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Surface biofunctionalization of polycaprolactone fibrous meshes for skeletal and neural tissue
advanced therapies

ABSTRACT

Damage of the skeletal and neural tissues has a significant impact over the quality-of-life
of patients and high socio-economical costs. Current treatment options are not effective in long
term, due to the suboptimal integration with the host tissue and limited bioactivity of
implantable biomaterials. The immobilization of biomolecules at the surface of biomedical
devices has attracted increasing interest, allowing for their local bioavailability avoiding

systemic side effects and longer half-life.

Envisioning the development of advanced therapies, the electrospun nanofibrous meshes
(NFMs) were used as a substrate due to their fibrous structure mimic the extracellular matrix
(ECM) of many tissues, allowing cell-cell and cell-biomaterial interactions. For that, the surface
of polycaprolactone NFMs was activated and functionalized with amine groups allow for
covalent immobilization of defined antibodies, with the capacity to selectively bind autologous
biomolecules. Different biofunctional substrates with chondrogenic inductive properties were
developed through the surface biofunctionalization of NFM with endogenous human
fibronectin, extracellular vesicles or the combination of endogenous Transforming Growth
Factor-B3 and Insulin-like Growth Factor-I. All these biofunctional substrates successfully
induced the chondrogenic differentiation of human bone marrow-derived mesenchymal stem
cells (hBM-MSCs) under basal culture conditions. Blood-derived Nerve Growth Factor bound
to the surface of NFMs remains bioactive, being an effective inducer of the neurogenic
differentiation of a relevant cell line. Additionally, we developed a biofunctional system able
to mimic the vasculature of bone tissue, comprising Bone Morphogenetic Protein 2 and
Vascular Endothelial Growth Factor in a parallel pattern design. This biofunctional system

enabled a spatially defined osteogenic and angiogenic differentiation of hHBM-MSCs.

The surface biofunctionalization of biomaterial substrates enables developing
biofunctional systems envisioning patient-specific devices promoting skeletal and neural tissue
regeneration that can maximize and extend the local efficacy and minimize the side effects of

the use of biologic based therapies in patients.

Keywords: Antibodies Immobilization; Bone; Cartilage; Electrospun Nanofibrous

Meshes; Nerve;

Biofuncionalizacio da superficie de membranas fibrosas de policaprolactona para terapias
avancadas de tecido esquelético e neural



RESUMO

A deterioracdo dos tecidos esquelético a neural tém um impacto significativo na qualidade
de vida dos pacientes e um elevado custo socioecondmico. Os tratamentos atualmente
disponiveis ndo sdo eficazes a longo termo, devido a inadequada integracdo com o tecido
hospedeiro e a baixa bioatividade dos biomateriais implantados. A imobilizagdo de
biomoléculas constitui uma estratégia alternativa, permitindo a biodisponibilidade local das
biomoléculas evitando efeitos colaterais sistémicos.

Ambicionando desenvolver terapias avancadas, malhas fibrosas produzidas por
“electrospinning” (NFMs) foram usadas como substratos poliméricos devido a sua estrutura
fibrosa similar a matriz extracelular (ECM) de muitos tecidos, promovendo as intera¢des célula-
célula e célula-biomaterial. Para isso, NFMs de policaprolactona foram ativadas e
funcionalizadas com grupos amina, permitindo a imobilizagdo covalente de anticorpos pré-
definidos, com capacidade de ligar seletivamente biomoléculas autdlogas. Foram
desenvolvidos diferentes substratos biofuncionais, com propriedades indutoras de
diferenciagdo condrogénica, mediante liga¢ao de fibronectina humana, vesiculas extracelulares
ou a combinag¢ao do fator de transformacao do crescimento beta 3 com o fator de crescimento
semelhante a insulina tipo I. Todos estes substratos biofuncionalizados foram capazes de
induzir a diferenciagdo condrogénica de células estaminais mesenquimais derivadas de medula
6ssea humana (hBM-MSCs) sendo cultivadas em condi¢des basais. O fator de crescimento
nervoso ligado a superficie das NFMs permanece bioativo, sendo um indutor eficaz da
diferenciagdo neurogénica de uma linha celular relevante. Numa outra abordagem, foi
desenvolvido um sistema biofuncional capaz de mimetizar a vasculatura de um tecido dsseo,
ligando paralelamente a proteina morfogenética ossea 2 e o fator de crescimento do endotélio
vascular sobre uma mesma NFM. Este sistema biofuncional permitiu a diferenciagdo
osteogénica e angiogénica de hBM-MSCs espacialmente definida.

Concluindo, a biofuncionalizagdo de substratos produzidos por “electrospinning” permite
o desenvolvimento de dispositivos biomédicos personalizados, capazes de promover a
regeneracdo do tecido esquelético e neural, maximizando a eficdcia local e minimizando os

efeitos colaterais do uso de terapias biologicas em pacientes.

Palavras-chave: Cartilagem; Imobiliza¢dao de Anticorpos; Malhas fibrosas produzidas por

“electrospinning”; Nervo; Osso;
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INTRODUCTION TO THE THESIS FORMAT

The present thesis is divided into six main Sections (1 to 6) comprising eight Chapters (I
to VIII). This structure allows organizing the data presented in the various chapters, according
with the specific aims of each work, the nature of the experiments performed and the results
achieved. The Section 1 includes a general introduction to the biofunctionalization of
biomaterial substrates, as well as the characterization of the state-of-art on strategies
implemented for cartilage, nerve and bone regeneration (Chapters I). A detailed overview of
the materials and methods used in this thesis is presented in Section 2 (Chapter II). The
experimental results are presented and discussed in Sections 3 to 5, focusing on the production
of highly biofunctional nanofibrous substrates envisioning patient-specific strategies, based on
the target tissue, namely Cartilage (Section 3), Nerve (Section 4) and Bone (Section 5). The
main body of the thesis is based on a series of papers published in international journals or
submitted for publication, which are identified in the front page of each chapter. Therefore,
each thesis chapter is presented in an adapted version of the published or submitted manuscript
style, keeping its contents, but intended to have a consistent structure between the various thesis
chapters. A list of relevant references is also provided as a subsection within each chapter.
Finally, Section 6 (Chapter VIII) completes this thesis with the concluding remarks of the

experimental work, as well as the future perspectives of the developed technologies.

Section I — General introduction

Chapter I — Surface biofunctionalization to improve the efficacy of a biomaterial

substrate for use in regenerative medicine: This chapter provides a general overview of the

latest advances in surface functionalization strategies, by covering the different methods and

techniques that can be used in the Tissue Engineering and Regenerative Medicine (TERM).

Section Il — Detailed description of experimental materials and methodologies

Chapter II — Materials and Methods: This chapter provides a detailed analysis of the

materials used, the processing techniques, the surface biofunctionalization strategies and the
techniques used for the physicochemical characterization of the scaffolds. The biological tests
with both model cell lines and primary cultures of human bone marrow mesenchymal stem cells
or human articular chondrocytes are also described. The biological assays include the analysis

of the cell viability and proliferation, the total protein synthesis and the quantification of a
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neurogenic, chondrogenic and osteoblastic markers by immunohistochemistry and quantitative

PCR. The in vivo angiogenesis evaluation is also described.

Section III — Strategies for Cartilage repair

Chapter IIl — Fibronectin bound to a fibrous substrate has chondrogenic-inductive

properties: This chapter described the development of a biofunctional electrospun nanofibrous
substrate able to specifically bind endogenous fibronectin from a pool of human blood plasma
samples. The role of the bound fibronectin was evaluated in the chondrogenic differentiation of

human bone marrow-derived mesenchymal stem cells (hBM-MSCs).

Chapter IV — Extracellular Vesicles Delivery Systems Capable of Inducing the

Chondrogenic Differentiation: This chapter aims to report on a biofunctional system based on

extracellular vesicles (EVs) derived from human articular chondrocytes (hACs) or
chodrogenically induced hBM-MSCs. The regenerative potential of these EVs delivery systems
were confirmed by assessing their contribution to induce the chondrogenic differentiation of

hBM-MSCs in vitro.

Chapter V_— Chondrogenesis-inductive nanofibrous substrate using both biological

fluids and mesenchymal stem cells from an endogenous source: In this chapter, we report on

the production and testing of a biofunctional system with chondrogenic induction capacity,
through the immobilization of endogenous TGF-B3 and IGF-I retrieved from platelet lysates.
The chondrogenesis potential of this biofunctional nanofibrous substrate was assessed by

culturing hBM-MSCs, confirming those successfully induved chondrogenesis.

Section IV — Strategies for Nerve regeneration

Chapter VI — Guided Nerve Regeneration Mediated by Endogenous NGF bound at the

surface of an Electrospun Fibrous Mesh: This chapter describes the selective immobilization of

endogenous nerve growth factor (NGF), derived from rat blood plasma, at the surface of an
electrospun nanofibrous substrate. The neurogenic potential of this biofunctional nanofibrous
substrate was confirmed by culturing rat pheochromocytoma (PC12) cells during 7 days,

without any further induction.

Section V — Strategies for Bone regeneration

Chapter VII — Spatial immobilization of endogenous growth factors to control

vascularization in bone tissue engineering: This chapter describes a proof-of-principle study,
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aiming to demonstrate that two growth factors can be bound in a spatial controlled way over
the same nanofibrous substrate. The developed biofunctional system is able to bind endogenous
BMP-2 and VEGF from human platelet lysates, envisioning an autologous vascularized bone
tissue engineering strategy. The bioactivity of the bound growth factors was tested with hBM-
MSCs, confirming the simultaneous induction of osteogenesis and angiogenesis of the cells by
the nanofibrous substrate. The in vivo angiogenic potential of the biofunctional system was
confirmed by testing the efficacy of this device in a chick chorioallantoic membrane (CAM)

assay.

Section VI — Concluding remarks

Chapter VIII — General Conclusions and Future Perspectives: The final section of the

thesis presents the overall conclusions achieved from the collection of research works
previously reported. It is also discussed the future perspectives and research lines to be

followed.
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“Believe in yourself and all that you are.
Know that there is something inside you that is greater than any obstacle”

Christian D. Larson
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“One, remember to look up at the stars and not down at your feet.
Two, never give up work.
Work gives you meaning and purpose and life is empty without it.

Three, if you are lucky enough to find love, remember it is there and don't throw it away.”

Stephen Hawking
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Chapter I

Surface Biofunctionalization to

Improve the Efficacy of a Biomaterial Substrate for

use in Regenerative Medicine "

ABSTRACT

Surface biofunctionalization has emerged in the past decade as a promising tool in Tissue
Engineering and Regenerative Medicine (TERM) approaches. The development of a
biomaterial with regenerative properties is challenging, primarily owing to the requirement of
achieving a surface that enhance cell attachment, proliferation and maturation/differentiation.
There are numerous possible approaches for biofunctionalizing a biomaterial, which can be
classified as non-covalent and covalent immobilization. However, an important aspect to have
into consideration is the maintenance of stable/available bioactive molecule. Bioactive
molecules, such as growth factors, play a pivotal role in the wound healing cascade mediating
a wide range of cellular activities. Therefore, the immobilization of such bioactive molecules
at the surface of biomaterial substrates has attracted tremendous interest in TERM approaches.
In this review, we will discuss a wide range of bioactive molecules, different
biofunctionalization strategies, and the most relevant results addressed by novel promising

strategies.

This chapter is based on the following publication:

Casanova M. R., Reis R. L., Martins A. and Neves N. M., “Surface Biofunctionalization to Improve the Efficacy of Biomaterial
Substrates to be used in Regenerative Medicine”, Submitted for publication.
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1-1. INTRODUCTION

Loss of tissue and organ function caused by injuries or diseases can lead to a dysfunctional
physiological response of the body. Furthermore, the auto-regenerative process may not lead to
restore the normal structure and function of those tissues/organs [1, 2]. Currently, the
transplantation of organs (e.g. kidney, liver, heart, lung, pancreas), tissue transplants (e.g.
autografts, allograft, xenografts and other substitutes), the administration of bioactive factors
and the implantation of artificial devices (e.g. metal-alloys, ceramics and inert prosthesis), are
the optional clinical therapies available for those conditions [1, 3, 4]. However, the efficacy of
these methods in restoring tissue structure and function is low, insufficient biocompatibility,
owing to immune rejection, chronic inflammation and lack of clinical predictability [5, 6].
Therefore, tissue and organ regeneration remain an enormous clinical challenge, becoming an
increasingly common worldwide health problem. Alternative methods for tissue and organs
regeneration are being investigated in the Tissue Engineering and Regenerative Medicine
(TERM) field, opening new solutions and strategies. The main aim of TERM is thus to repair
or replace damaged or injured tissues [1, 2]. The development of effective strategies relies on
the increasing our knowledge on wound healing and tissue formation physiology, as well as on

the advances made in material science and cell biology [2, 7].

