ECs and consequently to a minor
difference between the basal and stimulated state. With respect to the combined
scaffold, the presence in the same construct of micro- and nanometric fiber size did
not affect the ability of ECs to properly respond to pro-inflammatory stimuli through
the up-regulation of these genes related to the capture of circulating leukocyte, this

representing an essential stage in the physiological inflammatory reaction.
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Figure V.3. Relative quantification of E-selectin and ICAM-1 mRNA in HUVECs grown on
nano/micro fiber scaffolds and on micro-fibre scaffolds in the presence of LPS (+LPS)
compared with the growth in the absence of pro-inflammatory stimulus (-LPS). As a control
the expression of these inflammatory genes was assessed on HUVECs growing on cell culture
plastic.
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3.3.Expression of the structural protein vimentin and of the cell-cell adhesion
molecule PECAM-1

Cell structure and the interactions with neighbouring cells are important aspects to
take into consideration in studying cell functionality. Thus, the expression of vimentin,
an intermediate filament protein present in mesenchymal cells and of PECAM-1 (CD
31), a cell adhesion molecule present predominantly at the intercellular junctions
was assessed by immunocytochemical staining. Figure V.4A shows that on nano-
fibers, endothelial vimentin filaments are more stretched, but no disruption of this
structural protein was observed. Elongated, vimentin-stained cells populated the
entire scaffold and grew along both nano- and micro-fibers.

A typical PECAM-1 expression pattern (a peripheral ring surrounding cells at cell-cell
interfaces) was observed on both nano-micro fiber-combined scaffolds and on control
scaffolds (Fig. V.4B and V.4C). ECs on nano-fibers as well as on micro-fibers
continued to express this major cell adhesion molecule. This indicates that despite
the differences in the dimensions of the underlying substratum ECs can still establish

contact with adjacent cells.
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Figure V.4. Immunofluorescence micrographs of vimentin (A) and PECAM-1 staining (B, C)
(green fluorescence) in HUVEC cells grown on nano/micro fiber combined scaffold (A, B) and
on micro-fibre scaffold (C). Nuclei were counterstained with Hoechst (blue fluorescence). The
values of the scale bars are: (A) 68 um, (B) 75 um, (C) 150 ym.

3.4.Angiogenic potential of ECs on starch-based scaffolds

In a more complex in vitro assay, the ability of ECs in contact to the scaffolds to
invade into and to form capillary-like structures within a 3D-gel of collagen in
response to angiogenic factors was assayed. To visualize the cells within the 3D-
matrix a calcein-AM staining was necessary. This staining revealed that ECs were
able to migrate from the scaffold and invade into the collagen gel on both
nano/micro fiber-combined scaffolds as well as in control scaffolds, after 7 days of
culture (Fig. V.5). However, a different behaviour between the two scaffolds was
observed. On the micro/nano fiber combined scaffold, ECs formed more capillary
structures with branching (Fig. V.5A). In contrast, on the scaffolds without the nano-

network, ECs formed fewer capillary-like structures with less branching (Fig. V.5C).
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The 3D reconstitution of the segmented micro-fibers and capillary-like structures
from the confocal stack images of nano/micro fiber-combined scaffold (Fig. V.5A is
the projection) provided further information. It was shown that the tubular structures
formed by ECs were present at different depths, and that there was a spatial
separation between the capillary-like structures and the micro-fibers along the Z axis
(Fig. V.5D). Thus, this further reinforces the ability of ECs to migrate out of the
scaffold into the collagen matrix and to organize into capillary-like structures.

The ultrastructure of ECs assessed by TEM revealed the existence of adherent
junctions between ECs, denoting the intimate contact between angiogenesis-
stimulated cells (Fig. V.6A). At a higher magnification numerous vesicles were visible,
indicative of the highly active state of the ECs (Fig. V.6B).

.o W v - Gl
< Vg e v
o
< *«® -
-

Figure V.5. CLSM of capillary-like structures formed by angiogenesis-stimulated HDMECs
from nano/micro fiber combined scaffold (A, B, D) and from micro-fibre scaffold (C). Fig. B is
the higher magnification of the square highlighted in Fig. A. Fig. D is the 3D reconstruction
from the manual segmentation of micro-fibers and capillary-like structures on the sections
that make up Fig.. A. Scaffolds were cultured for 7 days with HDMECs and then covered with
a type | collagen gel and cultured for a further 7 days. White arrows indicate some of the
capillary-like structures. The values of the scale bars are: (A) 300 ym, (B) 150 um, (C)
300um.
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Figure 6. Transmission electron micrograph of migrating ECs from nano/micro combined
scaffold to collagen gel, in a pro-angiogenic environment. The black arrow indicates the
intimate contact between two ECs.

4. DISCUSSION

Tissue engineering scaffolds should function as temporary ECMs and until repair or
regeneration occurs they should aim to mimic native ECM both architecturally and
functionality [28]. In physiological tissue re-organization (e.g. during wound healing)
the bidirectional flow of information exchanged between cells and ECM steers
important cell functions such as adhesion, differentiation and migration [29]. Thus, it
can be suggested that the more a scaffold can resemble ECM, the more successful
the scaffold can be. To date, electrospinning has been one of the main processing
techniques used in the fabrication of structures in the nanometer range. This fiber
spinning technique produces polymer fibers with diameters down to a few
nanometers and nano-fibers obtained by electrospinning have been proposed for
engineering many different tissues [30]. However electrospun scaffolds retain
several problems such as three-dimensional cell growth restricted to a depth of 100
um, lack of control of pore diameter and distribution, as well as low stiffness [31].

Tuzlakoglu et al proposed nano/micro fiber-combined scaffolds, a matrix that
combines two structures (i) a nano-network produced by electrospining, that mimics
ECM and aims to increase cell adhesion and motility; with (ii) a microfiber-mesh
produced by fiber-bonding aimed to give the mechanical support required during

repair [20]. This latter structure, an SPCL fiber-mesh scaffold, was used in this work
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as a control and it was previously described by our group as a promising biomaterial
for bone regeneration [21, 32, 33]. Studies with bone marrow cells cultured under
dynamic conditions on SPCL fiber-mesh scaffolds showed that cells differentiated
into osteoblasts, deposited a mineralized matrix and produced several bone growth
factors [21, 32, 33]. Furthermore, previous work with ECs revealed that they
maintained their genotypic and phenotypic patterns when growing on SPCL fiber-
mesh scaffolds [34].

Based on the previous studies that have proven the suitability of hano/micro fiber-
combined scaffold for osteoblast differentiation and activity [20], the present work
deals with the influence this ECM-like architecture has on EC growth pattern, homo-
and heterotypic interactions and on angiogenic potential.

Cell adhesion studies with HDMECs and HUVECs revealed that both cell types adhere
and remain viable on fibers in the nano- as well as in the micrometer-range. In fact, in
the nano/micro fiber-combined scaffold the existence of a structure that resembles
the physical structure of ECM furnishes the physical points required for ECs to span
between the bulk structure of the scaffold without compromising the porosity and
interconnectivity of the structure. Moreover, these nanometer dimensions are
reflected in individual cell phenotype and overall cellular rearrangement. On the
micro-fibers the cells exhibit the same flattened morphology characteristic of their
location inside larger blood vessels. By contrast, on the nano-network ECs present an
extremely stretched shape reminiscent of the angiogenic phenotype, with multiple
cellular protrusions anchoring them to several nano-fibers. This stretched phenotype
might be beneficial as it was reported that ECs spreading or elongating show
increased sensitivity to specific growth factors such as FGF-2 [35]. Furthermore, the
nano-fibers allow a more comprehensive arrangement of ECs positioned within the
scaffolds when compared with the scaffolds without nano-fibers. Thus, ECs could be
easier available for blood vessel formation after implantation of constructs. Of
special interest is the capability of the adherent cells to use the physical support
provided by the nano-network to adhere and spread into circular arrangements that
morphologically resemble capillary-like structures.

Bone tissue-engineered constructs should not only induce good phenotypic

properties in ECs such as spreading morphology, cell viability, and cell attachment
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but also encourage ECs cell functions, which can be assessed through the expression
of cell-cell adhesion molecules involved in heterotypic (cell adhesion molecules such
as ICAM-1) and homotypic (PECAM-1) interactions as well as in migration studies.
Concerning the heterotypic interactions, ECs play a key role during the inflammatory
response through the sequential expression of cell adhesion molecules [36]. These
molecules recognize specific ligands on circulating leukocytes and help them to
transmigrate across the endothelium towards the pro-inflammatory stimuli, thus
enabling inflammation. In a scaffold for tissue regeneration it is necessary that in the
presence of a pro-inflammatory stimulus, such as cytokines like TNF-o. or bacterial
compounds like endotoxins, ECs possess the potential to participate through the
expression of adhesion molecules for leukocytes. That means that scaffolds must
allow ECs to participate adequately during an inflammatory response but in the
absence of an inflammatory stimulus should not induce up-regulation of cell
adhesion molecules. This last situation could lead to a continuously inflammatory
activated endothelium and consequently to a massive recruitment of leukocytes and
increased vascular permeability. To this end, the possible interference of the
nano/micro fiber-combined scaffold on gene expression of two cell adhesion
molecules characteristic for pro-inflammatory activation of ECs, E-selectin and ICAM-
1, was analyzed by Real Time PCR. The results showed the ability of ECs on
nano/micro fiber-combined scaffold to up-regulate the expression of ICAM-1 and E-
selectin in response to the pro-inflammatory stimulus LPS, following the same
pattern observed for the scaffold- and tissue culture plastic controls. This not only
suggests the capacity of cells growing on nano/micro combined scaffolds and on
control scaffolds to participate in the inflammatory response through the expression
of pro-inflammatory genes, but also indicates that under normal conditions (absence
of LPS) the growth of ECs on these scaffolds does not appear to affect the expression
of these genes.

The interendothelial interactions of endothelial cells on the scaffolds were evaluated
by PECAM-1 distribution pattern. When studying the interaction of tissue engineered
scaffolds with ECs it is important to assess PECAM-1 distribution pattern, not only
because it is a major endothelial marker but also due to the key role this protein

plays in endothelial barrier integrity and in leukocyte transmigration during the
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inflammatory response [37]. On SPCL fibers in the nano- and micro-range, PECAM-1
is present predominantly in the contact sites at cell-cell borders. These cell-cell
contact sites are a positive indication of the adequate interendothelial contacts
established between adjacent cells when growing and are typical of a quiescent (non-
stimulated) endothelium. This is particularly relevant for the nano-network as the
effects of electrospun nano-fibers on the phenotypic behavior of a variety of cell
types has been previously reported [28]. In order to examine endothelial cell
structure we performed immunostaining for vimentin on cells growing on fibers.
Vimentin is an intermediate filament protein responsible for maintaining cell shape,
integrity of the cytoplasm, and stabilizing cytoskeletal interactions [38]. Vimentin
filaments in the cells growing on the nano-network were more stretched than those
on micro-fibers but exhibited no apparent disruption of cell structural integrity.