The biomaterial substrates significantly influence the attachment, proliferation and
function of regenerative cells [8]. Therefore, the development of suitable biodegradable
biomaterials as candidates for TERM is an active field of research [9-12]. It is important to keep
in mind that the cell-biomaterial interface has to be compatible and able to integrate with the

host tissue in order to allow for a precise control of cell fate.

Over the years, studies on biofunctionalization of biomaterial substrates (i.e., modification
with biologically relevant and effective molecules) have been of great importance for TERM
[13-16]. In a biofunctionalization strategy, the introduction of functional groups at the surface
of the biomaterial substrate will act as cell recognition site or as focal points for further
modification with bioactive molecules. Therefore, the biomolecular modifications could lead
to promising bioactive biomaterial substrates with ability to control interactions with cell
receptors (e.g. integrins), enhancing cell proliferation, differentiation, production and
organization of extracellular matrix (ECM). There are different immobilization strategies that
can be performed into biomaterial substrates for their biofunctionalization [17, 18].

Nevertheless, it is important to ensure the preservation of the bioactive molecule functionality.
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Covalent immobilization meets some of these requirements, leading to the development of
bioactive biomaterial substrates with functionality and to the possibility to achieve a localized
and prolonged bioactivity of the immobilized bioactive molecules [16, 19, 20]. Biological
samples like platelet rich plasma (PRP) have gained special interest as an autologous source of

a variety of bioactive molecules envisioning a personalized therapy.

This section discusses different biofunctionalization strategies covering the different
methods and techniques that can be used in the TERM field. In particular, the modification with
biologically relevant and effective molecules are reviewed in great detail, emphasizing their

potential applications in nerve, cartilage and bone regeneration.

I-2. ADVANCED STRATEGIES IN TISSUE ENGINEERING AND REGENERATIVE MEDICINE

TERM is an emerging field focused on the development of alternative therapies for
tissue/organ repair or regeneration. Those strategies require biomaterials interaction and its
integration with the most tissue and cells, incorporating appropriated physical and cellular

signals.

In general terms, a TERM approach consists on the combination of three different
fundamental factors, namely cells (exogenous or autologous), biomaterials/scaffolds
(supporting the formation of tissues in vitro or delivery of cells in vivo), and bioactive molecules
(provided by the culture medium, the scaffold or the host). The most common implemented
approaches may include the following: (i) the delivery of healthy cells directly into the defect
site, in order to overcome the loss of cells resulting from the diseased tissue or trauma; (ii) the
delivery of morphogens or tissue healing molecules that stimulate the host cells; and (iii) the
implantation of a 3D matrix or scaffold biomaterial in which the cells grow to create a living
3D tissue substitute [21-24]. All these strategies involve either the design of a pre-formed
scaffold or/and injectable biomaterial substrate, able to properly delivery and maintain the
seeded cells or mobilize endogenously recruited cells in the site of action. Therefore, the surface
biofunctionalization can be exploited both with seeded or with unseeded biomaterial substrates

in order to enhance the efficacy of the tissue repair.
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I-2.1. Cell Sources

The cell is the basic structural, functional and biological unit of a living organism.
Multicellular organisms are composed of many different cell types with specialized functions.
Therefore, depending on the final application and the tissue to be repaired by the TERM
approaches, different cell sources can be selected such as the blood, skin, bone, muscle or
epithelium cells [25]. A reliable cells source should be easily isolated and expandable, non-
immunogenic and have the ability to differentiate into a phenotype similar to the tissue that will
be regenerated. An autologous strategy consists of obtaining a donor biopsy, followed by cells
isolation and expansion in vitro, and, finally their implantation back into the donor [24]. The
cells can be also xenogenic (such as bovine or porcine) or allogenic (from the same species but
from a different individual). Due to the limitation of growing terminally differentiated cell types
to obtain therapeutically relevant quantities, stem cells have emerged as strong alternatives.
Stem cells have the remarkable capacity to renew themselves through cell division (the self-
renewal capacity) and to differentiate into various cell types (the differentiation capacity) under

certain physiologic or experimental conditions [26, 27].

Based on differentiation capability to form multiple cells types, stem cells can be classified
as ‘totipotent’, ‘pluripotent’, ‘multipotent’ fetal stem cells and ‘multipotent’ adult stem cells
(ASCs). ‘Totipotent’ cells have the capability to form all embryonic and extra- embryonic
tissues, namely the embryo and the trophoblast of the placenta [28]. ‘Pluripotent’ cells are
capable to origin almost all cells that arise from the three germ lines, but not the embryo because
they are not able to origin the placenta and supporting tissues. The inner cell mass (ICM) also
known as embryonic stem cells, are considered to be ‘pluripotent’ cells. However, the
application of the embryonic stem cells in tissue engineering applications have some
drawbacks, namely tumorigenic and immunological incompatibility [29, 30]. The multipotent
fetal stem cells derived from the three embryonic germ layers (i.e. ectoderm, mesoderm and

endoderm) are capable to origin particular cells, such as organs and tissues [28].

Induced pluripotent stem cells (iPS cells) are a type of pluripotent stem cell recently
described as another promising stem cell source. IPS cells are artificially derived by transfection
of certain stem cell-associated genes into non-pluripotent cells, such as adult fibroblasts [31,
32]. After transfection cells become morphologically and biochemical similar to pluripotent
cells. This similarity includes the expression of certain stem cell genes and proteins, doubling

time, embryoid body, teratoma and viable chimera formation, as the ability to form multiple
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cells types [32, 33]. However, the full extent of their exact relation to “natural” pluripotent stem

cells is still under study [34].

ASCs are a type of multipotent stem cells, which are presented in fully differentiated adult
tissues. These stem cells are highly exploited for TERM applications [16, 35-39], since in the
body they are responsible for the growth, maintenance, regeneration and repair of diseased or
damaged tissue. Among the ASCs, the Mesenchymal Stem Cells (MSCs) were originally
identified in the bone marrow and have been demonstrated prominent therapeutic proprieties
[40]. It has been reported that MSCs secrete a variety of autocrine/paracrine factors that support
regenerative processes, induce angiogenesis, protect cells from apoptosis and modulate the
immune system. Indeed, MSCs from different sources have been reported to act as potent
regulators of immune response. They were shown to inhibit the activation of T-, B- and
dendritic cells while inducing the generation of Treg and regulatory macrophages [41].
Currently, there are ongoing clinical trials using MSCs for the treatment of some immune

disorders [41, 42].

MSCs can be isolated from many types of adult tissues such as bone marrow [43], umbilical
cord [44], fat [45], synovial fluid [46], dental pulp [47] and muscle [48], and are characterized
by their ability to undergo extensive self-renewal in vitro and to go through multilineage The
immunophenotypic analysis of MSCs are characterized in a minimalist fashion as a plastic-
adherent cell population with the following surface markers: CD13, CD44, CD73, CD90,
CD105 positive, CD14, CD11b, CD 34, CD45, CD79 and HLA-DR negative [49]. The use of
MSCs has several advantages, as they have unique biological properties, including their
capability to extensive in vitro replication in an undifferentiated state, and to differentiate along

multiple pathways [50].

MSCs have become one the main cell source for tissue repair, being an interesting
candidate for cell-based therapeutics and regenerative medicine when compared to
differentiated cells [51, 52]. Specifically, Bone Marrow-derived MSCs (BM-MSCs) and
Adipose-derived MSCs (ADSCs) are the most common sources used in the TERM field [53].
Both have an identical potential to differentiate into cells and tissues of mesodermal origins,
namely adipocytes, cartilage, bone and skeletal muscle [54-56]. The BM-MSCs has a greater
ability to differentiate into chondrogenic and osteogenic lineage than do ADSCs [54, 56, 57].
Therefore, the BM-MSCs have been extensively studied in cartilage [58-63] and bone [64-66]

tissue engineering.
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I-2.2. Requirements of a Biomaterial Scaffold

In TERM strategies, the scaffold plays a unique role, as it is designed to serve as a
temporary support for cell proliferation, migration and differentiation, in order to form a hybrid
tissue construct in vitro [67]. Therefore, the development of suitable biodegradable biomaterials
as candidates for TERM is an active field of research [9-12]. It is important ensure that the cell-
biomaterial interface is compatible and integrate with the host tissue in order to allow for
precisely control of cell fate. Biomaterial substrates must behave as bioactive instructive
scaffolds with the capacity to direct the cell behavior. These interactions are governed by
surface energy, chemical composition, stiffness, as well as roughness and topography of the

biomaterial surface in contact with the host micro-environment [68].

A suitable biomaterial substrate should possess adequate pore size, level of porosity,
mechanical stability, degradation kinetics, and good biocompatibility. For a successful
applicability in clinical TERM strategies, the scaffolds should have the following properties:
(a) promote cell-biomaterial and cell-cell interactions, cell adhesion and ECM deposition [69-
71]; (b) the porosity and the pore size should allow for the cell ingrowth and facilitate diffusion
of nutrients and metabolites [1, 72, 73]; (c) permit sufficient transport of gases, nutrients and
other soluble factors to allow cell survival [74-77]; (d) biodegradability in a rate compatible
with that of the neo-tissue growth [78-80]; (e) act as delivery vehicles for cells, biomolecules
and bioactive factors [39, 81-83]; (f) support the mechanical stresses and retain mechanical
strength after implantation, providing the correct mechanical environment for the neo-tissue
formation [1, 11]; (g) elicit an acceptable degree of inflammation in vivo [1, 12, 84]; and h) a

cost-effective fabrication [1, 68].

Biodegradable biomaterials, either natural (e.g. collagen, alginate, fibrin, chitosan, starch)
[85-94] or synthetic (e.g. polycaprolactone (PCL), poly-L-lactic acid, poly-lactide-co-
glycolide) [75, 78, 95-101], have been processed into scaffolds for tissue engineering. Natural
biomaterials can intrinsically provide some positive biochemical cues, although presenting
some limitations such as its limited mechanical properties, are prone to batch-to-batch
variability, have short shelf life and immunoreactivity. In contrast, synthetic biomaterials can
be chemically and mechanically tuned, are easily sterilized, more reproducible and have a
longer shelf life [102]. However, current clinically used biomaterials have limited functional

capacity to repair the injured tissues [103]. One of the major problems related with implantable
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biomaterials is the limited bioactivity and suboptimal integration with the host tissue, thus a

biofunctionalization with biomolecules is required to increase the integrative tissue repair.

Among the different polymer processing techniques, electrospinning has been proposed as
an efficient technique for the production of non-woven micro- to nano-fibrous meshes [104,
105]. The fiber dimension defines several interesting properties such as area to volume ratio,
porosity and mechanical properties. From a biological point of view, almost every extracellular
matrix (ECM) of connective tissue is based on nanofibrous structures (e.g. skin, cartilage and
bone). This similarity makes electrospun nanofibers great candidates to provide the cells an
environment similar to the native structure of the ECM [95, 106]. Most of the desirable
properties of tissue engineered scaffolds can be addressed by electrospun nanofibrous meshes,
such as porosity, interconnected pores with adjustable pores size, capabilities for effective
surface functionalization and adjustable surface morphology [107-110]. Therefore, our research
group has been exploring electrospun nanofiber meshes (NFMs) obtained by electrospinning
for cartilage and bone tissue engineering applications [95, 108, 111-118]. Aiming to improve
the NFMs functionality, different antibodies, proteins and lepidic nanoparticles were been

immobilized at the surface of nanofibers [13, 16, 112, 113, 119-121].

1-2.3. Bioactive Molecules

Different signals from the extracellular microenvironment can play significant roles over
the cell performance, namely insoluble ECM macromolecules, diffusible/soluble molecules,
and cell-cell receptors (Figure I-1 a). The insoluble bioactive molecules can be whole proteins,
such as ECM proteins or short peptides sequences (cell binding domains) isolated from the
ECM proteins [122]. The diffusible/soluble molecules (including the growth factors (GFs)) can
have different modes of action over the cellular activity: autocrine (cell secretes molecules that
binds to receptors on that same cell, leading to changes in that same cell), paracrine (cell
produces a signal to induce changes in nearby cells) and/or endocrine (communicate a molecule
over a long distance; the signals are released from a cell into the bloodstream and can travel to

other anatomical locations) (Figure I-1 b) [122, 123].

The bioactive signals (GFs, cytokines) involved in tissue repair or function restoration also
play a fundamental role in TERM strategies. Biomaterials can be loaded with these bioactive
molecules, which can be released in a controlled way from the biomaterial substrate by

diffusion, being able to interact with the surrounding cells. Indeed, a precise control over these
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signaling molecules within a specific location may allow the regulation of the regenerative
processes [124]. The most common biomolecules studied in the TERM field can be divided in

the following major categories: (i) ECM proteins, (ii) GFs and (iii) extracellular vesicles (EVs).
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Figure I-1 The extracellular microenvironment (a) and cell signaling by soluble factors (b) [122, 125].

1-2.3.1. Extracellular Matrix Proteins

The ECM is well recognized as a natural scaffold that supports the cells in the living
organisms. It comprises several proteins, proteoglycans and other signaling molecules,
important for the modulation of a wide range of cellular behavior such as adhesion,
proliferation, migration and differentiation [126]. ECM proteins are typically fibrillar and
provide a complex structural and functional network, capable of interacting with several cell

surface receptors [127].

1-2.3.1.1 Fibronectin

Fibronectin is a high molecular weight glycoprotein of the ECM known to promote cell
adhesion, growth, migration and differentiation of several cell types, influencing both the cell
morphology and physiology [128-131]. It is important in wound healing and embryonic
development processes. A altered fibronectin expression, degradation, and organization is
associated with a number of pathologies, including cancer and fibrosis [132]. Fibronectin
structure and stability are well known both in soluble form (blood and other extracellular fluids)

and in an insoluble (interfaces, connective tissues and attached to cell surfaces) [70, 99, 132,
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133]. This glycoprotein consists of two subunits of 220 kDa, containing three types of repeating
units (I, II, and III), that mediate interactions with other fibronectin molecules, other ECM
proteins (e.g. collagen, fibrin, and heparan sulfate proteoglycans), and cell surface receptors
(e.g. integrins) (Figure I-2) [132]. The occurrence and intensity of these interactions in
fibronectin coated biomaterial surfaces has been suggested to play an important role in
determining the fibronectin function [134]. Specifically, fibronectin coating strategies were
achieved through simple adsorption [135, 136], grafting [137, 138] or layer by layer [90, 139].
Those studies have shown the importance of fibronectin in controlling cell adhesion and

survival among different substrates.

Proteoglycans

Cytokines
Fibrin CeII , Fibrin .

Heparin Collagen QQ7 f? \\‘\50
oeooe coon
L_Assembly _; Plasma FN (-) " LCeII—' Heparin

Pomain Cellular FN (+) ‘Tgrlnsl IS::Jﬁ,rdaeI:

[EFN T ©FN i QFn i

Figure I-2 Fibronectin primary structure and its binding domains.

During tissue repair, the fibronectin plays vital roles [ 140]. Upon tissue injury, plasma form
of fibronectin is incorporated into fibrin clots to exert effect on platelet activation and to mediate
hemostasis. Soluble form of fibronectin is then synthesized and assembled by cells as they
migrate into the clot to reconstitute damage tissue. Different forms of fibronectin play

differential and temporally discrete roles during tissue repair.

Fibronectin has a structural role by providing a scaffold with enhanced cell adhesion and
differentiation. In adult stem cells, fibronectin can promote differentiation along skeletal
lineages while suppressing adipogenic differentiation [141-143]. Studies have shown that
chondrogenesis is enhanced when mesenchymal stem cells are cultured with fibronectin [144,
145]. Although fibronectin is not usually considered a principal cartilage protein, it is present
throughout differentiation and persists in mature cartilaginous tissue. Furthermore, fibronectin
has shown significant migratory and proliferative effects over mesenchymal progenitor cells
which relied on chemotactic activity [146]. Nonetheless, the fibronectin osteogenic-inductive
ability was also reported [131, 147-149]. Fibronectin immobilized at the surface of
nanohydroxyapatite/PCL electrospun nanofibrous scaffolds provided suitable environment for

cell attachment, proliferation and enhanced osteogenic differentiation of mesenchymal stem
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cells, as demonstrated by the increase calcium deposition and alkaline phosphatase activity
[148]. These findings reinforce the idea that the biological response to a biofunctionalized

biomaterial can be modulated by the amount and the conformation of immobilized fibronectin.

1-2.3.2. Extracellular Vesicles

Tissue regeneration involving stem cells can be driven by the paracrine activity of released
EVs, delivering specific cargoes to the surrounding cells. Proteins, cytokines, RNA and
subsequent gene expression orchestrate the regeneration process by promoting cell survival,

control inflammation, repair lesions and improve the healing process [150].

Recently, the regenerative potential of cell paracrine effects has increased interest, and
focused on EVs and the bioactive molecules they release, namely proteins, lipids, and nucleic
acids [151, 152]. Studies have been demonstrated the regenerative potential of the cell-free
strategies using conditioned medium [153-156] or EVs [157, 158]. The EVs function applied
to tissue regeneration has been demonstrated using disease models, namely chronic wound
[159], osteoarthritis [160], myocardial infarction [161] and lung diseases [162, 163].
Furthermore, EVs can be easily stored, and its dosage and potency optimized, reducing the cost

and time associated with expanding or harvesting the stem cells [164].

1-2.3.3. Growth Factors

GFs are natural cell-signaling polypeptides which are secreted by the cells and can bind to
specific receptors on specific cells. They can be soluble or immobilized in the ECM and they
are able to promote cell growth, tissue morphogenesis, wound healing and regeneration [125,
165]. Several GFs with different specific targets and functions are involved in different phases
of the healing process, namely Vascular Endothelial Growth Factor (VEGF), Basic Fibroblast
Growth Factor (b-FGF), Epidermal Growth Factor (EGF), Transforming Growth Factor Beta
(TGF-p) or Platelet derived growth factor (PDGF) [166-168]. Indeed, the GFs have an active
role when an injury occurs, by coordinating the healing process, until the wound is completely
repaired [169]. Another important aspect related to GFs function is their crucial role in the
exchange of information between different cell populations and their microenvironment [125,

167, 170].
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Wound healing is a complex biologic process that involves three different phases:
inflammation, a proliferation and repair phase (including the angiogenesis, proliferation and
synthesis of ECM) and remodeling (Figure I-3) [166]. Beginning by platelet activation, the
clotting factors, cytokines and GFs are released at the injured site, initiating the healing
response. PDGF initiates the chemotaxis of neutrophiles, macrophages, smooth muscle cells
and fibroblasts, and also promotes the proliferation of fibroblasts. TGF- attracts macrophages,
stimulating them to produce additional cytokines like b-FGF, that enhances collagen synthesis,
leading to a strong response of the matrix [171, 172]. Therefore, the inflammatory response is
characterized by leucocyte extravasion and accumulation at the injury site, and

monocyte/macrophage activation [173].

1. COAGULATIVE PHASE 3. PROLIFERATION AND REPAIR PHASE
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Figure I-3 Schematic overview of the wound healing process and the biomolecules involved [174].

In the trophic phase, several processes are develop including angiogenesis, collagen
deposition, granulation tissue formation, epithelialization, and wound contraction [170, 173].
The activation of endothelial cells by VEGF initiates the angiogenesis process, namely the
formation of new blood vessels able to promote blood flow [175]. As the healing progresses,
the cells migrate into the injury site, using the fibrin matrix as a scaffold, the cells divide and
differentiate, producing collagen, proteoglycans and other components of the natural ECM
[166]. The epithelization process is stimulated by the presence of EGF secreted by the activated
macrophages, platelets and keratinocytes at the injury site [171, 172]. By the end of healing
process, namely in the remodeling stage, there is a decrease in cell density and, therefore, on

the metabolic activity of the healed tissue [172, 173]. The duration of each phase and
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progression into the next stage are precisely controlled by signaling molecules (i.e. GFs)

released in the injury site [166, 167, 170].

The engineering of a microenvironment able to mimic the critical aspects of a natural
healing process, namely the wound healing cascade, by providing suitable biochemical and
physic-chemical factors is the basis of TERM research [125]. Therefore, it is absolutely
necessary to provide the cells an environment that can mimic the natural environment in which
they can proliferate and differentiate efficiently. For that, an artificial ECM delivering the
appropriate bioactive factors is required. Due to all these aspects, the integration of bioactive
molecules into the biomaterials design plays an important role in cellular regulation of adhesion,
proliferation, differentiation and gene expression. Accordingly, TERM approaches comprising

GFs that play an important role during the wound healing are described in the next sections.

1-2.3.3.1  Properties and Roles of Growth Factors

As previously stated, GFs play an important role in cellular processes involved in tissue
repair and regeneration [167, 169, 176]. However, GFs have different mechanisms of action
depending on the concentration, on the half-life, on their state (soluble or immobilized in the
ECM), as well as on the phenotype of the target cells [ 176]. The GFs currently used in different

therapeutic applications are presented in Table I-1 and discussed in the next sections.

Table I-1 Most relevant growth factors in the TERM field.

Growth Role Targets Critical issues  Ref.
factor
Promotes the production of
extracellular matrix;
Modulates and enhances the Rapid
proliferation of fibroblasts; degradation due
Increases and stimulates synthesis to the short half- [16,
of collagen type I; Bone/ life; 76,
TGF-B Enhances the proliferation of Cartilage High expression 177-
bone/cartilage/vascular smooth often correlated  185]
muscle cells; with malignancy;
Regulates inflammatory processes; Rapid diffusion;
Crucial role in stem cell
differentiation.
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Table I 1 Most relevant growth factors in the TERM field (Continued).

(;;(c):(v):'h Role Targets Critical issues  Ref.
IGF-I deficiency
cause liver
cirrhosis, age-
Bone/ relat.ed [16,
Chemotactic for fibroblast and Dermal wound cardiovascular 36,
stimulates protein synthesis; healine/ and neurological 87,
IGF Enhances bone formation by X g diseases; 178,
. : . . Pancreatic stem .
inducing proliferation and cell Higher 181,
differentiation of osteoblasts. differentiation circulating IGF-I 186-
levels could be a 192]
marker or a
causal factor of
cancer;
Rapid
Involved in cartilage development; degradation due 20
Induces bone and cartilage formation; Bone/ Igfthe short half- 39 ’
Plays a key role in osteoblast : 1fe; ’
BMP dift}érentia}t]ion and maturation; Citﬂa%e/ Rapid diffusion, 18923’_
Plays a key role in renal development ena requiring 208]
and repair. controlled
release.
Rapid [37
Promoter of angiogenesis and degradation due 33 ’
vasculogenesis; Vascularization/  to the short half- 2 9’
VEGF Controls endothelial cells migration, Stem cell life; 201’
proliferation and survival; differentiation ~ Excessive 209.
Increases microvascular permeability. amounts cause 212]
vascular leakage.
Regulates growth, maintenance, Short hglf—hfe
proliferation, and survival of certain apd rap lq [83,
target neurons; Nervous system/ diffusion; _ 189
NGF Plavs a k lei val of NGF deficiency 5, 3:
ys a key role in survival o Immune system
pancreatic beta cells; cause d . 218]
Regulates of the immune system. rele(;lig(;a:ég;nera v
Potent inductor of cell proliferation; Rapid diffusion,
Promotes angiogenesis and Bone/ requiring
differentiation; Cartilage/ controlled [215,
b-FGF  Induces proliferation of endothelial Periodontal ~ release; 219-
cells and smooth muscle cells; tissue/ Mitogen for a 221]
Induces endothelial capillary Vascularization ~Wide variety of

formation.

cell types.

15



Chapter I — Surface Biofunctionalization to Improve the Efficacy of a Biomaterial Substrate for use in Regenerative Medicine

Table I 1 Most relevant growth factors in the TERM field (Continued).