A successful scaffold for bone regeneration must not only promote osteogenesis but
also promote the development of a vascular network. Post-natal vascularization
occurs mainly by angiogenesis, which is a multi-stage process characterized by an
orderly sequence of events including matrix degradation, EC migration, proliferation
and formation of new basement membrane components [39]. Migration is driven
chemotactically via gradients of cytokines or other agonists but it is the fibrillar
structure of ECM in the nanometer-range of dimensions that provides the physical
cues to proliferating and migrating ECs to organize and form new 3D capillary
networks [19]. The angiogenic potential of ECs on the scaffold with ECM-like
structure under a pro-angiogenic environment was examined in order to determine if
nano-structures affected this process. ECs migrated from both scaffolds into the
collagen gel, but there appeared to be an elevation in migration and 3D organization
into capillary-like structures in the nano/micro combined scaffold. This achievement
in the later scaffold could be due to the increased surface area, the ECM-like
structure and to the elongated cell morphology. Folkman et al reported that confluent
ECs are refractory to growth factors, whereas stretched or elongated ECs have
increased sensitivity to growth factors, such as FGF-2 [35]. These findings might
indicate that stretched cells on nano-fibers are more responsive to angiogenic growth

factors thus organizing more easily into capillary-like structures, than confluent and
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less sensitive cells on micro-fibers. Whether this is the case, needs to be investigated

in further studies which quantitate the complex three-dimensional reaction.

5. CONCLUSION

The incorporation of structures that physically mimic the ECM, i.e., nano-networks on
micro-fiber meshes, not only increased the adhesion surface area and
interconnectivity in the constructs but also provided structural and organizational
stability for ECs. Using nano-fibers as bridges both human micro- and macrovascular
ECs spanned between micro-fibers, exhibited a more stretched phenotype when
compared with the scaffold without nano-fibers. Furthermore, once the nano-fibers
allowed a comprehensive arrangement of ECs in the in vitro constructs, ECs could be
easier available for blood vessel formation after implantation of constructs.
Furthermore, ECs on nano- as well on micro-fibers maintained their structural
integrity (vimentin) and their intercellular contacts (PECAM-1). Moreover, ECs growing
on nano/micro combined scaffolds exhibited a marked angiogenic potential as

shown by their ability to form extensive networks of capillary-like structures.
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CHAPTER VI

Design of Nano- and Micro-fiber Combined Scaffolds by Electrospinning of Collagen
onto Starch-based Fiber Meshes: A Man-made Equivalent of Natural ECM *

ABSTRACT

Mimicking the structural organization and biologic function of ECM has been one of the
main goals of tissue engineering. Nevertheless, the majority of scaffolding materials for
bone regeneration highlights biochemical functionality typically in detriment of
mechanical properties. In this work we present a rather innovative construct that
combines in the same structure electrospun type | collagen nano-fibers with starch-
based micro-fibers. These combined structures were obtained by a two step methodology
and structurally consist in a type | collagen nano-network incorporated on a macro
starch-based support. The morphology of the developed structures was assessed by
several microscopy techniques and the collagenous nature of the nano-network was
confirmed by immunohistochemistry. In addition, and especially regarding the
requirements of large bone defects, we also successfully introduce the concept of layer-
by-layer as a way to produce thicker structures.

In an attempt to recreate bone microenvironment the design and biochemical
composition of the combined structures was also envisioning bone forming cells and
ECs. The inclusion of a type | collagen nano-network induced a stretched morphology and
improved metabolic activity of osteoblasts. Regarding ECs, the presence of type |
collagen on the combined structures provided adhesive support and obviated the need
of pre-coating with Fn. It was also importantly observed that ECs on the nano-network
were organized into circular structures in a 3D arrangement distinct from that observed
for osteoblasts. These self-organized structures resembled the microcappillary-like
organizations formed during angiogenesis. By providing simultaneously physical and
chemical cues for cells, the herein proposed combined structures hold a great

potential in bone regeneration as a man-made equivalent of extracellular matrix.

* This chapter is based on the following publication:

K. Tuzlakoglu#, M. I. Santos#, Nuno Neves, R. L. Reis. Design of Nano- and Micro-fiber
Combined Scaffolds by Electrospinning of Collagen onto Starch-based Fiber Meshes: A Man-
made Equivalent of Natural ECM. (2008). Submitted.
# These two authors contributed equally to this work



1. INTRODUCTION

In bone tissue engineering, the material selection lies at the very heart of the scaffold
design. Up to date, various alternatives, such as metals, ceramics and polymers,
have been proposed to be used as scaffold materials. Nowadays, scaffolds are
typically fashioned from biodegradable materials of natural origin proteins like
collagen [1], silk fibroin [2], and polymers like chitosan [3], starch [4], poly(3-
hydroxybutyrate) [5] and also from synthetic polymers such as poly(lactide) [6], PLGA
[7], PCL [8]. Although synthetic polymers appear to be a good choice regarding
processing, critical problems in biocompatibility, degradation products, and
numerous other issues still remain to be solved. Conversely, naturally derived
materials offer some advantages in terms of biocompatibility, as well as biochemical
functionality by showing similarity to structures in animal tissues. The use of collagen
as a scaffold is distinct from other polymers mainly in its role in the formation of
tissue and organs. It is the most abundant mammalian protein accounting for about
20-30% of total body proteins [9]. Collagen assembles into different supramolecular
structures in natural ECM of tissues and has exceptional functional diversity.

ECM is a complex composite of various proteins in fibrillar form and
glycosaminoglycans chains [10] and provides an important model for scaffold design.
This network structure serves as a scaffold which can support tensile and
compressive stresses by the fibrils and hydrated networks. Besides providing an
appropriate microenvironment for cells, ECM is responsible for transmitting signals to
cell membrane receptors that reach nucleus via intracellular signaling cascades.
Therefore, the fibrillar and porous structure of ECM have a great influence on cell
functionality, mainly on cell adhesion and migration.

The development of suitable scaffolds, man-made systems that can mimic the
structural organization and biologic function of natural ECM, remains a major aim for
tissue engineers. In recent years, the electrospinning processes have received
substantial attention as a way to mimic the structure of natural ECM by means of
producing fibers down to 3nm [11]. This is due to architectural similarity of the

nonwoven mats, composed of electrospun nanofibers, to collagen structure of ECM.
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However, the pore sizes of electrospun mats, which are smaller than a cellular
diameter, can not allow for cell migration within the structure and results in a
scaffold surface covered as a film by cells. Such type of systems can not be used for
tissue engineering of 3D tissues. Furthermore, the small size of the fibers tends not
to maximize the points of cell attachment which is a negative effect on the
expression of several factors and on cell spreading and differentiation.

When trying to engineer of bone, the scaffold must meet the mechanical properties
of the tissue while it should also ideally imitate the biological task of ECM. Bone
tissue is composed of a heterogeneous mixture of cell types embedded within a
mineralized ECM [12]. In order to assure the requirements of this metabolic active
tissue, bone microenvironment is supplied by a complex intraosseous circulation
composed by an intricate network of arteries, capillaries and veins [13]. Type |
collagen is the major organic component of the osseous ECM. Besides its structural
role, this ECM protein also promotes cell adhesion in an integrin-mediated fashion
[14]. In addition, type | collagen modulates cell-specific functions. It has been
reported that in the osteogenic lineage it promotes osteogenic differentiation,
proliferation and mineralization [12, 15]. ECs are pivotal cells in blood vessel
formation, and it is known that interstitial type | collagen induces the directional
migration and lumen formation during angiogenesis [16, 17].

In fact osteogenesis and angiogenesis are two phenomena that can not be
dissociated during skeletal development, fracture repair as well as in bone tissue
engineering [18]. It is well-known that prompt revascularization favors osteoblastic
differentiation, whereas prolonged hypoxia favors formation of cartilage or fibrous
tissue [19]. In bone tissue engineering, vascularization is not only necessary for new
bone formation but it is also vital for the survival of the implanted cells on the carrier
material after implantation [20]. Accordingly, strategies that enhance angiogenesis
should have positive effects on bone repair [21].

Most approaches to engineering new tissue relied on the host for vascularization but
this is clearly not successful in thick and highly vascularized tissues such as bone
[22]. Hence, the need for proper vascularization, which involves the creation of a
microvascular network and a macroscopic circulation, remains one of the major

problems for larger tissue-engineered structures [23]. To create a vascularized
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scaffold, a number of methods have been proposed [24, 25]. One approach involves
the transplantation of ECs in an effort to engineer a vascular network from these
cells, rather than waiting for host-blood-vessel ingrowth [26]. However, independently
of the adopted approach to accelerate vascularization all of them will involve directly
or indirectly ECs. Therefore, the key success for vascularized bone is the
development of a structure that includes not only bone forming cells but also ECs.

We herein propose for the first time the use of combined structures as a man-made
equivalent of natural ECM for bone tissue engineering. These constructs combine a
macro support, made from SPCL microfibers meshes, with a nano-network of
electrospun type | collagen, these structures were designed envisioning formation of
a mineralized matrix supplied by a vascular network. Therefore, in this work we have
characterized the developed structures from the chemical and structural point of

view, and assessed the cellular responses of bone forming cells and ECs.

2. MATERIALS AND METHODS

2.1. Materials

The material used in the production of fiber meshes was a SPCL blend. More details
on this material can be found elsewhere [4, 27]

Collagen was isolated from Wistar rat tails according to a typical acid extraction
procedure. Briefly, the rat tails from sacrificed animals were cut off and soaked in
70% ethanol for 1 min. The tendons were then pull out and dissolved in 0.5M sterile
acetic acid. The resulted solution were filtered through a sterile muslin gauze and

freeze dried. All the reagents used were analytical grade unless specified otherwise.

154



2.2.Production of nano- and micro-fiber combined structures

2.2.1. Wet spinning

Starch-based fiber meshes were fabricated by wet spinning methodology as
described elsewhere [4]. In a typical procedure, a viscous polymer solution was
obtained by dissolving SPCL in chloroform at a concentration of 40% (w/v). Methanol
was used as a coagulant. A syringe pump (World Precision Instruments, UK) was
used to extrude a certain amount of polymer into a coagulation bath. The fiber mesh
structure was formed during the processing by moving of the coagulation bath
randomly. The fiber meshes were then dried at room temperature overnight in order

to remove remaining solvents.

2.2.2. Electrospinning

To obtain collagen nanofibers on the wet-spun SPCL fiber meshes, an electrospinning
method was used. A 0.85mg of collagen was dissolved in 1ml of HFP and thoroughly
mixed until the dissolution completed. The polymer solution was put into a syringe
and placed in a syringe pump. A positive high-voltage supplier was used to maintain
the voltage at 20kV. The voltage was applied between the syringe tip and a ground
plate, where the fiber mesh membranes were placed, during 10 seconds. Both sides
of the membranes were impregnated with collagen nanofibers. The final structures

were then dried overnight at room temperature to eliminate solvent residuals.