Growth Role Targets Critical issues  Ref.
factor
Released from platelets; Vessel
Stimulates angiogenesis; destabilization
Induces macrophages activation; Cartilage/ when at high
_ > [222-
PDGF  Recruitment of smooth muscle cells Bone/ concentration; 27]
to endothelial linings; Angiogenesis  Increased activity
Vessel maturation; associateq with
Collagen synthesis. several diseases.
Triggers gene expression related to Short half-life,
proliferation; Skin/ rapid diffusion; 278
EGF Promotes mesenchymal and epithelial Cornea Large amounts of [23 1]_
cells differentiation; Nervous System protein required
Induces angiogenesis. for response.

1.2.3.3.1.1 Transforming Growth Factor Beta (TGF-p)

TGF-B is a pleiotropic polypeptide which belong to the TGF-B superfamily. Those
regulates multiple biological processes, including embryonic development, adult stem cell
differentiation, immune regulation, wound healing, and inflammation. [232]. TGF-f family
members are synthesized as prepropeptide precursors and are then processed and released as
homodimers or heterodimers in order to bind to its receptor (transmembrane serine/threonine
kinase receptors), regulating cellular functions. Skeletal cells express TGF-f1, TGF-B2, and
TGF-B3. Those have shown to play a major role in cartilage development, being the TGF-3
more effective in the in vitro chondrogenesis of MSCs when compared to TGF-f1 and TGF-2
[233]. The TGF-B family members are generally considered potent stimulators of
proteoglycans, type II collagen synthesis, being able to induce the chondrogenic differentiation
of MSCs in vitro [84]. However, the maintenance of a critical threshold concentration of the
TGF-B for a prolonged time is crucial for the onset and maintenance of chondrogenesis.
Therefore, the development of scaffolds which can provide temporal and/or spatial control of
TGF-f bioavailability has been carried out in order to improve the cartilage repair [76, 177-
179, 185]. For example, TGF-f3 immobilized poly-(lactic-co-glycolic acid)-
gelatin/chondroitinsulfate/hyaluronic acid (PLGA-GCH) scaffold efficiently induced the
chondrogenic differentiation of MSCs, exhibiting chondrocyte morphology and cartilage ECM
deposition, in vitro [177]. After implantation, cartilage was successfully regenerated to repair

chondral defects.
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1.2.3.3.1.2 Insulin-like Growth Factor (IGF)

Insulin-like Growth Factor (IGF) is a protein with high sequence similarity to insulin,
having insulin-like actions in some tissues, though they are far less potent than insulin. Those
GFs, namely IGF-I and IGF-II play important roles in the regulation of growth and metabolism
[234]. The IGF-I stimulates systemic body growth, and has growth-promoting effects on almost
every cell in the body, especially skeletal muscle, cartilage, bone, liver, kidney, nerve, skin,
hematopoietic, and lung cell. IGF-II is recognized as a major fetal GF, while IGF-I is a major
GF in adults [235]. At the injured muscle, it can enhance cell homing, healing and regeneration
[191], and its chondrogenic differentiation potential has been also extensively investigated [16,
178]. Indeed, it is involved in cartilage repair and considered an essential mediator of cartilage
homeostasis and metabolism, stimulating the proteoglycan synthesis [36, 87, 188, 192, 236].
IGF-I is involved in the chondrogenic differentiation by regulating the synthesis of DNA,
Aggrecan and Collagen type II at the transcription level in rat articular chondrocytes [236].

In vitro cultures with IGF-I and TGF-B1 stimulate glycosaminoglycan and collagen
synthesis in bovine articular cartilage explants [237]. Furthermore, studies using IGF-1
combined with TGF-f show an improvement in chondrogenesis [36, 178, 238-240]. The MSCs
cultured in the presence of TGF-B3 and IGF-I, combined in cycling patterns, showed the
chondrocyte-like characteristic, namely a strong expression of Sox 9 and cartilage extracellular

matrix genes [240].

1.2.3.3.1.3 Nerve Growth Factor (NGF)

Nerve growth factor (NGF) plays an important role in the process of repair and regeneration
of injured nerves, regulating the proliferation and differentiation of cells, and the myelination
of neurons, being an important group of GFs that stimulate and promote neurogenesis [213].
This neurotrophic factor is crucial to facilitate the survival and the innervation of autonomic
nerves and sensory neurons [189]. Therefore, the NGF was been widely used in nerve tissue

engineering strategies to improve neurogenesis at the injury site [83, 214, 215, 217, 218].

1.2.3.3.1.4 Bone Morphogenetic Proteins (BMPs)

Bone morphogenetic proteins (BMPs) are multi-functional GFs which belong to the TGF-
B superfamily. The BMPs are involved in the growth and development of several tissues and
organs such as bones, heart, kidneys, eyes, skin and teeth [200]. These GFs are physiologically

synthesized by mesenchymal cells, osteoprogenitor cells, chondrocytes, osteoblasts and
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platelets [205]. Although the name implies that all BMPs members are inducers of bone, some
BMPs can act as inhibitors of bone formation. For example, BMP-3 is a negative regulator of
bone density, and BMP-13 is a strong inhibitor of bone formation [241, 242]. While, BMP-2,
4, 6, 7, and 9 are commonly referred to as the osteogenic BMPs, based on their potent bone-
inducing activity [243]. For instance, BMP-2 is a potent osteogenic factor which plays a key
role in the creation of many tissues engineered bone grafts [82, 193-195, 203, 204].

BMPs have also pro-anabolic and anti-catabolic effects in many organ systems. For
example, BMP-4 serves to regulate limb development, and BMP-13 has a modulatory role in
the development of the eye [244, 245]. BMP-7, important for cartilage development, is a
powerful cytokine that induces chondrocyte differentiation [197, 198].

1.2.3.3.1.5 Vascular Endothelial Growth Factor (VEGF)

Secreted and synthesized by many cell types, VEGF is a dimeric glycoprotein which binds
indirectly to the ECM via linker molecules, namely heparin sulfate proteoglycans [246, 247].
VEGF promotes angiogenesis by regulating the formation and maturation of blood vessels,
acting mainly on vascular endothelial cells [248]. However, VEGF is not only involved in
angiogenesis, but also implicated in the maturation of osteoblasts, ossification, and bone

249,250

turnover | 1. The incorporation of VEGF into a biomaterial has been carried out in order to

improve the TERM strategy in vascularized tissues dependent on the formation of new blood

vessels [81, 201, 209, 211, 212].

1-2.4. Sources of Bioactive Molecules

Regenerative medicine holds the promise to repair or replace damaged and injured tissues
by therapeutically manipulating its natural ability to heal after injury or disease. In this context,
blood components and their blood derivative formulations can provide a wide range of bioactive
molecules (i.e. ECM proteins; GFs; cytokines) that are essential in the regulation of wound
healing process [251, 252]. Positive clinical effects of the use of different types of blood
derivatives has been reported on several fields of TERM, namely in the treatments of cartilage
disorders [253], tendon injures and pathologies [254], as well as in periodontal [255] and soft
tissues [256].

Peripheral blood is constituted by different cellular elements like red blood cells, white

blood cells and platelets, sub-cellular and molecular components [252]. The separation of blood
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components leads to different blood derivatives. Generally, it starts with a whole blood
centrifugation in order to separate the blood into three phases: a lower layer rich in red blood
cells; an interface layer (buffy coat) rich in white blood cells and platelets; and an upper layer
corresponding to the blood plasma with platelets in suspension. When an anticlotting agent (e.g.
heparin or citrate) was previously added, the interface layer can be submitted to a further
centrifugation step to produce a fraction poor in platelets (platelet-poor plasma (PPP)) and a
fraction rich in platelets (PRP) [252, 257, 258]. Since platelets are a source of GFs, there is a
growing interest in the use of PRP as a strategy to optimize tissue healing [258], namely in

orthopedics and musculoskeletal disorders [166, 259].

The impact of the discoveries regarding the healing potential of blood derivatives has
increased the optimism about autologous regenerative medicine. PRP is a cost-effective
product, since it is taken from a simple blood sample and, therefore, it is easy to use in the
current clinical practice. Due to its autologous source, there are no regulatory concerns about
its biosafety, since concerns related with immunogenic reaction and disease transmission are
eliminated. However, due to its complex protein composition, GFs and cytokines, some

mechanisms involved in its mode of action are still poorly understood [260].

GFs are protected and stabilized via their binding to different ECM components that
regulate their availability and signaling [261, 262]. In a biomimetic strategy, blood derivatives
(i.e. PRP) were combined with different biomaterials to modulate the delivery of bioactive
molecules in order to guide the wound healing process [75, 77, 199, 263-265]. For example,
platelet lysate impregnated in collagen/gelatin scaffolds are able to promote wound healing in
vivo, by enhancing cell proliferation and vessel growth in a granulation tissue of a full-thickness
skin defect [264]. While, when PRP is incorporated into gelatin sponges and implanted into
alveolar bone defects in rats, PRP was capable to enhance bone regeneration [265]. However,
the PRP alone dispersed from the injury site not contributing to the wound healing process.
Thus, the incorporation of PRP into biomaterials is relevant to locate the delivery of

biomolecules at the injury site.

Studies consistently shown that the use of PRP may be an approach to develop clinically
relevant biomaterials able to deliver growth factors and, simultaneously, allow cell culture, and,
finally, integration of the in vivo formed neo-tissue into the native environment [253, 260, 266].
Some of those therapeutic products are currently undergoing clinical studies for skin,

maxillofacial, orthopedic, and wound healing related applications [267, 268].
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Commercial products using blood derivates as a source of bioactive molecules to
functionalize biomaterials are already approved and distributed for musculoskeletal disorders.
For example, the BST-CarGel® (Smith and Nephew, MA, USA), a chitosan solution that, when
mixed with patient’s whole blood, create a liquid bioscaffold for cartilage repair [269]. Patients
treated with BST-CarGel® showed a significantly superiority of repair tissue quantity and
quality over the microfracture alone (standard and first-line surgical treatment) in a randomized
controlled clinical trial. Thus, the BST-CarGel® is a safe and effective treatment for
symptomatic full-thickness cartilage lesions with clinical benefit significant over baseline

levels of pain, stiffness, and function.

In order to fulfill the needs of TERM strategies, the definition of good manufacturing
practice protocols to standardize the production method of blood derivates formulations,
together with the continuous understanding of the basic biology of blood derivates in wound
healing modulation will provide robust and reproducible therapeutic results. Furthermore,
designed biomaterials incorporating blood derivates that bind to and sequester bioactive
molecules, and the full understanding of the nature of these interactions will enable engineering

the wound healing environment towards tissue regeneration.

I-3. BIOFUNCTIONALIZATION STRATEGIES

The bioactive molecules made available in physiological environments are susceptible to
inactivation by degradation, prior to the possibility of reaching the desired target cells.
Therefore, high doses of biomolecules are typically required to induce cellular response,
although the high doses can lead to cells and tissues damage, due to cytotoxic side effects. Thus,
biomaterial-based systems can be design to deliver bioactive molecules locally, controlling its
effects [125, 270]. The biofunctionalization of biomaterial surfaces with bioactive molecules
gained special interest mainly due to the need of optimize the biological performance of

implantable medical devices.

The biocompatibility of the biomaterial surface is an important requisite on protein
adsorption, as it should not interfere with the native structure of the bioactive molecule [270].
The biomaterial surface chemistry, namely the availability of reactive groups, has to be
considered when choosing an appropriate immobilization strategy. Moreover, the use of an
aqueous-based chemistry to immobilize the bioactive molecules are generally required, as most

of them are either not soluble and/or become denatured in the presence of organic solvents [ 125,
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270, 271]. Surface biofunctionalization is achieved by adsorption or chemical bonding of the
bioactive molecules to the polymer surface in order to promote a specific cell response [270,
272]. Accordingly, the immobilization of bioactive molecules, as represented on Figure I-4,
can be divided in two different main categories: (i) non-covalent immobilization by physical
adsorption, owing to protein-protein hydrogen bonding or protein-protein hydrophobic
interaction with an intermediate molecule (Figure I-4 a), (ii) covalent immobilization of
biomolecules (Figure I-4 b) and (iii) combined techniques (Figure I-4 c). A summary of

biofunctionalized biomaterials developed in the last years is presented Table I-4 and discussed

in the next sections.
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Figure I-4 Schematic diagram showing different biofunctionalization techniques. (A) Strategies for non-
covalent immobilization of the bioactive molecules, leveraging the natural affinity of
biomolecules to these biomaterials. (B) Strategies to covalently attach bioactive molecules to
biomaterials using chemical or enzymatic tools. (C) Combined strategies to employ
endogenous ECM as the delivery biomatrix by engineering fusions of bioactive molecules with

ECM binding domains

21




Chapter I — Surface Biofunctionalization to Improve the Efficacy of a Biomaterial Substrate for use in Regenerative Medicine

Table I-2 Biofunctionalization strategies applied in TERM approaches.

Biofunctionalization Biomaterial Biomolecule Application Result Ref.
strategy (polymer)
Collagen I/II1 Pept@es arginine- . . RGD signaling to integrins was not a rate-limiting event
scaffolds glycine-aspartic ~ Cardiomyogenesis for cardiomyowenesis [273]
acid (RGD) yog '
Titanium / gelatin ~ TGF-B1 / IGF-1 Cartilage Induced proliferation and differentiation of MG63 cells. [181]
Increased cell proliferation;
Poly(lactic-co- TGF-beta 1._ . High sulfated glycosaminoglycan production;
lycolic acid) loaded gelatin Cartilage ‘ - S [185]
gly microspheres Promoted cartilage regeneration in defective articular
cartilage.
Bacterial cellulose VEGF-silk fibroin . Improved cell viability and proliferation;
. . Vascularization . [211]
Non-covalent / gelatin nanoparticles Promoted vessel blood formation in vivo.
immobilization Polycaprollactope / BMP2 Bone Inquced upregulation of blone markers; [195]
hyaluronic acid Slight newly bone formation.
Polycaprolactone / .. Smooth muscle  High cell growth;
. VEGF /L . 37
Pluronic F127 aminin regeneration Induced effective smooth muscle cell differentiation. [37]
Silk fibroin / . Peripheral nerve ~ Improved the surface hydrophilicity;
poly(ethylene Laminin : , ) [274]
oxide) regeneration Increased the cell proliferation.
Poly(lacti o tite / Accelerated cell spreading;
oly(lactic-co- ydroxyapatite . o
el ) Collnzzn Bone Increased alkaline phosphatase activity; [275]

Enhanced expression of osteogenic-related genes.
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Table I 2 Biofunctionalization strategies applied in TERM approaches (Continued).

Biofunctionalization Biomaterial Biomolecule Application Result Ref.
strategy (polymer)
Perivheral Enhanced the neural differentiation of induced pluripotent
Poly (L-lactic acid)  NGF / VEGF errelperelg;latrilce);ve stem cells-derived neural crest stem cells; [83]
8 Induced neovascularization and nerve healing in vivo.
Nanostructured Improved osteogenesis;
. BMP-2 B 204
hydroxyapatite one Enhanced bone formation in vivo. [204]
Polycaprolactone VEGF Tissue-engineered Promoted the adhesion and proliferation of endothelial [212]
heat valve cells.
Marine natural
sponges / bioactive Gelatin Bone Increased in vivo bone formation. [276]
glass
Non-covalent Nanocrystalline
immobilization dlamgnd / Fibronectin Bone Spread and migration of osteoblast cells. [135]
submicron
crystalline diamond
: Aptamer / Tissue : , : :
Chitosan i i . . Aptamers contribute to control fibronectin. adsorption [136]
Fibronectin engineering
' Mmergl VEGF Bone Improved bone repair by the increment of erythropoietin [200]
microparticles and Runx-2 expression.
Poly(lactic-co- . High proteoglycan and collagen type II production, and
glycolic acid) BMP-7 Corialerge thick hyaline cartilage formation. [39]
ic-co- EGF/ : : : .
Z?;zgﬁzuaccicd(; Lidocaine Wound healing  Improve the post-operative pain relief and wound healing. [229]
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Table I 2 Biofunctionalization strategies applied in TERM approaches (Continued).

Biofunctionalization Biomaterial Biomolecule Application Result Ref.
strategy (polymer)
Elastine-lik Laminin-1
astne-iIKe sequences Sensory neurons are able to formed longer neurite.
polypeptides / Nerve . L [277]
Polvethvlene slvcol (IKVAV / Absence of detectable inflammation in vivo.
SRS VKALV)
Non-covalent C .
. e Poly (lactic acid) / Guide Bone . .
immobilization Poly (vinul alcohol) BMP-2 Regeneration Enables the cell attachment and proliferation. [193]
i High growth and infiltration of vascular smooth muscle
Gelatin / 1Is:
Polvcarolactone TGF-B2 Vasculature cells; [180]
yeap Modulate the cell response by the release of TGF-f32.
Poly(lactic acid)- . .
co-[(glycolic acid)- RGD peptide/ Peripheral nerve High nerve regeneration potential. [216]
. NGF regeneration
alt-(L-lysine)]
TGF-beta 1 b- Biomedical Suc'cess.fully antibodies immobilization in different
Heblapibicions FGF / VEGF applications designs; [13]
= Bound VEGF remain bioactive.
. Cov?l!ent. Microposts Laminin Cardiac tissue Increase the beating rate. [278]
immobilization
Lysozyme Biomedical The photo-immobilized lipase has better thermostability
amyloid-like Lipase tomedica and enhanced resistance to non-conventional environment; [279]
. applications ; : .
nanofibrils Morphology compatible with amyloid-like aggregates.
Poly(lactide-co- . . :
glycolide)/hydroxy BMP-2 Bone glecﬁlsced the osteogenesis of Mouse Adipose-Derived Stem [280]
apatite '
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Table I 2 Biofunctionalization strategies applied in TERM approaches (Continued).

Biofunctionalization Biomaterial

strategy (polymer) Biomolecule Application Result Ref.
Poly(ethylene BMP-2 / TGF- 3 Bone S'1gn1ﬁca'ntl'y influenced hMSCs osteochondral 20]
glycol) differentiation.
Nanoporous anodic
alumina and Collagen / Biomedical High cell adhesion and proliferation obtained with [129]
macroporous Fibronectin applications fibronectin coatings.
silicon
Poly-(lactic-co-
glycolic acid)- I h ic diffc iation of MSCs;
gelatin / TGF-§ 3 Cartilage Induced ((1: (})lndr(;)girrclilcfdl erent%atlon 0 S; (177]
chondroitin sulfate ncreased chondral defects repair.
/ hyaluronic acid
Covalent Polyethylene Chitosan Biomedical High resistance to bacterial attachment of Escherichia coli [281]
immobilization terephthalate applications and Staphylococcus.
Diestiel gl Chllrzan i | Bone Improve osseointegration, especially in regions with a low [282]

bone quality.

Platelet-Rich Improved adhesion, early spreading, and growth of human

Polycaprolactone Wound healing  fibroblasts; [97]
Plasma . . .. . -
Prolonged biological activity of immobilized molecules.

Polyurethane-type Tissue

shape memory Collagen . . Enhanced the biocompatibility of the scaffold. [283]

engineering
polymers
TGF- o .

Polycaprolactone ?GFB I3 / Cartilage Cartilaginous ECM formation. [16]
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Table I 2 Biofunctionalization strategies applied in TERM approaches (Continued).

Biofunctionalization Biomaterial Biomolecule Application Result Ref.
strategy (polymer)
matrix . .
. Supported fibroblast attachment, spreading, proliferation
starEEgg)thl)arm n;(t}e;l)l(;p;r;[tizaesse// Wound healing ~ matrix deposition and remodeling; [179]
JRE Induced myofibroblast differentiation of fibroblasts.
TGF B1
q 0/ Perivheral N Induced Schwann cell proliferation;
cparin b-FGF / NGF eripheral NeIVe  Ehhanced axonal regeneration and remyelination; [215]
poloxamer Regeneration .
Improved recovery of motor function.
g/ 1RG5 Tendon/ligament- : :
. . / . Enhanced the expression of cartilage markers and collagen
. Silk fibroin . . to-bone tissue . [184]
Combined Growth/differenti . . II protein content.
. . engineering
techniques ation factor 5
Polvdopamine/ | , ih High adhesion of human foreskin fibroblasts and human
Titanium yaop ntegration wit immortal keratinocytes; [19]
Collagen soft tissues . .
Improved tissue compatibility.
Poly(ethylene Laminin-derived B .
glycol) / YIGSR peptide / asemen Enhanced endothelial cell behavior. [284]
. membrane
gelatin VEGF
Gelatin / o
hydroxyapatite BMPfié tﬁlwdm— Bone Improved osteogenesis. [206]
composite
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I-3.1. Non-covalent Immobilization

Physical entrapment, adsorption or ionic complexation are all strategies applied in non-
covalent immobilization [285]. Physical entrapment consists in  biomolecules
encapsulation/incorporation into the biomaterial scaffold. Adsorption results by incubating the
biomaterial in a solution of the bioactive molecules, taking advantage of the direct interactions
between the biomolecules and the biomaterial surface, such as polyelectrolyte interaction or
other secondary interactions, or of indirect interaction via intermediate proteins or other
biological molecules [180, 285-287]. Regarding ion complexation, proteins with different
isoelectric points may be used for polyion complexation with charged macromolecules. Due to
the desorption or the irreversibility of the immobilized biomolecules, the ionic complexation

can cause protein inactivation and denaturation [285].

The bioactive molecules can attach to the material surface owing to surface interactions,
such as Van der Waal forces, hydrophobic interactions and hydrogen bonds. For example, ionic
complex of gelatin and TGF-B1 are obtained by encapsulating gelatin microparticles loaded
with TGF-B1 into oligo[poly(ethylene glycol) fumarate] hydrogels at pH 7.4 [287]. Those
interactions occurred, due to the negatively charged gelatin and the positive charged TGF-p1.
The release of TGF-B1 can be tuned by the degradation properties of the natural and synthetic

polymers.

Surface biofunctionalization via non-covalent immobilization has the advantage of being a
simple and gentle procedure accompanied by limited damage of the biomaterial structures and
of the bioactive molecules. However, the stability of the protein binding in non-covalent

binding is not comparable with covalent immobilization.

1-3.2. Covalent Immobilization

With the intention of solving the previous referred limitations and to improve the stability
and sustained delivery of immobilized biomolecules to target cells, covalent immobilization
methods emerged as a viable alternative approach. In covalent surface bonding, molecules are
chemically bonded to the biomaterial surface exposing the bioactive sites of the molecules.
Despite being a more complex processes, covalent immobilization strategies can prolong the

GFs availability much more than the one achieved by the non-covalent immobilization
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strategies [288]. Furthermore, covalent immobilization allows spatial control of the
biomolecule’s distribution over the surface of a biomaterial, increasing the efficacy of the
biofunctionalized biomaterials [125, 270, 289]. Immobilized bioactive molecules become
protected against cellular inactivation and digestion, having a local and prolonged activity when
in physiological-like environments [165]. Therefore, the protein immobilization can overcome
the diffusion limitations of soluble GFs. While the delivery of GFs elicits responses in the
surrounding environment, covalently immobilized GFs may have the additional advantage of

confined local and more prolonged effects, avoiding unspecific side effects [125, 165, 289].

To accomplish the covalent immobilization two steps are required: (i) exposure of
functional groups and (ii) covalent binding of the bioactive molecules to the surface functional
groups. The most common functional groups exploited in surface biofunctionalization are the
amines or the carboxyl groups [271]. If the biomaterial substrates do not have any of these
chemical groups, some treatments can be performed in order to chemically activate their
surface, namely hydrolysis and aminolysis [13, 16, 290] to expose carboxyl [98, 291] and amine
groups respectively. Plasma treatment can be also applied to insert functional groups at the

surface for further covalent immobilization [292].