2.2.3. Crosslinking of the combined structures

The developed constructs were crosslinked with saturated gluteraldehyde vapor at
room temperature for 48h. The samples were placed on a metal mesh and put inside
a vacuum oven containing an aqueous glutaraldehyde solution with a concentration
of 30% (v/v). After crosslinking, the constructs were subsequently immersed in 0.02

M glycine solution for 4h in order to remove unreacted glutaraldehyde. They were
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then washed several times with distilled water, dried and stored at desiccator until

use.

2.2.4. Design of thicker scaffolds using a layer by layer concept

Although the thickness of the prepared membrane allows to impregnate the micro
fiber meshes with nanofibers, it would be more difficult to obtain a homogenous
structure when the thickness of the fiber meshes increases. In order to overcome
this problem, we propose in this work the use of a layer by layer concept in order to
design a thick scaffold with a homogenous nanofiber distribution, even in the interior
part of the scaffold. In this method, SPCL fiber mesh membranes with one side
deposited with collagen nanofibers were stack together by simply heating at 60°C,
which is the melting point of SPCL. The schematic illustration of this process

presented in figure VI.2.

2.3. Morphology of hano/micro combined scaffold

The morphology of the developed structures was visualized by SEM (Leica Cambridge
S360) and an optical microscope. The samples were further examined by SEM in
order to evaluate the influence of crosslinking in the fiber morphology and overall
structure.

Furthermore and in a way to complement SEM data, the 3D architecture of the
collagen nanonetwork was assessed by CLSM (Olympus IX81, Japan) after staining
with antibody against type | collagen. The scaffolds were incubated for 1 h at RT with
the primary antibody mouse anti-bovine (1:100, Sigma-Aldrich, Germany). Following
PBS washing a second incubation was performed for 1 h at RT with secondary
antibody anti-mouse Alexa Fluor 488 (1:100, Invitrogen, USA). The constructs were
washed with PBS, mounted with mounting medium (Vectashield, UK) and visualized
by CLSM.
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2.4. Cells, culture conditions and scaffolds seeding

A human osteoblast cell line (Sa0s-2) was selected to test the developed structures.
The cells were cultured in completed medium (DMEM low glucose (Sigma-Aldrich,
Germany) supplemented with 10% Foetal Bovine Serum (Sigma, Germany), 1%
antibiotics/antimicotics (Sigma-Aldrich, Germany)) until they reached the confluency.
They were then trypsinized and seeded onto the samples using the density of 2x10°
cells/scaffold. The cells on the combined structures were allowed to grow for 7 days
under standard conditions (37 °C, 5 % CO>).

Primary cultures of human ECs (HUVEC) were isolated from the umbilical vein by
collagenase digestion according to a previously published method [28]. HUVECs were
cultured in M199 medium (Sigma-Aldrich, Germany) supplemented with 20 % FCS
(Gibco, USA), 1% antibiotics/antimicotics, 2 mM glutamax | (Gibco, USA) , 25 ug/mL
sodium heparin (Sigma-Aldrich, Germany) and 25 ug/mL ECGS (BD Biosciences,
USA). Some of the combined structures were pre-coated with a Fn solution (10
ug/mL PBS, Sigma-Aldrich, Germany) for 1 hr at 37°C. Confluent HUVECs were
trypsinized and a suspension of 7.5x104cells was added to each sample. The
cell/sample constructs were incubated under standard culture conditions for 3 and 7

days.

2.5. Cells imaging

SEM was the chosen technique for an initial evaluation of the morphology of the cells
growing on the developed scaffolds. Samples were fixed with 2,5 % glutaraldehyde in
PBS for 30 min, dehydrated in increasing concentrations of alcohol, air-dried and
sputter coated with gold prior to SEM observation (Leica Cambridge S360).

The cellular viability was assessed through the vital dye calcein-AM. Both osteoblasts-
and HUVECs-seeded combined structures were incubated for 10 min in medium
supplemented with 0,1uM calcein-AM. This vital dye is internalized by viable cells

that due to the action of active intracellular esterases is converted into a green
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fluorescent impermeable dye. Then samples were mounted in mounting medium

Vectorshield (Vector, UK) and visualized by CLSM (Olimpus IX81).

2.6.PECAM-1 and phalloidin expression

Samples were fixed with a solution of 3.7% formalin (Sigma, Germany) and
permeabilized with 0.1 % Triton for 5 min at RT. The scaffolds cultured with HUVECs
were stained for the cell-cell adhesion molecule PECAM-1. For that ECs-seeded
scaffolds were incubated for 45 min at RT with the primary antibody mouse anti-
human PECAM-1 (1:50, Dako, Denmark). A second incubation was performed with
the secondary antibody anti-mouse Alexa Fluor 488 for 45 min at RT.

Actin fibres of both HUVECs and SaOs cells growing on the scaffolds under analysis
were visualized by fluorescent phalloidin. Fixed and permeabilized samples were
incubated for 20 min with Alexa Fluor conjugated phalloidin (1:80, Sigma, Germany)
at RT.

In both PECAM-1 and phalloidin staining experiments, the nuclei were counterstained
with DAPI (1:1000, Sigma, Germany) for 5 min at RT. To remove the excess of

reagents between each step, a washing with PBS was always performed.

2.7. Cell proliferation assay

After 3 and 7 days of culture, cell proliferation was assessed by means of measuring
mitochondrial dehydrogenase activity using Cell Titer 96 Aqueous One Solution Cell
Proliferation Assay kit (Promega, USA), according to the manufacturer’s protocol.
This assay is based on the bioreduction of the substrate MTS into a brown formazan
product by NADPH or NADP produced by dehydrogenase enzyme in metabolically
active cells. According to the standard procedure, the triplicates of the samples were
washed with sterile PBS and placed in new culture wells. Fresh medium without
phenol red and MTS reagent were added to each well in 5/1 ratio. The reaction was

carried out by incubating the cell/scaffold constructs with this medium for 3h at 37°C
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in a humidified atmosphere containing 5% of CO2. In the end of the reaction, 100 pl
of incubated medium was transferred to 96-well plate and optical density was read at
490nm in a micro-plate reader (Synergy HT, Bio-tek). The results are expressed as

the average absorbance of triplicate samples.

2.8.Statistical Analysis

All data related to MTS assay were reported means + SD for n=3 for each sample.
Values were analyzed by using a two-tailed student's t-test and p-values less than

0.05 were considered significant.

3. RESULTS

3.1.Morphology of the developed structures

Optical microscope image demonstrates the structural organization of both nano and
microfiber networks in a combined structure (Fig. VI.1A). SPCL microfibers with a
diameter of 100 um create a nonwoven mesh structure while collagen nanofibers
laid onto them with a random orientation. This structural organization can be seen
more clearly by SEM in Figure VI.1B. The average diameter of collagen nanofibers
was measured to be around 400nm. In addition, there was no bead formation on the
nanofibers which indicates that optimum experimental parameters for
electrospinning were used for this particular study.

The collagenous nature of the nanofibers in the combined structures was assessed
by immunohistochemistry with antibody raised against type | collagen (Fig. VI.1C).
CLSM confirmed the type | collagen nature of the nanofibers and disclosed their
spatial distribution on the combined structures. On the combined structures type |
collagen nanofibers were found on top of the microfibers and spanning between

them. Nanofibers covering SPCL microfibers provided them with a type | collagen

159



coating. Between microfibers, randomly electrospun nanofibers originated a
branched network of type | collagen.

To maintain the structural and mechanical integrity, scaffolds made of collagen
should be crosslinked. There are several methods that can be used for collagen
crosslinking. Herein, we applied chemical crosslinking strategy based on the
application of glutaraldehyde vapor. Using glutaraldeyhde in the vapor form would
not only allow the crosslinker to penetrate into the deepest part of the samples, but
also will minimize the toxic effect of this reaction. It is also important to note that
glycine is used to remove unreacted glutaraldehyde. It has been reported that amino
groups of glycine can react easily with the aldehyde groups that are coming from
unreacted gluteraldeyde [29]. After crosslinking, it is important to analyze the effect
of the reaction on the morphology of the collagen nanofibers, as well as on the
integrity of the overall scaffold structure. As it is presented in Figure VI.1D,
crosslinking process had no side effect on the nanofiber morphology and the

combined structures retained their structural integrity as before crosslinking.

Figure VI.1. Structural organization of the combined constructs observed by; A) Optical
microscopy, 50X, B) SEM. C) Immunostaining with antibody against type | collagen, D)
Morphology of the structures after crosslinking with glutaraldehyde.
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Figure VI.2 shows a schematic illustration of thick combined scaffolds prepared by
means of using the layer by layer concept. SEM analysis indicated that collagen
nanofibers distributed homogenously overall scaffold, including the interior part.
Moreover, both micro and nanofiber meshes were able to maintain their original
structural organizations in the same construct even after the mild heating process

and create a thicker scaffold.

Combined scaffold with nanofibers inside

Combined membrane | Combined membrane |l

heatlng

60°C '

Figure VI.2. Schematic illustration of layer-by-layer concept (thickness of the fiber mesh
membranes are about 500um).

3.2.0steoblast cell attachment and proliferation

The viability of the osteoblasts seeded on the combined structures was visually
determined by Calcein-AM staining, a vital dye, in the medium and by its conversion
into a green fluorescent and impermeable product by esterases of viable cells. After
3 days of culture, cells could attach and cover both nano and micro fibers of the
combined structures (Fig. VI.3A). They were able to bridge between SPCL microfibers
by using collagen nanofibers. The influence of nanofibers on the cell morphology can
be seen better in the SEM image (Fig. VI.3B). In the presence of nanofibers,
osteoblast were stretching themselves along the nanofibers and making bridges
between microfibers. This morphological change of the cells led a cytoskeleton
rearrangement as it was observed by phalloidin staining (Fig. VI.3C). The difference
between the cytoskeletons of osteoblasts growing on nano and micro fibers were
clearly observed by the difference in the formation of actin filaments (please see the

arrows in Fig. VI.3C)
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Cell proliferation was followed by a MTS assay during 7 days. Cell proliferation
increased form days 3 to 7 for both control (samples without collagen nanofibers)
and combined scaffolds. Compared to the cell proliferation in the presence of
nanofibers, metabolic activity of the cells was significantly (p<0.05) higher for all time

period tested.