In order to achieve a more stable and strong protein binding, the covalent immobilization
often requires the use of a linker. A linker molecule is a chemical molecule capable of reacting
with both the polymer and the bioactive molecule [270]. Frequently, 1-Ethyl-3-(3-
dimethylaminopropyl)carbodiimide (EDC), a crosslinking agent that couples the carboxyl
groups to the amine groups, is used to stabilized the amide bond [293]. The EDC reaction with
carboxyl groups forms an o-acylisourea intermediate, which then reacts with the amine-
containing molecule. Due to the highly unstable intermediate, the sulfo-N-hydroxysuccinimide
(sulfo-NHS) or N-hydroxysuccinimide (NHS) may be added to create a more stable amine-
reactive sulfo-NHS or NHS ester intermediate, improving the reaction efficiency [293]. This
coupling method is very effective and can be performed under mild reaction conditions [270,
293]. After a preliminary chemical treatment, the surface is biofunctionalized by the
immobilization of a bioactive molecule via an amide bond between the amine group/carboxylic
group of the bioactive molecule and the exposed carboxylic group/amine group on the
biomaterial surface, respectively [293]. EDC chemistry has been used to immobilize
biomolecules, such as VEGF and fibronectin, at the surface of poly(l-lactic acid) (PLLA)
scaffolds, demonstrating improved growth of human umbilical vein endothelial cells in vitro

[210]. VEGF has been also covalently immobilized in collagen scaffolds [294] and at the
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surface of PCL nanofibers [13] using EDC chemistry. The effect of different reaction buffer
(Phosphate-Buffered Saline (PBS), distilled water and 2-(N-morpholino)- ethanesulfonic acid
(MES)) on the covalent immobilization of VEGF and angiopoietin-1 was investigated using the
porous collagen scaffolds [295]. The highest proliferation rates and lactate metabolism were
observed when PBS was used to immobilize VEGF and angiopoietin-1. Therefore, the use of
an appropriate elution buffer during the covalent bonding procedures may be crucial to obtain

a satisfactory biofunctionalization.

Covalent immobilization of GFs to a biomaterial surface can also be achieved by a photo-
initiated reaction [207, 279-281, 296, 297]. This method consists on the functionalization of
the bioactive molecule with a photo-reactive group and, afterwards, the binding of the modified
protein to the biomaterial surface upon exposure radiation (e.g. ultraviolet light (UV)) at a
defined wavelength. For example, BMP-2 was photo-immobilized on poly(lactide-co-
glycolide)/hydroxyapatite nanocomposites [280]. This strategy allowed the long-term
immobilization of proteins on the biomaterial surface, enhancing the osteogenesis potential of
adipose-derived stem cells. The spatial defined distribution of the immobilized biomolecule
could also be achieved through the use of photomasks or laser scanning light sources [297].
Similar to the coupling method with EDC, the photo-immobilization is very effective, but its
use is relatively expensive and the use of radiation may compromise the proteins bioactivity,

bioavailability and conformation [270, 272, 297].

Covalent immobilization is a complex process, which may limit the type of biomolecule
that can be immobilized owing to the harsh conditions that sometimes are required to obtained
a satisfactory biofunctionalization [270]. For instance, large biomolecules such as GFs can be
inactivated by the organic solvents used during covalent bonding procedures. Otherwise,
combined techniques employing both non-covalent and covalent immobilization methods can

be exploited to biofunctionalized the biomaterial surfaces.

I-3.3. Combined Techniques

In order to overcome problems related with inactivation or denaturation of covalently
immobilized biomolecules and the weak non-covalent immobilization, the use of intermediate
molecules that bind both the biomolecule and the biomaterial surface can be an alternative
approach. The glycosaminoglycans, ECM proteins, small oligopeptides mimicking ECM

proteins, avidin — biotin molecules and antibodies may be used as an intermediate molecule
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[206]. These biomolecules are capable to be chemically or physically deposited at the
biomaterial surface, offering biological sites for biomolecules incorporation. It is well
established that GFs binding via ECM domains can regulate the cell behaviour [298]. Several
GFs, such as IGF, b-FGF, TGF-B, EGF, VEGF, PDGF, among others, interact with ECM
proteins, heparin or heparan sulfate [179, 183, 184, 298, 299]. This biofunctionalization
strategies provides stable and strong covalent bonds between the biomaterial surface and the
intermediate molecules, avoiding exposure of the bioactive molecules to the harsh solvents.
The presence of the binding domains on the intermediate molecules exhibited at the biomaterial
surface leads to a strong charge or hydrophobicity, favoring the attraction of bioactive
molecules [300]. Therefore, it is not required substantial incubation time for the biomolecules
attachment to the intermediate molecule, being able to use a wider choice of buffer systems in
comparison with chemical bonding [301]. The only drawback is that the combined techniques

involve more preparation steps.

1-4. APPLICATIONS OF BIOFUNCTIONAL STRATEGIES

The immobilization of target bioactive molecules improves their stability, which may
provide beneficial contributions for different tissue repair strategies. The next sections will
focus on the most promising results on the application of immobilized biomolecules at the
surface of biomaterial substrates. The effects of immobilized biomolecules have been studied
in various areas including neurogenesis, cartilage and bone regeneration, angiogenesis, dermal

wound healing, pancreas and liver, and stem cell differentiation.

I-4.1. Cartilage Repair

Articular cartilage is a flexible connective tissue, which is predominantly avascular,
aneural and alymphatic [302], having a limited capacity for repair. Due to the absence of
vasculature, the progenitor cells from the blood or the bone marrow are not available to support
tissue repair and remodeling [303]. Advanced TERM strategies have been proposed to
overcome its limited propensity self-repair, leading to functional replacement. TGF-3 and IGF-
I have been identified as important proteins on the regulation of cartilage development and on

the homeostasis of mature articular cartilage [304, 305], as reported above.
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Studies demonstrated that TGF-B incorporated into a biomaterial can significantly improve
the efficacy of a cartilage tissue engineering strategy [16, 177, 181, 185]. For example, the
TGF-B1-immobilized PLGA-gelatin scaffold promoted chondrogenic differentiation of ASCs
in vitro, with a significant increase in sulfated glycosaminoglycan content as compared to ASC-
seeded on non-TGF-B1-immobilized PLGA-gelatin scaffolds [185]. As well as, the selectively
immobilization of endogenous TGF-B3 derived from human platelet lysates at the surface of a
single PCL nanofibrous substrate, was able to induce the chondrogenic differentiation of hBM-
MSC in vitro, as confirmed by the typical spherical morphology of chondrocytes and the
immunolocalization of collagen type II [16]. Therefore, the immobilization of TGF-f have
favorable outcomes in cartilage tissue engineering strategies, overcoming the lack of local

retention and the need of high amounts of proteins to achieve the desired biological effects.

Among the various BMPs, BMP-7 has demonstrated pro-anabolic and anti-catabolic
effects in cartilage tissue restoration [39, 197, 198]. Indeed, the delivery of BMP-7 incorporated
into fibrous PLGA scaffolds resulted in enhanced proteoglycan and collagen type II synthesis
by synovium-resident mesenchymal stem cells, and the formation of a thick hyaline cartilage

when transplanted into osteochondral defects in a rabbit animal model [39].

I-4.2. Nerve Regeneration

Due to an often-unsatisfactory nerve regeneration, the peripheral nerve injury still remains
a major clinical surgical challenge. Despite autologous nerve grafts are considered the gold
standard, tissue engineered nerve guidance grafts are valuable, alternatives for this unmet

medical need [306].

Tissue engineered nerve guidance grafts comprise a biomaterial-based scaffold and a
multitude of cellular and/or molecular components [307-313]. Therefore, the bioactive
molecules are usually incorporated into the nerve conduit to improve neurogenesis at the injury
site [288, 309, 310, 314, 315]. Among the bioactive molecules, NGF is an important growth
factor capable to stimulate and promote neurogenesis, as described above. Hence, it was widely
used in nerve tissue engineering strategies [83, 214, 215, 217, 218]. For example, the
incorporation of NGF into a hyaluronic acid-based hydrogel could restore erectile function in a
rat model of cavernous nerve crush injury [217]. Aiming at a dual-delivery strategy, NGF and
VEGF were incorporated into nanofibrous scaffolds, enhancing the neural differentiation of

induced pluripotent stem cells-derived neural crest stem cells in vitro [83]. Furthermore, this
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dual-delivery scaffold significantly improved the neovascularization and nerve healing, in a rat

sciatic nerve injury model.

I-4.3. Bone Regeneration

The gold standard treatment of bone fractures relies on the use of autologous bone grafts
[316]. However, despite their biocompatibility and exceptional osteoconductive properties,
autografts are of limited supply and are associated with donor site morbidity. Allografts and
xenografts are valid alternatives to autologous bone grafts, despite the risk of disease
transmission, infection and rejection [317, 318]. Advanced TERM strategies emerged as new
therapeutic solution to stimulate the natural healing process, namely by the application of

biological signals and cells.

The most widely used osteogenic inducing molecules are the BMPs (namely the BMP-2,
already approved by the FDA for human use) that induce new bone formation and regeneration
at specific sites [319-321]. In products applied in spinal fusions and oral surgery, BMPs are
delivered to the site of the fracture by being incorporated into a bone implant, and released
gradually to allow bone formation. However, the delivery method of BMPs often shows a lack
of local retention and the need of high amounts of proteins to achieve the desired biological
effects. The immobilization of such GFs may have favorable outcomes in bone tissue
engineering strategies, as well as on the osteointegration of orthopedic implants, with the use

of significantly less amounts of GF in order to achieve effective osteogenic outcomes [270].

BMPs have been immobilized in different substrates like PLGA scaffolds [322], chitosan
membranes [323] and PCL scaffolds [324], showing that the biological effect of immobilized
BMP-2 can significantly increase the expression of osteoblastic differentiation markers, when
osteogenic precursor cells are cultured. Biofunctional biomaterials have also been developed
by using the covalent binding of biotin and BMP-2 through amino functional groups [196, 202,
206]. The surface immobilization of BMP-2 on gelatin/hydroxyapatite composite scaffold can
effectively improve osteogenesis, having a higher alkaline phosphatase activity than that
composite film without BMP-2. Importantly, the covalent binding used to biofunctionalized the
biomaterial does not affect the BMP-2 bioactivity [206]. Regarding the in vivo efficiency, when
comparing the soluble BMP-2 and its immobilized form, the former approach showed that bone

amount and maturity have increased [31,114-116].
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1-4.3.1. Angiogenesis

The lack of a functional and integrated vascular system is one of the major problems in
tissue engineered strategies, namely in bone tissue engineering. The vascular system is essential
to maintain the viability and function of tissues, by providing nutrients, oxygen and cell
metabolites transport. Therefore, the absence of an appropriate vascular system may cause

unwanted cellular necrosis [325, 326].

The capillary networks formation (angiogenesis) are highly regulated by soluble molecules
such as VEGF, being the endothelial cells the main responsible entities. Both matrix-bound and
soluble forms of VEGF can be found in physiological environment, playing an essential role in
endothelial cells proliferation and vascular sprouting [327, 328]. Being a successful TERM
strategy dependent on the formation of new blood vessels, the incorporation of VEGF into a
biomaterial has been carried out [81, 201, 209, 211, 212]. Surface biofunctionalization of
decellularized porcine aortic valve with VEGF-loaded PCL nanoparticles was able to accelerate
the in vivo endothelialization and regeneration of the decellularized valves by increase the blood
capillaries formation [212]. The delivery of low doses of BMP-2 and VEGF by a silk fibroin-
nanohydroxyapatite scaffold are able to promote angiogenesis in an early bone healing stage
and facilitated osteogenic differentiation both in vitro and in vivo [201]. A dual delivery system,
where different ratios of BMP-2 and VEGF were entrapped within polyelectrolyte multilayer
(PEM) films, enhanced the mineral density within the de novo bone, then those containing
BMP-2 only, which suggests a more complete remodeling due to an increase local vascular

network [81].

1-5. FINAL REMARKS

The surface biofunctionalization of a biomaterial substrate has gained a growing interest in
the TERM field, aiming to develop more effective approaches. Although, the effect of soluble
bioactive factors over the behavior and signaling of different cell types is well known, the
knowledge of the influence of immobilized bioactive molecules is increasing and major
research efforts are needed. Cellular response to an immobilized bioactive molecule cannot
always be predicted in the same way as for soluble form, due to their short half-lives. When

GFs are immobilized, those biomolecules become protected against cellular inactivation and
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digestion, leading to a sustained activity. Consequently, with the immobilization of GFs it is

possible to confined local and more prolonged bioactive effect, avoiding unspecific side effects.

This introduction summarized different biofunctionalization strategies applied in TERM
field, based on different physical, chemical and biological modification strategies, using a wide
range of bioactive molecules. Biofunctionalization strategies are essential to develop highly
effective biomolecules delivery systems able to directly promote interactions between the
immobilized biomolecules and the resident cells, avoiding the potential side effects caused by
their systemic administration. A literature analysis revealed that a combination of different
immobilization techniques is often required to achieved optimal results. The biggest challenge
of the biofunctionalization relies on finding the appropriate balance between the bioactive
molecules and the physicochemical properties of the biomaterial substrate that can regulate cell
behaviors. However, the significant progresses and the promising results achieved will attract
major research efforts in the future, being the biomaterial surface biofunctionalization an

emerging field.
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Chapter 11

Materials and Methods

OVERVIEW

In this chapter, the different materials, reagents and methodologies used to produce the
biofunctional nanofibrous systems are described. The different biofunctional nanofibrous
systems developed in this work were obtained using a polycaprolactone electrospun
nanofibrous mesh (NFM) biofunctionalized with Fibronectin, Extracellular Vesicles, TGF-p3,
IGF-I, NGF, BMP-2 and VEGF. For that, defined antibodies were immobilized at the surface
of NFM, taking advantage of the specific and efficient interactions between an antibody and its

antigen.

Different characterization methodologies were used to evaluate the physico-chemical and
biological performance of the developed biofunctional nanofibrous systems. Moreover, this
chapter will provide some insights on the methodological fundaments aiming to justify the

methods selected to answer specific research questions of this experimental work.
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II-1. MATERIALS

II-1.1. Polycaprolactone (PCL)

Polycaprolactone (PCL) is a biodegradable polyester with a melting point of around 60 °C
and a glass transition temperature of about —60 °C. It is a hydrophobic and semicrystalline
polymer, whose chemical structure is shown in Figure II-1. Derived by chemical synthesis
from crude oil, PCL can be synthesized by a ring opening polymerization of a cylic lactone
monomer (i.e. poly-caprolactone), and degraded by hydrolysis of its ester bonds in

physiological conditions (i.e. human body) [1, 2].

Figure II-1 Chemical structure of polycaprolactone.

PLC belongs to the aliphatic polyester family, being characterized by good
mechanical/elastic properties, low toxicity, biocompatibility and long-term biodegradability [3,
4]. Its potential use as a biomaterial was recognized and approved by Food and Drug
Administration (FDA), being used in the human body as a drug delivery device, suture or
adhesion preventing barrier [5, 6]. In particular, it is especially interesting for the development
of long-term implantable devices, due to its slow degradation (up to 2—4 years, depending of
the starting molecular weight of the device or implant) [7]. The limitations of PCL as a
biomaterial lies in its poor antimicrobial properties, poor adhesion to cells due to hydrophobic
surface and the need to use toxic solvents to dissolve it (when required). The PCL (Mw = 70
000 — 90 000 determined by GPC) used in this work was purchase from Sigma-Aldrich (St.
Louis, MO; USA).

II-1.2. Antibodies

An antibody or immunoglobulin (Ig) is a large Y- shaped protein (Figure II-2), mainly

produced by B-cells and used by the immune system to identify and neutralize pathogens such
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as bacteria and viruses [8]. It recognizes a unique part of the foreign target, namely an antigen,

via the fragment antigen-binding variable region [9].

Antigen

Variable
region

Constant
region

Figure II-2 Structure of an Antibody.

Antibodies are glycoproteins typically composed of four basic structural units, namely two
identical large heavy chains and two identical small light chains. There are several different
types of heavy and light chains; specifically, in mammals; there are five types of Ig heavy chain
(a, d, €, v, and p) and two types of Ig light chain (A and «) [8, 10]. An antibody is made up of a
variable region that is specific, and a constant region that is common for each type of antibody.
The variable region is also known as the antigen binding site where only a specific antigen (e.g.
growth factors, fibronectin and extracellular vesicles (EVs) in the present case) can be linked.
Aptamers are oligonucleotide or peptide molecules which could be considered as alternatives
to the use of antibodies, as both have the ability to recognize a specific molecule with high
affinity and specificity [11]. In fact, aptamers are nucleotide analogues of antibodies, but
aptamer-generation is significantly easier and cheaper than the production of antibodies [12].
The major drawbacks of aptamers are their low affinity and rapid degradation. Moreover, the
aptamer generation in most cases requires the availability of purified target molecules [13]. In

this sense, the use of aptamers in this work is not feasible.

The antibodies used in this work do not present neutralizing activity, leaving the cell
receptor binding domain of the bound proteins free to perform their biological activity.
Specifically, Anti-human CD63 monoclonal antibody (clone E-12) and Anti-human VEGF
monoclonal antibody (clone JH121) were purchased from Santa Cruz Biotechnology, Inc
(Heidelberg, Germany) and kept at 4°C until further use. Anti-human BMP-2 polyclonal
antibody was purchased from Merck KGaA (Darmstadt, Germany), and kept at 4°C until further
use. Anti-rat NGF monoclonal antibody (clone EP1320Y) and anti-human Fibronectin
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monoclonal antibody (clone BC-1) were purchased from Abcam® (Cambridge, UK). Anti-
human TGF-B3 monoclonal antibody (Clone 44922) and Anti-human IGF-I polyclonal
antibody were purchased from Bio-techne/R&D Systems™ (Minneapolis, MN; USA). Those
antibodies were reconstituted in a phosphate buffer solution (PBS) and kept at -20°C until
further use. The host specie of the NGF and the BMP-2 antibodies was the rabbit, whereas for
the Fibronectin, the CD63, the VEGF and the TGF-3 antibodies the host was the mouse, and
for the IGF-I antibody the host was the goat.

A secondary antibody aids in the detection, sorting or purification of primary antibodies,
which directly binds to the target antigen. In this work, Alexa Fluor® 594 donkey anti-mouse
IgG (H+L) and Alexa Fluor® 594 goat anti-mouse IgG (H+L) with red fluorescence were used
as secondary antibodies against the anti-TGF-B3 and the anti-VEGF antibodies, respectively.
Alexa Fluor® 488 donkey anti-rabbit IgG (H+L) with green fluorescence were used as
secondary antibody against the anti-BMP-2 and the anti-NGF antibodies. Alexa Fluor® 488
rabbit anti-goat IgG (H+L), Alexa Fluor® 488 donkey anti-mouse IgG (H+L) and Alexa Fluor®
488 rabbit anti-mouse IgG (H+L) with green fluorescence were used as secondary antibodies
against the anti-IGF-I, the anti-Fibronectin and the anti-CD63 antibodies, respectively. All
secondary antibodies were purchased from Life Technologies (Carlsbad, CA; USA) and kept

at 4°C until further use.

II-1.3. Bioactive Proteins

Recombinant proteins provided important breakthroughs in biomedical biotechnology by
overcoming the insufficient yields of protein obtained from natural sources [14]. Recombinant
proteins are made through genetic engineering, recombinant DNA technology. Basically, the
gene is isolated and cloned into an expression system, namely a vector, producing large
quantities of recombinant proteins [15]. Several expression systems are used namely
prokaryotic and eukaryotic systems such as Escherichia coli and mammalian cell lines,
respectively, depending on the characteristics and intended application of the recombinant
protein. Therefore, although most recombinant proteins in clinical use are from human origin,
they were expressed in other organisms such as bacteria, yeast, or animal cells in culture.
Actually, more than 130 recombinant proteins were approved by the United States FDA for
therapeutic use, while more than 170 recombinant proteins are produced and used in medicine

worldwide [16].
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In this work, recombinant human Growth Factors (GFs), namely the TGF-33 (a 25.0 kDa
protein composed of two identical 112 amino acid polypeptide chains linked by a single
disulfide bond), the IGF-I/IGF-1 (a 7.6 kDa globuar protein containing 70 amino acids, and 3
intra-molecular disulfide bonds), the VEGFi21 (a 28.4 kDa disulfide-linked homodimeric
protein consisting of two 121 amino acid polypeptide chains), and the basic fibroblast growth
factor (bFGF; a 17.2 kDa protein consisting of 154 amino acid residues) were expressed in
Escherichia coli; whereas the recombinant NGF-f from rat (a 13.2 kDa homodimer protein
consisting of two 120-amino acid polypeptides) was expressed in Sf21 cells. All GFs were
reconstituted in PBS and kept at -20°C until further use. The recombinant human TGF-f33,
VEGF 121 and bFGF were purchased from PrepoTech Inc. (Rochy Hill, NJ; USA), while the
recombinant human IGF-I/IGF-1 and NGF-§ from rat were purchased from Bio-techne/R&D
Systems™ (Minneapolis, MN; USA) and Sigma-Aldrich (St. Louis, MO; USA), respectively.

The human fibronectin used in this work was obtained from a natural source, namely
human donor plasma. Human plasma fibronectin protein with 220 kDa was purified
(approximately 95%) by affinity chromatography on gelatin agarose, followed by
chromatography on heparin-agarose. Those was purchased from Merck KGaA (Darmstadt,

Germany) and kept at 4°C until further use.

II-2. REAGENTS

All the reagents used in this work were purchased from Sigma-Aldrich (St. Louis, MO,
USA), unless otherwise specified.

II-3. BIOMATERIAL SUBSTRATE FABRICATION AND (BIO)FUNCTIONALIZATION

The biomaterial scaffolds developed during the course of this work were produced by
electrospinning techniques. Electrospinning is a versatile and cost-effective polymer processing
technique for the production of non-woven micro- to nano-fibrous meshes. The fiber dimension
defines several interesting properties such as surface area to volume ratio, porosity and
mechanical properties. From a biological point of view, almost every extracellular matrix
(ECM) of connective tissues is based on nanofibrous structures (e.g. skin, cartilage and bone).
These morphological similarities make electrospun nanofibers great candidates to provide the

cells an environment similar to the native structure of the ECM [17, 18]. Most of the desirable
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properties of tissue engineered scaffolds can be addressed by electrospun nanofibrous meshes
(NFMs), such as porosity, interconnected pores with adjustable pores size, capabilities for
effective surface functionalization and adjustable surface morphology [19-22]. In this work, the
surface of electrospun PCL NFMs were activated and functionalized by the insertion of amine
groups, followed by biofunctionalization with different bioactive molecules for various
regenerative strategies, illustrating the versatility of this NFM structure for different biomedical

applications.

I1-3.1. The Electrospinning processing technique

The process of using electrostatic forces to produce fibers has been known for over 100
years. Unlike conventional fiber spinning methods (as dry-spinning or melt-spinning),
electrospinning has its roots in electrostatic spraying (electrospraying), making use of
electrostatic forces to stretch the solution as it solidifies [23, 24]. Electrospinning has many
controllable processing parameters that affect the fibers formation and the resulting structure
[19]. Generally, the production of nanofibers using the electrospinning technique is based on
uniaxial stretching of a viscoelastic solution, containing a dissolved polar or non-polar polymer

solution, caused by electrostatic forces [23, 25].

There are basically three main components in the traditional electrospinning set up: a high
voltage power source, a capillary tube with a pipette or a needle, and a metallic collector
(Figure II-3) [23, 26]. The fiber formation is achieved by forcing the viscous polymeric
solution through a spinneret, in most cases the metal tip of a needle, exposed to an electric field,
forming initially a droplet. As the intensity of the electric field is increased, the droplet is turned
into a conical shape fluid structure called the Taylor cone, which was first described
mathematically by Taylor in 1964 [27]. If the viscosity and surface tension of the polymeric
solution are suitable, the breaking of the cone is prevented and a stable jet is formed. The
increase in the applied high voltage leads to the elongation of the Taylor cone. When the
repulsive force within the charged solution is higher than its surface tension, the cone is
elongated, becoming a jet. This fluid filament is directed to the grounded collector. At this time,
the solvent is evaporated and the nanofibers are formed and deposited at the surface of the
collector as a non-woven web of small fibers — the nanofibrous mesh [23, 25, 28]. The obtained

non-woven mesh structure consists typically of randomly aligned fibers deposited in successive
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layers over a static collector. The fibers are stacked one over another while being deposited,

building several interconnections due to the presence of residual solvent.

Syringe

Polymer solution Taylor cone
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+
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High voltage ‘\/"\’Z\ =3 ™
power supply T —

Spinneret

i i / Collector

Figure II-3 The common setup and working principle of electrospinning [26].

The main problems related with the conventional arrangement of the electrospinning
apparatus are: 1) the gravitational force, which allows drops to fall down from the needle
creating defects on the mesh; 2) the low production efficiency, intrinsically associated with the
production of only one nanofiber at a time [29]. This is particularly relevant in industrial

applications where a continuous and rapid process is essential.