3.3.Endothelial cell attachment and proliferation

On what concerns to Calcein-AM staining, after 3 days of culture non-coated
combined structures were covered by viable ECs (Fig. VI.4A). On the nano-network
ECs were organizing in circular structures, an arrangement quite distinct from that
observed for the osteoblasts (Fig. VI.3A). SEM data revealed flat and spread ECs on
the nanonetwork and arranged in circular structures (Fig. VI.3C). A higher
magnification unveils that ECs are not only growing on top of type | collagen nano-
fibers but also that these nano-fibers are being integrated into the cellular
cytoplasma (Fig. VI.4D). When analysing the effect of pre-coating (or not) the scaffold
with Fn, it was observed the same cell adhesion pattern and cell morphology, in both
situations, non-coated and Fn pre-coated (Fig. VI.4B, E). MTS data further support
these finding insofar as after 3 and 7 days there was not observed any significative
difference in the proliferation of ECs growing on Fn- and non-coated combined
structures (Fig. VI.4E).
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Figure VI.3 - Osteoblast-like cells on the combined structures after 3 days of culture. A)
Confocal microscopy of HUVECs after staining with the vital dye calcein-AM. B) SEM images
of HUVECs on the developed structures. C) Phalloidin of osteoblasts seeded on combined
structures. Nuclei were counterstained with DAPI and the immunofluorescent micrographs
were obtained by confocal microscopy. Original magnification: X100 D)Proliferation of HUVEs
was determined by MTS assay (F). The values of scale bars are: (A, B) 200 ym.
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Figure VI.4. HUVEC cells on the combined structures after 3 days of culture and the influence
of Fn pre-coating in viability, morphology and proliferation; (A, C, D) non-coated constructs
and (B, E) pre-coated with Fn. Confocal microscopy of HUVECs after staining with the vital dye
calcein-AM (A-B). SEM images of HUVECs on the developed structures (C, D, E). Proliferation
of HUVEs was determined by MTS assay (F). The values of scale bars are: (A, B) 200 um.

Cell morphology of ECs growing on non-coated and Fn-coated combined structures
was further unveiled after actin cytoskeleton staining with phalloidin. On the nano-

network ECs’ cytoskeleton arrangement followed the alighment dictated by type |
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collagen nano-fibers (Fig. VI.5A). One should particularly note that there are single
cells growing on the individual nano-fibers with their actin filaments directed in a
unidirectional way. When looking at the positive control, scaffolds pre-coated with
Fn, no difference was observed in the pattern of cytoskeleton arrangement in relation
to nano/micro-fiber combined scaffold without coating (Fig. VI.5B).

The expression of the cell junction PECAM-1, the major hallmark of the endothelia,
was assessed by immunohistochemistry and visualized by CLSM. ECs growing on the
combined structures were able to express PECAM-1 at cell-cell borders (Fig. VI.5C).
The expression of this important molecule was observed both on micro- and nano-
fibers. Once more, Fn-coating did not influenced ECs behaviour on the developed
combined structures and the same PECAM-1 staining between adjacent cells was

also observed for the positive control (Fig. VI.5D).

Figure VI.5. Phalloidin (A, B) and PECAM-1 staining (C, D) of HUVECs seeded on combined
structures non-coated (A, C) and Fn-coated (B, D). Nuclei were counterstained with DAPI and
the immunofluorescent micrographs were obtained by confocal microscopy. Original
maghnification: X100.
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4. DISCUSSION

Wet-spun microfiber meshes made of SPCL polymeric blend and electrospun
nanofibers from collagen were joined into the same construct, giving rise to
combined structures. For that, it was used a two step methodology, a concept and
technology previously developed and reported by Tuzlakoglu et al. [30]. This new
construct is proposed as a man-made equivalent of natural ECM, which could mimic
the physical and chemical structure of it. SPCL microfiber meshes mainly constitute
the macro support for the cells, while collagen nanofibers laid on them are able to in
some way mimic the collagen fibrils of natural ECM. The role of long and stiff collagen
fibrils in ECM is to serve structural support as well as connecting and recognition
function between cells and the matrix [10]. Collagen has maintained a highly
conserved aminoacids sequence that provides binding sites for integrins presented
in cell membranes. In fact, integrin binding is a key factor for the necessary cell-ECM
communication that is lacking when synthetic polymers are used [31]. Besides the
above mentioned importance, the choice of collagen relay in the fact that is the most
abundant protein within the natural ECM.

In order to evaluate the structural similarity of the developed combined structures to
natural ECM, we used optical and scanning electron microscopy observation.
Furthermore, confocal microscopy was selected to assess and visualize collagen
nanofibers which were supposed to play a role in chemically mimicking besides the
structural one. Structures prepared from micro- and nanofibers demonstrated an
architecture with randomly distributed nanofibers that matches the one in the natural
ECM [10]. In electrospinning experiments, processing conditions, particularly
processing time, were optimized to create nanofibers in appropriate deposition
amount and size. The optimum used conditions were resulted in a random deposition
of nanofibers on the microfiber meshes. The average diameter of nanofibers was
around 400 nm which coincides well with the collagen fiber bundle diameter
characteristic of the natural ECM [32].

Depending on tissue, collagen is present in different types in ECM, and each one of
them plays different roles, such as type VIl is an important component of the

anchoring fibrils of keratinocytes, while type VI acts as a connector of functional
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proteins and GAGs to larger structural proteins [33]. Type | is the primary structural
collagen that exits in most of the tissues including bone. Taking this in consideration,
we used collagen Type | to try to mimic the chemical structure of natural ECM.
Immunohistochemistry results confirmed the collagenous nature of nanofibers which
were deposited on SPCL microfiber meshes.

The herein introduced a layer by layer concept is a novel approach that we have
developed in order to be able to design a closer structure to natural ECM,
simultaneously taking in account the needs for real clinical applications. This rather
simple method allowed us to create a construct with a requested thickness for an
implantation, by means of combining micro fiber meshes with homogenously
distributed nanofibers incorporated into the all bulk of the micro-structure..

The structural merits of developed constructs were evaluated by assessing cellular
responses of two important cell types in bone repair, i.e. osteoblasts and endothelial,
and their proliferation profiles, cytoskeleton arrangement and expression markers.
Data published in this study clearly demonstrated that osteoblast-like cells cultured
on the combined structures were able to stretch themselves along the nanofibers,
while maintaining their typical spindle-like morphology on the microfibers. It is worth
to mention that the surface of SPCL micro fibers were also covered by collagen
nanofibers as it was observed by SEM analysis. With respect to this indication, we
can that claim the morphological changes of osteoblasts were not only influenced by
the chemical nature of the material but also by its the structural organization.

The effect of nano/micro fiber combination on cell viability and proliferation was
screened using a MTS assay. The presence of collagen nanofibers in the structure
resulted in an increase of metabolic activity and growth rate when directly compared
to a scaffold one without nanofibers. A closely similar results were previously
reported with SaOs-2 and rat bone marrow stromal cells in culture on nano- and
micro combined structure made of SPCL [30]. Previous reports have demonstrated
that Type | collagen enhances bone cell viability and growth [34, 35]. It has been
used to coat metallic implant to enhance osteoblast spreading that results in a more
rapid formation of focal adhesions and their associated stress fibers [36, 37]. Our
results suggest that the presence of type | collagen nanofibers appears to influence

the cell viability of the osteoblast-like cells cultured on the developed structures.
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Besides the chemical influence of collagen, the previously deposited nanofibers
reduce large void spaces between microfibers and create larger surface area that the
cells can adhere from the very beginning. With respect to this phenomena, the
presence of collagen nanofibers in the constructs initially clearly increases the cell
seeding efficiency and later on results in a higher cell proliferation.

Cellular adhesion, spreading and migration is known to be dependent on its
cytoskeleton system, including actin filaments [38]. The cytoskeletal organization of
the cells also ordinates the morphological organization of ECM. Therefore, we
performed fluorescent phalloidin staining to visualize actin filaments in the
cytoskeleton of the cells. A clear difference in actin filaments was observed between
the cells growing on the microfibers and the nanofibers. Due to the effect of collagen
nanofibers, cytoskeleton of the cells growing on nanofibers showed more elongated
shape than the one growing on microfibers. Since the cell shape is modulated by
polymerization of actin filaments, these results can explain the morphological
changes of osteoblast growing on nanofibers, which was observed by SEM.

Presently, one of the major hurdles in the clinical application of tissue engineering to
repair of metabolically demanding tissues (e.g. bone) is the absence of a capillary
bed linking the construct to the host blood system [39]. Due to their active role in
angiogenesis, ECs are a key cell type [40]. Besides that, ECs are pivotal members of
a complex interactive communication network in bone [41]. Therefore, the chemical
composition as well as architecture of combined structures was designed envisioning
not only bone forming cells but also ECs. Type | collagen, that together with SPCL is
one the building blocks of this scaffold, is the major constituent of the extracellular
matrices to which proliferating ECs are exposed in injured tissue [42]. Moreover,
collagen also provides adhesive support as for osteoblasts as it has been discussed
above [43]. Therefore, one of the objectives of including a nano-network of type |
collagen was not only to supply a nano-range physical support for cells but also to
provide a cell adhesion promoter. This last aspect is especially important for ECs
once they are very demanding and dependent in terms of substrate adhesion.
Normally, a very common procedure to improve EC adhesion to the substrate is a pre-
coating with molecules from ECM such as Fn [44-46]. In this work we evaluated the

ability of the combined structures to support the growth on ECs without the
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requirement of any additional pre-coating. As a positive control the scaffolds were
pre-coated with Fn. ECs adhered to uncoated combined structures, remained viable
and exhibited a flat and stretch morphology. The same cell adhesion pattern and
cellular morphology were observed for combined structures with Fn coating.
Metabolic activity quantification of ECs further supported the fact that no significant
difference was observed between the positive control and uncoated combined
structures. These overall results indicate that pre-coating with Fn did not further
improve cell adhesion, proliferation or influenced cell morphology.

Angiogenesis is a complex phenomenon with multiple progressive steps towards the
end point of new blood vessels formation. It starts with cell adhesion to the new
substratum, passing by migration, proliferation, organization in tube-like structures
and deposition of new basement membrane; all these steps have as a common
denominator type | collagen [43, 47]. On the nano-network of the developed
constructs ECs organized into circular structures resembling the microcapillary-like
structures formed during angiogenesis. Also, of particular interest is the intimate
contact that was established between ECs and collagen nano-fibers. As observed by
SEM, nano-fibers were integrated within cellular cytoplasma. It has long been
recognized that 3D interstitial collagen type | provokes ECs in culture to undergo
marked shape changes that closely imitate the cord-like structures observed during
adult angiogenesis [43]. This behaviour is ECs-specific and this may explain why
osteoblasts did not exhibit the same morphology and 3D arrangement on the
combined structures.

Regarding ECs cytoskeleton, phalloidin staining revealed different arrangements on
the combined structures. On nano-fibers the cells were more stretched and with actin
filaments aligned in an un-directional way, in contrast to microfibers where cells
exhibit a more disperse conformation of actin fibrils. These differences reflex the
distinct biochemical and physiochemical natures of the substrata on the combined
structures, which ultimately will dictate diverse cell functions such as migration,
proliferation, among others [10].

ECs migration is an important factor for angiogenesis, particularly during sprouting of
new blood vessels from the existing vasculature [43]. The inclusion of the nano-

network was also designed to increment ECs’ motility. This was based on data

169



indicating that ECs are most motile in sparse culture in which they establish few
contacts with their neighbours, in opposition to cells incorporated into a confluent
monolayer that reveal reduced movements [48, 49]. Therefore, it is expected that
when exposed to an angiogenic environment, ECs on the different fiber-size of the
combined structure will behave differently; Sparse ECs on nanofibers will be more
motile than confluent cells lying down on micro-fibers. Also, the collagenous nature of
the nano-network will probably contribute to this motility. This assumption is in
keeping with in vitro studies that have shown that type | collagen not only support
chemotactic migration of ECs but is also responsible for haptotactic migration [43].

For vessel formation, networking and remodelling cell-cell adhesion are particularly
important [49]. PECAM-1 is a cell adhesion molecule, concentrated at the lateral
junctions of adjacent ECs and is a major hallmark of the endothelium. On the
combined structures ECs contacted with their neighbour cells and expressed PECAM-
1 at the borders. PECAM-1 staining was present on the overall structure indicating
that the effect of micro- and nanometric fibre size did not affect cell-cell
communication. These findings confirm the normal endothelial phenotype, being also

a good indicator of the interactions between ECs and the novel combined structures.

5. CONCLUSIONS

In conclusion, we developed combined structures as a new construct nature-inspired
that recreates the physical and chemical environment of bone matrix. These
structures were obtained by a two step methodology where nano-fibers of type |
collagen, with an average size of 400 nm, electrospun on the macro support made
from SPCL fiber mesh. The collagenous nature of the nanonetwork was confirmed by
immunhistochemistry and its 3D architecture characterized by several microscopy
techniques. Furthermore, it was proved the efficacy of the concept layer-by-layer as
an approach to create thicker scaffolds.

Regarding cellular interactions, combined structures were able to support the
adhesion and growth of both osteoblasts and ECs. About osteoblasts, the presence

of type | nanofibers increased metabolic activity and the surface area available for

170



cell spanning. In the particular case of ECs, the inclusion of type | collagen obviated
the need of pre-coating with Fn and cells organized into circular structures
resembling angiogenic organization.

Our findings indicate that combined structures are an appropriate man-equivalent of

natural ECM for bone tissue engineering.
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CHAPTER VII

Cellular Crosstalk on Biomaterials as a Strategy for Bone Vascularization: Co-culture
on a Starch-based Scaffold *

ABSTRACT

The reconstruction of bone defects based on cell-seeded constructs requires a functional
microvasculature that meets the metabolic demands of the engineered-tissue. Solely
relying on post-implantation vascularization will jeopardize the implant. Therefore,
strategies that augment neovascularization need to be identified. We propose an in vitro
strategy consisting of the simultaneous culture of osteoblasts and ECs on a starch-based
scaffold for the formation of pre-vascular structures, with the final aim of accelerating
the establishment of a vascular bed in the implanted construct. HDMECs were co-
cultured with primary human osteoblasts (hOBs) on a 3D starch-based scaffold and after
21 days of culture HDMEC aligned and organized into microcapillary-like structures. With
increased culture time these vascular-like structures evolved from a cord-like
configuration to a more complex branched morphology. Of special importance is the
observation that microcapillary-like structures had a patent lumen and stained in the
perivascular region for type IV collagen, the major constituent of endothelial basement
membrane. Genetic profiling of 84 osteogenesis-related genes was performed on co-
culture versus monoculture. Osteoblasts in co-culture showed a significant up-regulation
of collagen type | (6.8 + 2.6 fold). Immunohistochemistry revealed that the scaffold was
filled with a dense matrix that stained for collagen type |, thus corroborating the
molecular data. In direct contact with HDMEC, hOBs secreted higher amounts of VEGF in
relation to monoculture and the highest peak in the release profile correlated with the
formation of microcapillary-like structures. The heterotypic communication between the
two cell types was also assured by direct cell-cell contact as shown by the expression of
the gap junction Cx43. In summary, this co-culture system is a strategy to form vascular-
like structures in vitro on a 3D scaffold, making use of heterotypic cellular crosstalk
without the requirement for exogenous growth factor supply.

*This chapter is based on the following publication:

Santos M.I, Unger R.E., Sousa R.A., Reis R.L., Kirkpatrick C.J. Cellular Crosstalk on Biomaterials as a
Strategy for Bone Vascularization : Co-culture on a Starch-based Scaffold (2008). Submitted



1. INTRODUCTION

The reconstruction of large skeletal defects, such as those resulting from resection of
bone tumors or trauma, are still a major orthopedic challenge. Tissue engineering
strategies often fail to regenerate these defects due to inadequate vascularization
[1]. A functional microvasculature supplying the construct would guarantee the
metabolic demand of the seeded cells, of the newly formed tissue, and could
participate in other as yet unknown aspects of cellular cross-talk in orchestrating
bone formation. Due to their unique role in angiogenesis, ECs have attracted most
attention in strategies that seek to achieve bone vascularization. However, there is
clear evidence that on their own these cells cannot do more than form incipient
vascular structures that resemble early capillaries but which are not stable in the
long-term [2, 3]. Therefore, ECs co-cultured with the cell characteristic of the tissue to
be regenerated has been a proposed strategy. Hence, since bone is a tissue formed
by several cell types, co-cultures of heterogenous cell types recreates more closely
the in vivo microenvironment than single-cell cultures. Several studies have shown
that there is a reciprocal regulation and functional relationship between ECs and
osteoblasts during osteogenesis [4]. Numerous regulatory molecules (e.g.
endothelins, prostaglandins) which exert major effects in controlling the
differentiation and activity of bone-forming cells are secreted by ECs [5]. On the other
hand, osteoblasts influence EC activity through the release of diverse angiogenic
growth factors, such as VEGF and FGF-2 [6]. Furthermore, cell-cell interactions
mediated by proteins at gap junctions is another communication strategy used
between these two cell types [7].

Previously, our group [8] showed that co-culturing ECs derived from the
microvasculature (HDMECs) with hOBs resulted in the formation of microcapillary-like
structures similar to those observed in vivo. Surprisingly, these two cell populations
were able to “self-assemble” from a cell suspension mixture seeded on the three-
dimensional biomaterials investigated. Other models of co-culture for bone tissue
engineering have been also proposed, such as spheroidal co-culture of HUVECs and

osteoblast co-culture as spheroids [9], co-culture of bone marrow fibroblasts and
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human marrow endothelial cell line on polycaprolactone scaffold [10], spheroid co-
culture of human mesenchymal stem cells with HUVECs [11], and OECs with an
osteoblast cell line or with hOBs on 2D- and 3D-aggregate co-cultures [12].
Nevertheless, most of the co-culture systems proposed to date are mainly models to
study heterotypic interactions and only few include the use of 3D scaffolds [8, 10].
Hence, the goal of this study was to use a human co-culture system directly on
established 3D scaffolds to investigate more closely the cross-talk between
osteoblasts and vascular cells in forming microvessels within the three-
dimensionality of an innovative biomaterial HDMECs:hOBs were co-cultured on fiber-
mesh scaffolds made from SPCL, a 3D support previously proposed and extensively
studied for bone tissue engineering [13-19]. The co-culture system on starch-based
scaffolds was evaluated as a strategy to unravel the mechanisms of formation of
vascular-like structures in the context of biomaterials for bone regeneration. We do
not rule out the possibility of a pre-seeding co-culture strategy, followed by
implantation, but this was not the prime aim of our study, as the problem of rapidly
connecting an in vitro formed microcirulatory network to the functional
microcirculation in vivo has not yet been satisfactorily solved. In addition, specific
questions related to cellular interactions were addressed: i) the 3D cellular
distribution and the dynamics of the two cell populations in the scaffolding material;

i) gene expression profiling and iii) heterotypic communication in co-culture.

2. Materials and Methods

2.1.Scaffolds

A blend of corn starch with poly(e-caprolactone) (30/70 %wt) was used to produce
fiber-mesh scaffolds. In summary, SPCL fibers were produced by melt-spinning (mean
fiber diameter of 213 + 50 ym) and subsequently cut into 10 mm segments. Short
fiber bundles were randomly displaced into the mould cavities and subjected to
thermal treatment before compression and boding of the fibers into a porous mesh.

Standardized scaffolds were finally obtained by cutting the fiber meshes with a
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circular die (0.6 cm in diameter). Scaffolds obtained exhibited 67.9 + 1.6 % of
porosity as determined by uCT. All samples were subsequently sterilized by ethylene
oxide and soaked overnight in medium without serum prior to cell seeding. More
details about these scaffolds and their properties can be found elsewhere [13, 16,
20].

2.2. Cells and culture conditions

ECs were derived from juvenile foreskin (HDMECs) and human primary osteoblasts
(hOBs) isolated from human femoral head explants were used in this study. The use
of this biological material for research purposes was authorized by the responsible
ethical committee and was based on informed consent. HDMECs were obtained by
enzymatic digestion, as previously described [21], and were cultured in Endothelial
Basal Medium MV (PromoCell, Germany) supplemented with 15 % FCS (Sigma-
Aldrich, Germany), 100 U/100 ug/mL Pen/Strep (Sigma-Aldrich, Germany), 2.5
ng/mL, FGF-2 (Sigma-Aldrich, Germany), 10 yg/mL sodium heparin (Sigma-Aldrich,
Germany) and 100 U/100 pg/mL Pen/Strep (Sigma-Aldrich, Germany). hOBs were
obtained by sequential enzymatic digestion of bone chips as described [22] and
cultured in DMEM medium 1000 mg/L (Sigma-Aldrich, Germany) supplemented with
10 % foetal calf serum, 100 U/100 pg/mL Pen/Strep, 300 ug/mL ascorbic acid
(Sigma-Aldrich, Germany), 100 nM dexamethasone (Sigma-Aldrich, Germany) and 2
mM Glutamax (Life Technologies, Germany). The cells used in this study were
between passage 3-4 and were incubated under standard culture conditions (37 °C,
5 % CO2, humidified atmosphere).

2.3. HDMECs:hOBs co-culture on SPCL fiber-mesh scaffolds

HDMECs and hOBs were mixed in a proportion of 4:1 and cultured in HDMEC
medium. One day prior to co-culture, hOBs medium was changed to the one used in

co-culture. Before cell seeding SPCL fiber-mesh scaffolds were pre-coated with Fn
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(10 yg/mL PBS, Roche, Germany) for 1 hr at 37 °C. Subsequently, 1.5 x 105 cells of
the mixed cell suspension was added to each scaffold and cultured for up to 35 days.
Scaffolds were also cultured with HDMECs (1.30 x 105 cells/scaffold) or hOBs (2 x
104 cells/scaffold) alone to be used as monoculture controls. The medium was
changed every 3 days. All experiments were performed with at least three different
HDMEC and hOBs donors.

2.4. Immunostaining of PECAM-1 (CD31) and connexin 43 (Cx43)

In order to distinguish between cell populations and their distribution on the co-
culture, the samples were stained for PECAM-1 (CD31, endothelial specific) and for
nuclei (identifying both hOBs and ECs). Every 7 days of culture a co-culture sample
and one sample from each monoculture control (HDMECs and hOBs) were fixed in a
solution of 2 % paraformaldehyde for 30 min at RT. Samples were rinsed in PBS and
then treated with 0.1 % Triton for 5 min at RT to permeate cell membrane for the
reactions with antibodies. The samples were incubated for 45 min at RT with the
primary antibody mouse anti-human PECAM-1 (1:50, Dako, Denmark). Following PBS
washing, a second incubation was performed for 45 min at RT with the secondary
antibody anti-mouse Alexa Fluor 488 (Invitrogen, Germany). The nuclei were
counterstained with 1ug/mL Hoechst in PBS for 5 min.

For Cx43, a gap junction protein involved in direct cell-cell communication, a double
staining with PECAM-1 was performed. The fixation and permeation procedure was
the same as described above. The samples were incubated for 1 hr at RT with
PECAM-1 antibody and with rabbit anti-human Cx43 (1:50, Cell Signalling, USA). This
was followed by a washing step and then further incubation with secondary
antibodies, goat anti-mouse Alexa Fluor 594 (for PECAM-1, red fluorescence) and
anti-rabbit Alexa Fluor 488 (for Cx43, green fluorescence). After nuclei
counterstaining samples were washed with PBS, mounted with Gel/Mount (Natutec,
Germany) and visualized by CLSM (Leica TCSN NT).
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2.5. Real time PCR

After 21 days of culture, total RNA was extracted from co-cultures and monocultures
on SPCL fiber-mesh scaffolds using the RNeasy Micro Kit (Qiagen, Germany). Total
RNA (0.5 ug) was reverse transcribed using Omniscript RT Kit (Qiagen, Germany).
Equal amounts of cDNA (1.25 ng) plus master mix RT2 SYBR Green/ROX qPCR (12.5
uL) were added in a final volume of 25 L to each well of the human osteogenesis
RT2 Profiler PCR array for quantitative PCR (Superarray, USA). The human
osteogenesis RT2 Profiler PCR array profiles the expression of 84 genes related to
osteogenesis besides housekeeping and control genes. Gene amplification was
performed using Applied Biosystems 7300 Real-Time PCR System (Applera
Deutschland GmbH, Germany). The number of cycles and annealing temperature
were selected according to the manufacturer’s instructions. For these experiments
three different donors for both OBs and ECs were used. In each sample the mRNA
level expression of each gene was normalized to the average expression of the
housekeeping genes GAPDH and ribosomal protein L13A (RPL13A). Gene fold
change was calculated in comparison with HDMEC or hOBs as control samples. For
each individual gene, fold differences in co-culture/monoculture were plotted in logz
scale against the associated statistic probability (p-value in logio scale). Two tailed
Student’s t-test was employed to detect significant differences in gene expression
between co-culture and monoculture (OBs and ECs) experiments. Differences were
considered statistically significant for p<0.05.

To verify the Superarray data obtained for collagen type | gene real time PCR was
performed with primers synthesized commercially: (forward) 5°-
CTGGCCTCGGAGGAAACTTT-3’ and (reverse) 5-CCTCCGGTTGATTTCTCATCA-3’. RNA
was isolated from four different HDMECs and hOBs donors (three donors were the
same as used for array analysis) and reverse transcribed into cDNA as previously
described. Real time PCR was performed with 2.5 ng cDNA and 12.5 pL of 2x-master
mix, primers (0.25 yL forward and 0.25 L reverse primer) in a final volume of 25 pL.
Gene expression was normalized to the expression of the housekeeping gene GAPDH

and gene fold change was calculated as previously explained.
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2.6. Immunohistochemical analysis

The assessment of vascular characteristics (PECAM-1 and type IV collagen staining)
in microcapillary-like structures, as well as the collagenous nature of the matrix in the
inner sections of the construct was performed by immunohistochemistry. Briefly, at
several time points, HDMECs-hOBs cocultures on the biomaterial scaffold were fixed
with 3.7 % glutaraldehyde for 30 min, dehydrated in ascending alcohol
concentrations, changed to xylene substitute and finally transferred to liquid paraffin.
Solidified paraffin blocks were cut in transversal cross-sections (5 ym thick) and prior
to staining were deparaffinized and rehydrated. Sections were blocked with serum for
unspecific binding and then incubated for 1 hr at RT with the primary antibodies:
human anti-mouse PECAM-1, rabbit anti-human collagen type | (1:100, Biodesign
International, USA) or mouse anti-human collagen IV(1:50, Dako, Denmark). After
washing with PBS the biotin-labeled secondary antibody horse anti-mouse or goat
anti-rabbit was added (1:200, Vector, USA) for 1 hr. This was followed by a 30 min
incubation with horseradish peroxide-conjugated streptavidin complex (ABC Kkit,
Vector). Peroxidase staining was performed using DAB as a chromogen (Vector). The
nuclei were counterstained with Mayer's haematoxylin and the sections were

examined under a light microscope.

2.7.Vascular endothelial growth factor (VEGF) quantification

For quantification of soluble factors the supernatant of co-culture and monocultures
(hOBs and HDMEC) on SPCL fiber-mesh scaffolds was collected and stored at -80°C
every 7 days. From each condition, three samples were taken and VEGF was
quantified by ELISA using the human VEGF DuoSet (R&D Systems, Germany)

according to the manufacturer’s protocol. The culture medium was used as blank.
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3. RESULTS

3.1. Formation of microcapillary-like structures in co-culture

Although the two cell types were mixed and seeded as a single cell suspension, at the
first CLSM observation made after 7 days, cellular segregation with HDMEC
appearing as monolayer patches among the osteoblasts was clearly observed (fig.
Vil.1a). With increasing culture time the dynamics of the culture changed, resulting in
a decrease in the ECs population balanced by an increase in the osteoblast
population. Nevertheless, after 21 days of culture cords of microcapillary-like
structures were formed by aligned PECAM-positive HDMECs on SPCL fiber-mesh
scaffolds (fig. VIl.1b). These vascular-like structures were established among
osteoblasts, which deposited a dense matrix in such a manner that the microvessel-
like cords were interwoven through the individual fibers of the scaffold. At day 35,
microcapillary-like structures exhibited formations with several branching points,
denoting a higher level of complexity (fig. VIl.1c-d). In monocultures, HDMEC cultured
alone grew as a monolayer and no vascular-like structures were observed, while
hOBs grew extensively over the 35 days of culture, colonizing the entire scaffold

surface and depositing matrix (fig. VIl.1e-f).
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Figure VII.1. Distribution and organization of HDMECs and hOBs in co-culture (a-d) and
monoculture (e-f) on SPCL fiber mesh scaffolds after 7 (a), 21 (b) and 35 (e-f) days of culture.
In order to distinguish between the two cell populations samples were stained for PECAM-1
(CD31; green fluorescence, endothelial-specific) and nuclei (blue fluorescence, both hOBs
and HDMECs). Note the formation of microcapillary-like structures after 21 days of co-
culture, first as predominantly linear structures and then expansion to extensively branched
forms after 35 days. As control HDMEC (e) and hOBs (f) were cultured in the scaffold for 35
days. The values of the scale bars are: (a, b, ¢) 300 ym; (d) 150 pm,; (e, f) 600 ym and 67
pum for the picture inserted in (b).
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3.2.Expression profile of osteogenesis-related genes

Using the human osteogenesis PCR array the mRNA level of 84 osteogenesis-related
genes was monitored in HDMECs:hOBs co-culture, HDMEC- and hOB-monoculture, all
cultured on the SPCL fiber-mesh scaffolds. The assessment was performed after 21
days of culture, the time point when the first microcapillary-like structures were
observed. Figure VI.2 summarizes in the form of a Volcano plot the expression of
each individual gene in co-culture vs HDMEC-monoculture (fig. VIl.2a) and co-culture
vs. hOB-monoculture (fig. VII.2b), against the respective statistic significance (p
value). Gene up-regulation was considered for a fold increase above 4 and
considered statistically significant for p<0,05. In the case of co-culture vs. HDMEC-
monoculture, 5 down-regulated and 21 up-regulated genes were identified (fig.
VIl.2a). Table VII.1 summarizes these genes grouped according to the biological
processes they are involved in. The down-regulated genes are related with ECM and
cell adhesion (MMP10, ITGA2), as well as with cell growth/differentiation (SMAD1,
BMP-6, FLT1). In regard to up-regulated genes, there was a higher prevalence of
genes that encode molecules related with ECM dynamics such as: structure (ex.
col1Al), cell adhesion (FN1), degradation (ex. CTSK) and mineralization (ALPL).
Furthermore, many other genes were related with skeletal development such as
growth factors (e.g.. IGF-2, TGFBR1) and transcription factors (RUNX2, TWIST1).
Genes such as Col1A1 and IGF-2, whose expression in co-culture increased 924- and
240-fold (respectively), had a very high threshold cycle (CT) value in the amplification
plot of HDMEC-monoculture, near to real-time PCR detection limit. Thus, this
indicates these genes are almost not expressed in HDMEC. In the case of co-culture
vs. hOBs monoculture from the 84 genes under analysis only collagen type | had a
significant up-regulation of 6.4-fold (fig. VI.2b). The remaining genes showed no
significant difference between hOBs cultured alone or co-cultured with HDMEC. To
validate this result the expression of collagen type | was assessed by real-time RT-
PCR. For four different donors, collagen type | was significantly 6.8 + 2.6 fold up-
regulated for hOBs co-cultured with HDMEC on SPCL fiber-mesh scaffolds, thus

validating array results.
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Figure VII.2. Changes in osteogenesis-related genes between co-culture and monocultures on
SPCL fiber-mesh scaffolds, and the respective statistic probability. Fold changes are relative
to differences between co-culture and HDMEC-monoculture (a) and between co-culture and
hOB-monoculture (b). Values were plotted in the form of a volcano plot where the x axis is the
logz fold change and y axis is -logio p-value. The figure shows the threshold for fold change
(vertical lines, 4-fold) and for significant difference (horizontal line, p<0.05). Genes plotted
farther from the central vertical axis have larger changes in gene expression (towards the left
gene expression is down-regulated and towards the right gene expression is up-regulated).
The genes above the horizontal line are statistically significant. This data represent results
from three different donors (ECs and osteoblasts).
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Table VII.1 - Genes regulated in co-culture relative to HDMEC-monoculture. The genes are
grouped according to the final biological function of the protein that they code for.

Biological function | Symbol | Gene full name
Down-regulated genes
Growth factors and BMP-6 Bone morphogenetic protein 6
receptors Flt1 Vascular endothelial growth factor receptor
ECM-related and cell MMP10 | Matrix metalloproteinase 10
adhesion molecules ITGA2 Integrin alpha 2
Transcription factor SMAD1 SMAD family member 1
Up-regulated genes
VEGF Vascular endothelial growth factor
receptors
EGFR Epidermal growth factor receptor
TGFBR1 | Transforming growth factor B receptor 1
Col1A1 Collagen type |, alpha 1
Col1A2 Collagen type |, alpha 2
Col3A1 Collagen type lll, alpha 1
Col11A1 | Collagen type XI, alpha 1
Col12A1 | Collagen type XII, alpha 1
ECM-related and cell Col5A1 Collagen V, alpha 1
adhesion molecules Col14A1 | Collagen type XIV, alpha 1
CTSK Cathepsin K
MMP2 Matrix metalloproteinase 2
FN1 Fibronectin 1
BGN Biglycan
ALPL Alkaline phosphatase
Cell-cell adhesion CDH11 Cadherin 11
molecules VCAM-1 | Vascular cell adhesion molecule 1
. RUNX2 Runt-related transcription factor 2
Transcription factors
TWIST1 Twist transcription factor

3.3.Microcapillary-like structures with lumen formation and type [, IV collagen

expression

Immunohistochemistry was performed on thin sections of SPCL fiber-mesh scaffolds
after 35 days of co-culture. Cross-sections in both the outer and inner parts of the
scaffold revealed a dense network matrix which stained for collagen type | and

occupied all the void spaces between fibers (fig. VII.3a). A more intense collagen type
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I-staining was detected in the immediate surroundings of the microcapillary-like
structures, which demonstrated a definitive lumen containing degenerating cells (fig.
VI1.3b).

Sections were also stained for markers of the endothelial phenotype such as PECAM-
1 and type IV collagen. Cells stained positively for the endothelial marker PECAM-1
were organized in microcapillary-like structures forming a lumen (fig. VII.3¢c, d).
Furthermore, the areas corresponding to microcapillary-like structures were stained
for collagen type IV, one of the hallmarks of the endothelial basement membrane (fig.
VII.3e, f). The overall morphological impression given in figure VII.3 is that of a tissue-
like self-assembly of the EC in a matrix in which the osteoblasts are embedded,

reminiscent of a histological micrograph (fig. VI1.3c).

3.4.Heterotypic communication in co-culture through VEGF and Cx43

The communication between HDMEC and hOBs was assessed at the indirect contact
level through the release of VEGF growth factor and at the direct contact level by the
expression of the gap junction protein Cx43. The concentration profile of VEGF
produced in co-culture along the 35 days of culture was characterized by three
distinct phases: i) from day 7 to 14 a steep increase in VEGF concentration; ii)
between day 14 and day 28 a plateau phase and iii) from day 28 until day 35 a
pronounced decrease of VEGF concentration (fig. VIl.4). On the other hand, in hOB-
monoculture, the VEGF concentration curve exhibited a steady increase (but at lower
magnitude as compared to co-culture) until day 28 followed by a decrease. The VEGF
concentration in co-culture supernatant was 4- to 2-times higher than in hOB-
monoculture (p<0.05), while for HDMEC-monoculture no VEGF was detected. These
results indicate that hOBs in co-culture are stimulated to secret higher amounts of
VEGF.

In fig. VII.5 Cx43 is depicted as a punctuated bright green staining all over the co-
culture section. Due to the co-staining of microcapillary-like structures (PECAM
staining, red fluorescence) and Cx43 it is possible to observe the expression of this

gap junction at HDMEC-hOB interfaces (arrows) and in the areas where osteoblasts
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were depicted alone (only nuclear staining, blue fluorescence). Moreover, the
osteoblasts also maintain a high expression of Cx43 in interaction with the scaffold
material. These results indicate that on the SPCL fiber-mesh HDMECs and hOBs
maintain a crosstalk communication mediated indirectly by VEGF and directly through

the gap junction protein Cx43.

Figure VIL.3. Immunohistochemical staining of thin-sections of HDMECs and hOBs in co-
culture on SPCL fiber meshes after 35 days of culture. The sections were stained for the ECM
macromolecule collagen type | (a, b), for the endothelial marker PECAM-1 (CD31) (c, d) and
for the major element of the endothelial basement membrane collagen type IV (e, f). Nuclei
were counterstained with Mayer's haematoxylin. “* “ Identifies the scaffold material.
Important observations: type | collagen fibers are closely associated with the biomaterial and
concentrated around the vessel-like structures (a). In b. cell detritus in the lumen of the
vessel-like structure, as well as numerous perivascular cells (hOBs) embedded in the type |
collagen matrix. PECAM-1 staining confirms the endothelial nature of the lumen-forming
cells as well as those cells degenerating in the lumen (c,d). The microvascular structures
express a dense type IV collagen perivascular matrix (e,f).
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Figure VIL.4. VEGF release profile in HDMECs:hOBs co-culture and hOBs-monoculture on
SPCL fiber-mesh scaffold. VEGF was quantified in culture supernatant by ELISA. Triplicates
were performed and the data are from a representative experiment. Error bars represent
means + SD and the values were considered significantly different (*) when p<0.05 (two
tailed unpaired Student t-test). No line is shown for the EC synthesis as this was zero at all
times. Marked upregulation of VEGF release in the co-cultures (black line) compared to the
osteoblast monoculture (red line).
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Figure VII.5. Heterotypic cell-cell communication as monitored by Cx43 expression on
HDMECs:hOBs co-culture on SPCL fiber-mesh scaffolds. The co-staining of Cx43 (green
fluorescence dots), PECAM-1 (red fluorescence, staining HDMECs aligned in microcapillary-
like structures) and nuclei (blue fluorescence, marking both cell types was visualized by
CLSM. Cx43 was detected at HDMEC-hOB interface (arrows) and also very strongly on hOBs.
The values of the scale bars are: (a) 75 um and (b) 29 um.
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4. DISCUSSION

This work assessed whether an in vitro strategy can be used to establish a pre-
vascularization through the simultaneous culture of primary human microvascular
ECs and mature human osteoblasts on a previously well characterized SPCL fiber-
mesh scaffolds. A complex system such as this should not be regarded without first
evaluating separately its respective single elements. Thus, previous studies [14, 16-
18] focused on the interactions of osteoblast-like cells or ECs single-cell culture with
SPCL fiber-mesh scaffolds. Rat bone marrow cells seeded on starch-based scaffold
differentiated into osteoblasts, deposited a mineralized matrix and secreted several
growth factors with osteogenic and angiogenic activity [16-18]. In endothelialization
studies, SPCL fiber-mesh scaffolds revealed to be an adequate substrate for the
formation and maintenance of a stable monolayer as well as for the preservation of
normal endothelial phenotype profile, including the ability to respond to a pro-
inflammatory stimulus [14]. Complementary work, involving surface modification of
the scaffold by ar plasma demonstrated that this method is effective in promoting
ECs adhesion and phenotype maintenance without the requirement of coating the
scaffold with cell adhesion molecules [23].

In the co-culture system under evaluation, which started from a mixed cell
suspension of hOBs and EC, the distribution of the two cell types in the scaffolding
material reflected a heterotypic interaction variable through time and involving a
cellular self-assembly phenomenon especially prominent in the case of the HDMEC.
While early time points where characterized by cellular segregation of HDMECs-
monolayer among hOBs, by 21 days of culture HDMECs alighed and organized into
microcapillary-like structures. In these structures, cells established contact through
the cell-cell adhesion molecule PECAM-1. Furthermore, microcapillary-like structures
were present not only in the peripheral parts of the SPCL scaffold, but also in the
innermost regions of the scaffold, evolved along time from a cord-like configuration
to more complex branched structures, reminicent of capillaries in vivo Homotypic EC
contact through PECAM-1 is crucial for vessel formation and maintenance [24].
Immunhistochemistry data further unveiled two important aspects of these vascular-

like structures, such as lumen formation and collagen type IV deposition. Lumen
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formation results from a complex molecular mechanism involving the up-regulation of
over 1000 genes [25, 26]. Collagen IV provides the major structural support to
basement membrane underlying ECs in blood vessels [27]. The formation of a
structure with a lumen and the expression of the major constituent of the endothelial
basement membrane, assures the vascular nature of the established structures.
However, microvessel stability requires crosstalk between EC and mural cells, such
as pericytes. Detailed studies in long-term culture are necessary to determine to
what extent osteoblasts via a process of phenotypic change could adopt a pericyte
and thus vessel stabilizing function. This is currently part of our further research
activity.

The genetic profile of HDMECs:hOBs co-cultures compared to monocultures was also
examined. From the comparative analysis of a panel of 84 genes osteogenesis-
related between co-culture vs. HDMEC-monoculture, 21 genes with significant
changes were observed. However, as the function of these genes is related with bone
formation they are predominantly expressed in osteoblasts, which may be the reason
for the high up-regulation in co-culture. Nevertheless, in co-culture there is a clear
trend towards an increase of mRNAs related with ECM. On the other hand, when
analysing co-culture vs. hOB-monoculture, only the up-regulation of collagen type |
was observed. This 6.8 + 2.6 fold up-regulation of collagen type | was reported for at
least four different donors. Co-culture genetic profiling has also been explored by
other authors. Finkenzeller et al [28] reported down-regulation of PDGFR« in
osteoblasts upon co-cultivation on tissue culture plates, while spheroidal co-culture
studies performed by Stahl el al [29] revealed an up-regulation of VEGFR2, alkaline
phosphatase and downregulation of VEGF. Nevertheless, the co-culture systems were
different in many aspects (for example, ECs derived from macro-/microvasculature,
2D/3D-cultures) and it is thus very difficult to compare such systems in a meaningful
way, as multiple parameters vary.

The observation of a very high up-regulation of IGF-2 in the co-cultures was also
worthy of deeper investigation, as this growth factor is highly relevant for both
osteoblast differentiated function and the process of angiogenesis. This growth factor
known to be produced by both ECs and osteoblasts exerts mitogenic effects on

osteoblasts and it also has pro-angiogenic activity by mediating the induction of VEGF
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[30-32]. Despite the up-regulation of the mRNA that codes for IGF-2, at the protein
level the quantification of IGF-2 by ELISA in the supernatant of co-culture and mono-
cultures revealed no results. Whether the IGF-2 mRNA is not being translated at all or
whether the translated protein is unstable are questions that remain to be
elucidated. Nevertheless, this dual function in both osteoblast proliferation and
differentiation as well as angiogenesis makes IGF-2 a potentially useful growth factor
for bone tissue engineering and regeneration and thus this subject will further
studied.

Immunohistochemical studies revealed that spaces formed between the fibers of the
micromesh scaffold were filled with a tissue-like dense network of collagen type | and
this was consistent with the results of the molecular analysis. Thus, the co-culture of
HDMECs with hOBs on SPCL fiber-mesh scaffold triggered collagen type | mRNA and
protein synthesis. Collagen type | is a marker for bone formation and accomplishes
different functions from mediating cell adhesion to contributing to the mature
osteoblast phenotype as well as providing a template for mineralization [33-35].
Extracellular matrix-associated genes such as type | collagen are expressed during
the proliferative period, whereas in heavily mineralized mature cultures (after 35
days) collagen mRNA level is present at low levels [36]. Hence, since after 21 days of
co-culture high levels of mRNA collagen type | are still observed, most probably hOBs
are still in the proliferative period. Moreover, mRNA coding for markers characteristic
of other phases of bone cell differentiation such as osteonectin in ECM maturation
and osteocalcin in mineralization are not being produced by hOBs at significant
levels, otherwise their expression would be up-regulated on co-cultivation with ECs.
Another aspect further supporting this proliferative phase hypothesis is the absence
of a mineralized matrix as assessed by Von Kossa staining (data not shown).
Collagen type | is known to drive EC migration by chemotaxis and haptotaxis [37]. The
deposition of a very extensive network of collagen type | by hOBs in the scaffold
creates an additional 3D support for ECs to migrate into and to organize into
microcapillary-like structures. We believe that type | collagen is a key factor for
successful neovascularization in this co-culture system insofar as it provides ECs with

the chemical and physical cues for migration and proliferation.
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Another major issue in co-culture is the heterotypic intercellular crosstalk.
Independent of the co-culture system used, it appears that communication between
ECs and osteoblast cells occurs via diffusible factors as well as direct cell-cell contact
[8, 9, 28]. For indirect cell communication, VEGF was the soluble factor examined in
this study since VEGF is a powerful pro-angiogenic factor with well established
actions on ECs and it may have a direct effect on osteoblast functions [38, 39]. The
results obtained for co-culture on SPCL fiber-mesh scaffolds were consistent with
other reports as osteoblasts were the predominant source of VEGF [40] and
osteoblasts in co-culture released higher amounts of VEGF [8]. Furthermore, the
release profile of VEGF with culture time revealed that the highest concentration
peak of VEGF in co-culture coincided with the first observations of microcapillary-like
structures. Recent studies [40] shed some light on the mechanisms responsible for
controlling VEGF-dependent OB:EC crosstalk. These studies suggest a paracrine
mechanism in which VEGF-stimulated ECs release prostaglandins that strongly
promote the VEGF release in osteoblasts.

For direct cell-cell contact the gap junction Cx43 was assessed in this co-culture
system, due to its relevance in bone formation. Intercellular cross-talk between
HDMECs and hOBs mediated by Cx43 occurred when cells were co-cultured on SPCL
fiber-mesh scaffolds. The expression of this gap junction protein was depicted at the
interface of hOBs with microcapillary-like structures formed by neighboring HDMECs.
Previous work [8] has proven that direct cell-cell contact is necessary for the
formation of microcapillary-like structures by HDMECs and that these structures are
not seen in cultures with conditioned medium or co-cultures with indirect contact,
that is separated by a porous synthetic membrane. Moreover, direct cell-cell contact
is a critical aspect of co-culture as the the production of growth factors or gene
expression are dependent on such contact [9, 29]. Cx43 expression was also
observed between hOBs. This is not surprising since it is well described in the
literature that Cx43 is the major gap junction present in osteoblasts and it is known
to modulate the expression of genes pivotal to bone matrix formation and
calcification, such as bone sialoprotein and osteocalcin [41, 42]. It is evident that

further studies are necessary to investigate the time-related course of VEGF receptor
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expression in the EC, as well as much more detailed investigation of connexin

expression in osteoblast-endothelial interactions.

5. CONCLUSIONS

The co-cultivation of HDMEC with hOBs on SPCL fiber-mesh scaffolds proved to be an
effective strategy for the in vitro formation of microcapillary-like structures containing
a lumen and SPCL revealed to be an adequate 3D support for this type of co-culture.
Furthermore, the expression of type IV collagen and the evolution from cord-like
configuration to a branched morphology confirmed the vascular nature and the
complexity of the established microcapillary-like structures. Regarding the underlying
mechanisms, the up-regulation of mRNA collagen type | in co-culture and the
deposition of a dense ECM led us to postulate that by providing chemical and
physical cues for migrating ECs collagen type | is a key molecule and modulator in
this system. Moreover, the VEGF produced by co-cultured hOBs and the expression of
the gap junction Cx43 between the two cell types, indicated that heterotypic
communication, a crucial aspect for co-culture orchestration, was assured. Therefore,
this strategy is defined as self-sustainable insofar as on SPCL fiber-mesh scaffolds
HDMECs and hOBs recreate the physical and chemical microenvironment favourable
for the formation of vascular-like structures, thus obviating the need for an

exogenous supply of pro-angiogenic stimuli.
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CHAPTER VIII

CONCLUSIONS

The main aim of this thesis was to address structural and cellular aspects that allow
the design of vascularization strategies for 3D starch-based scaffolds. The first part
of the work was devoted to the study of the interactions of endothelial cells (ECs) with
fiber-mesh scaffolds made from a blend of starch with poly(e-caprolactone) (SPCL)
and to the development of surface and architectural upgrades of this scaffold
towards the improvement of ECs adhesion and functionality. In the second part it was
explored the existent communication between ECs and osteoblasts through the
establishment of co-culture systems for the in vitro formation of vascular structures
on SPCL fiber-mesh scaffolds.

Considering the void that existed on ECs compatibility of SPCL fiber-mesh scaffolds,
chapter Il addressed this subject and evaluated in which extent the scaffolding
material affected ECs behaviour. Both human umbilical vein endothelial cells
(HUVEC) and the human endothelial cell line HPMEC.ST1.6R used as a model of
macro- and microvascular ECs (respectively) were able to adhere and proliferate on
SPCL fiber-mesh scaffolds for the tested period. ECs growing on the scaffolding
material exhibited the typical flattened morphology and the expression of the main
endothelial markers platelet/endothelial cells adhesion molecule-1 (PECAM-1) and
von Willebrand factor (vWF) was confirmed by immunofluorescence. Nevertheless,
adhesion was only accomplished by means of pre-coating SPCL fiber-mesh scaffolds
with the adhesive protein fibronectin, a treatment that is common to ECs cultures.

Beyond their key role in angiogenesis, ECs also participate in inflammation through
the expression of cell adhesion molecules that recruit circulating leukocytes. Upon

stimulation with the pro-inflammatory stimulus lipopolysaccharide, ECs on SPCL fiber-
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mesh scaffolds retained the ability to up-regulate the expression of the cell adhesion
molecules E-selectin, intercellular cell adhesion molecule-1 (ICAM-1) and vascular
cell adhesion molecule-1 (VCAM-1). This is doubly important because not only the
scaffolding material does not induce the inflammatory profile on adhered ECs but

also when stimulated the cells are capable of inducing an adequate response.

Despite these results that point out to a positive interaction between ECs and SPCL
fiber-mesh scaffolds, the fact is that ECs adhesion was dependent on coating with
adhesive proteins. Hence, in chapter IV the surface of SPCL fiber-mesh scaffolds was
modified by means of argon (Ar) plasma treatment in order to tailor it towards ECs
adhesion and obviate the use of protein pre-coating. Plasma modified SPCL fiber-
mesh scaffolds could successfully sustain HUVECs adhesion, proliferation, viability
and the expression of the intercellular junction protein PECAM-1, similarly to what
observed for scaffolds pre-coated with fibronectin. This outcome of plasma modified
surface that it is not typical for other biodegradable type of substrates resulted from
the interplay between surface properties and adsorbed proteins. The detailed
characterization of the physical and chemical properties of the modified surface
revealed an increased surface roughness, change in topography and higher oxygen
content. Consequently, these properties modulated protein adsorption as indicated
by the different adsorption profile of vitronectin and finally the adsorbed proteins

controlled ECs cell behaviour.

Once identified the surface favourable to ECs biology, the next piece of work dealt
with architectural upgrades of SPCL fiber-mesh scaffolds inspired in extracellular
matrix (ECM). Chapter V focused on ECs interactions with nano/micro fiber-combined
scaffold, a scaffolding material that integrates a nano-network mimicking the
physical structure of ECM. One of the proposed strategies to accelerate
vascularization consisted in seeding the scaffold with ECs and involves subsequent
migration and interaction with host ECs. Due to the critical role of ECM in cell
migration during angiogenesis it was hypothesized that the nano-network could
provide the physical structure to elicit and guide ECs distribution. It was observed

that the presence of nano-fibers allowed ECs to span in the bulk structure of the
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scaffold without compromising the porosity and interconnectivity of the structure. ECs
on nano-fibers exhibited a peculiar elongated morphology but retained the
communication between neighbouring cells, as well as an inflammatory profile
similar with control (scaffolds without nano-fibers). Of special attention is the fact
that when exposed to an in vitro angiogenic environment ECs on the combined
structure were able to migrate from the scaffolding material into the collagen gel and
to organize into capillary-like structures. This very promising angiogenic potential of
nano/micro fiber-combined scaffold was probably the result of the combined action

of increased surface area, the ECM-like structure and the elongated cell morphology.

In chapter VI it was developed and tested collagen-nano and SPCL-micro fiber-
combined scaffold, a structure inspired not only in the physical structure but also on
the biochemical composition of ECM. This combined structure incorporates a type |
collagen nano-network obtained by electrospinning and a fiber-mesh structure
produced by wet-spinning. It was assessed the cellular response of the osteoblast-
like cell line Sa0s-2 and of HUVECs, and for Sa0s-2 cells the inclusion of a type |
collagen nano-network induced a stretched morphology and improved the metabolic
activity. On the other hand, for HUVECs, besides inducing an elongated morphology
this structure provided adhesive support, thus obviating the need of coating with an
adhesive protein. Additionally, of special remark was the 3D arrangement of HUVECs
on nano-network into circular structures that resemble microcapillary-like
organization, a different configuration from that observed for osteoblast-like cells.
Furthermore, it was successfully proven the concept of layer-by-layer, a methodology

used to produce thicker structures.

After gathering valuable information regarding the interaction of ECs with 3D starch
based scaffolds, chapter VIl addressed a complex cellular strategy aimed for the in
vitro formation of pre-vascular structures on the scaffolding material. This approach
explored the heterotypic cross-talk existent between ECs and osteoblasts and
consisted in the simultaneous culture of these two cell types on SPCL fiber-mesh

scaffolds. The co-culture system of human dermal microvascular endothelial cells
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(HDMEC) and primary human osteoblasts (hOBs) was successfully established on
SPCL fiber-mesh scaffold and after 21 days of culture it was observed the formation
of microcapillary-like structures. The complexity of these vascular structures
positively-stained for PECAM-1 was patent in the branched morphology, in the
existence of lumen and in the perivascular region stained for type IV collagen.
Probably one of the key molecules in this system was type | collagen. Deposited by
hOBs as a dense matrix, type | collagen provided the physical and chemical cues for
migrating ECs. Furthermore, molecular data further supported this finding once in the
genetic profile of 84 genes osteogenesis-related type | collagen was the only gene
with a significant up-regulation in co-culture relatively to monoculture. Nevertheless,
other mechanisms such as direct and indirect communication between ECs and
hOBs might also being orchestrating the co-culture system. This hypothesis was
corroborated by the higher production of VEGF in co-culture and by the cell-cell

contact established by means of gap junction connexin 43.

In summary, the work described in this thesis is intended to generate the foundations
and the knowledge that will support the development of more complex strategies that
can actually lead to establishment of a functional vascular supply on bone tissue
engineered constructs. Thus, it is expected that each individual piece of evidence
generated in this thesis can be used as the building block for the construction of new
3D-scaffolds able to mimic the complexity and functionality of a vascularised bone
tissue. Furthermore, it is envisioned that the established co-culture systems can be
the starting point for the development of tri-culture systems encompassing a third

element such as mural cells, to promote the formation of long-lasting blood-vessels.
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