For the production of the PCL NFMs used in this work, a 5 mL plastic syringe (B-Braun)
and a needle with 0.8 mm circular external diameter tip was used to electrospun the PCL
solution. A 15% (w/v) PCL solution was prepared with an organic solvent mixture composed
of chloroform and dimethylformamide (7:3 ratio), as described previously [30]. The PCL
solution was electrospun by applying a voltage of 12.5 kV, a needle tip-to-ground collector
distance of 20 cm and a flow rate of ImL/h. After the complete processing of 1mL of solution,
the NFM was left to dry, in order to evaporate all solvent residues. The produced PCL NFMs
were composed of nanofibers with diameters in the submicron range, from 0.4 to 1.4 um with
an average pore size of 72.67 = 31.48 um (Figure I1-4) [31]. The processed NFM was further
cut into square smaller samples of lcm? for further use in all the works, except on the

experimental study of Chapter VII, where NFMs were cut into square samples of 1.3 cm?.
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Figure II-4 Scanning electron microscopy analysis of an electrospun polycaprolactone nanofibrous mesh.

I1-3.2. Surface Functionalization of Electrospun Nanofibers

The surfaces of electrospun nanofibrous meshes may be physically or chemically modified
to provide biomimetic microenvironments for the surrounding tissues and cells [22, 32].
Physical surface functionalization methods are based on flame, corona discharge, plasma,
electron beam, ion beam, X-ray, or y-ray-induced treatments [33-35]. However,
functionalization by chemical means involves immersion of the material in specific solutions
or exposure to the vapor of a chemical agent, which results in a change of the molecular
arrangement [30, 36, 37]. Hence, the chemical modification method relies on performing graft
polymerization to introduce functional groups at the nanofibers’ surface. Generally, the surface
graft polymerization method begins with a physical method, in order to produce free radicals
for the polymerization [30, 38]. This enhances the material surface by altering its charge,

chemical group functionality and wettability.

Herein, the activation of the surface of the nanofibers was carried out using an ultraviolet-
ozone (UV-0) system [30, 39]. The UV-O method is a photo-sensitized oxidation process in
which molecules are excited by the absorption of short-wavelength UV radiation, generating
highly reactive free oxygen (O-) radicals, which leads to the formation of —-OH and -COOH
groups (Figure II-5A) [40]. This happens when the 253.7 nm UV radiation is absorbed by most
hydrocarbons and also by ozone, reacting with oxygen to produce volatile molecules. Oxygen
is dissociated at 184.9 nm, and once both UV wavelengths — 253.7 nm and 184.9 nm — are
present, atomic oxygen is continuously generated, and ozone is continually formed and
destroyed. This combination can destroy organic contamination up to the molecular-level of
organic contamination, cleaning surfaces and sterilize biomaterials. Nonetheless, polymers
degradation is a major concern, thus, for each biomaterial, the optimization of time and intensity

of irradiation is required. UV-O treatment parameters for the PCL NFMs were previously
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optimized [30]. Activation was performed by the exposure of both sides during 4 minutes to
UV-O irradiation (UV-O Cleaner®, model ProCleaner 220 from Bioforce Nanoscience, Utah,
USA).
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Figure II-5 Surface activation and functionalization of the electrospun PCL nanofibers.

Aminolysis is a straightforward chemical method for the introduction of amino groups at
the surface of polyesters, by the cleavage of ester bonds and the simultaneous generation of
amide bonds. One of the two —NH> groups reacts with the carbonyl carbon while the other
amino group remains free at the nanofibers’ surface, potentially stable for subsequent chemical
reactions [30, 39, 41, 42]. Activated electrospun nanofibers allows the insertion of amine groups
onto the PCL surface by a reaction with diamine (e.g. hexamethylenediamine (HMD)), made
available amine group (-NH) at the surface of NFMs (Figure II-5B). This reaction will
provide two amine bonds — one that binds to PCL through the reaction with -COO- group
forming a covalent bond (-CONH-), and a second one, unreactive and free, that will be available
to react with the antibody —COOH group, attaching it to the nanofiber surface through a 1-ethyl-
3(3dimethylaminopropyl)carbodiimide/N-Hydroxysuccinimide mediated reaction (EDC/NHS)
[43]. The surface functionalization unavoidably causes additional erosion of the PCL
nanofibers’ surface, thus the procedure parameters must be optimized. The reaction of a
diamine solution with the PCL NFM was optimized as described elsewhere [39]. Accordingly,
activated NFMs were immersed in a 1| M HMD solution during 1h at 37°C. By the Ellman’s
reagent method, an indirectly quantification method, an amount of 2.83 + 0.11 nmol/cm? of

amine groups were introduced at the surface of PCL electrospun nanofibers [30].

The introduction of stable amino groups at the scaffolds’ surface present some advantages
for Tissue Engineering and Regenerative Medicine (TERM) approaches, namely 1) is nontoxic
to cells or tissues; ii) decrease the surface hydrophobicity; iii) neutralize the acid environment

(when applicable) generated during the scaffold degradation and, consequently, reducing the
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inflammation around the implanted scaffold; and iv) provide free functional groups able to react
with biomolecules such as antibodies, recombinant proteins, plasma/platelet lysate-derived

proteins or EVs-derived conditioned media, obtaining cytocompatible surfaces.

I1-3.3. Antibodies Immobilization Strategy — Biofunctionalization

The main concept of this work is the development of different systems capable to spatially
present biomolecules selectively captured from a pool of different bioactive factors, namely
GFs and EVs immobilized at the surface of a NFMs. For that, antibodies were used as an
intermediate molecule that bind the biomolecule of interest to the electrospun nanofiber surface.
Indeed, antibodies are capable to be chemically or physically deposited onto the biomaterial

surface, offering biological sites for GFs incorporation [39].

In the antibody structure, at the end of the constant region, there is a carboxyl group (-
COOH) which can react with the amine groups (-NH2) previously inserted at the surface of
electrospun nanofibers, leading to its covalent immobilization. A coupling agent is required to
achieve a more stable and strong binding. In the present works, the EDC/NHS (1-Ethyl-3-[3-
dimethylaminopropyl]carbodiimide hydrochloride/ N- hydroxysuccinimide) mixture was used.
EDC couples carboxyl groups to primary amines, while NHS greatly enhances the coupling
efficiency, leading to a two-step reaction (Figure II-6). The EDC/NHS mixture allows amine
reactive NHS esters to become available to react with any carboxyl-containing molecule (-

COOH).
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Figure II-6 EDC reacts preferentially with the carboxyl groups forming O-acylisourea, an unstable reactive
ester. In combination with NHS forms a semi-stable amine-reactive ester. This NHS ester can
readily react with the available amine groups at the surface of electrospun nanofibers.
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Figure II-7A shows the antibody immobilization strategy applied in this work. Firstly, the
primary antibody was activated by its incubation with EDC/NHS for 15 min at room
temperature (RT), for further incubation with activated and functionalized NFMs for 2h at RT
or overnight at 4 °C. NFMs were washed twice with PBS, and incubated with a 3% bovine
serum albumin (BSA) solution for 30 minutes at RT, in order to block all nonspecific sites. The
BSA solution was removed and the secondary antibody or protein solutions (recombinant
protein; plasma or platelet lysate samples; and conditioned media) were incubated during 1h at
RT.

EDC/NHS —>

EDC (1-Ethyl-3-[3-dimethylaminopropyl] ' t*
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Figure II-7 Antibody and antigen immobilization strategy implemented to activated and functionalized
NFMs.

The degree of antibody immobilization was determined by an indirect method, quantifying
the fluorescence of unbound secondary antibody (Figure II-7B). After the fluorescent-labeled

secondary antibody incubation, the fluorescence of the remaining solution was read out in a

72



Chapter I — Materials and Methods

MicroPlate Reader (Synergy HT, BioTek, Vermont, USA). The different specimens of each

sample were washed and kept in the dark at 4°C, until fluorescent microscopy observation.

The binding efficiency of biomolecules (i.e. recombinant proteins, plasma/platelet lysate-
derived proteins and EVs-derived conditioned media) to antibodies were conducted by
incubating them for 1h at RT (Figure II-7C). The remaining sample solutions of recombinant
proteins, plasma/platelet lysate or conditioned media were kept at -20 °C until ELISA

quantification.

I1-3.3.1. Optimization of Single Antibody Immobilization

Seven different antibodies (i.e. anti-NGF, anti-Fibronectin, anti-CD63, anti-TGF-33, anti-
IGF-I, anti-BMP-2 and anti-VEGF) were immobilized at the surface of activated and
functionalized NFMs. In order to find the maximum immobilization capacity of the system for
each antibody, a wide range of concentrations (from 0 pg/mL to 14 pug/mL) was tested.
Activated and functionalized NFM were placed in suspension culture 24 well-plates and 200 pl
of each primary antibody concentration, previously activated, was added to each well/meshes.
The anti-NGF, anti-Fibronectin, anti-CD63, anti-BMP-2 and anti-VEGF were incubated during
2h at RT, while anti-TGF-f3 and anti-IGF-I were incubated overnight at 4 °C. Then, each PCL
NFM was washed thrice with 300 ul 0.1 M PBS (5 min each time) and a blockage of 300 ul 3%
BSA was performed for 30 minutes at RT, followed by the secondary antibody (1:200 in PBS)
incubation for 1h at RT, as shown in Figure II-7 A and B. To quantify the fluorescence of
unbound secondary antibody solution (n=3 samples, read in triplicate) a microplate read
(Synergy HT-BioTek, Vermont, USA) was used at absorption wavelength of 590 or 495 nm
and an emission wavelength of 617 or 519 nm for the AlexaFluor® 594 or 488, respectively.
The negative control samples were performed by carrying out all antibody immobilization

steps, exchanging the primary antibody incubation with PBS.

In further experiments, the following optimized primary antibody concentrations were use:
10 pg/mL of anti-NGF, 8 ng/mL of anti-Fibronectin and 4 pg/mL of anti-CD63, anti-TGF-f33,
anti-IGF-1, anti-BMP-2 and anti-VEGF.
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11-3.3.2. Mixed immobilization of two antibodies

In order to have different but complementary antibodies at the surface of the same
nanofibrous substrate, a mixed immobilization methodology was established, as depicted in
Figure I1-8. With the immobilization of multiple antibodies at the surface of the same substrate,

it is expected that a highly efficient system will be developed, aiming to be applied in tissue

engineering and regenerative medicine approaches.
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Figure II-8 Schematic representation of the mixed antibodies immobilized at the surface of activated and
functionalized NFMs.

In this work (Chapter V), it is hypothesized that the simultaneous immobilization of anti-
TGF-B3 and anti-IGF-I at the surface of a single NFMs, able to selectively bound the
corresponding GFs, can promote differentiation of human bone marrow-derived mesenchymal
stem cells (hBM-MSCs) into the chondrogenic lineage. To achieve this purpose, both
antibodies were mixed at a 1:10 proportion at the concentrations optimized before, for a final
volume of 200 pl PBS solution per well/NFM and incubated overnight at 4°C. Then the samples
were washed and incubated with BSA, as previous described for single antibody
immobilization. However, in the secondary antibody step, the NFMs with mixed immobilized
antibodies were firstly incubated with Alexa Fluor® 594 (for anti-TGF-B3) for 1h at RT, washed
twice with 300 ul 0.1 M PBS (5 min each time) and incubated with Alexa Fluor® 488 (for anti-
IGF-I) for 1h at RT. A negative control sample was carried out, without the immobilization of
the primary antibodies. The sample were washed and kept in the dark at 4°C, until further

analysis by fluorescence microscopy.
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11-3.3.3. Parallel immobilization of two antibodies

The parallel immobilization methodology aimed to immobilize distinct antibodies in
different areas of the same nanofibrous substrate (Figure I1-9). Having the control of spatially
immobilized antibodies, we intend to demonstrate the possibility to direct two distinct cell types

spatially juxtaposed in physiological environment.
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Patterning Anti-BMP-2 Anti-VEGF
Device Immobilization Immobilization

Figure II-9 Schematic representation of the compartments in the patterning device that allows the
immobilization of antibodies in a parallel design of a single NFM.

In this work (Chapter VII), it is intended to demonstrate the local differentiation of hBM-
MSCs into either osteogenic or endothelial lineage by the immobilization of anti-BMP-2 and
anti-VEGF antibodies in a parallel arrangement, capable to selectively bind the corresponding
GFs. For that, a patterning device was developed capable of physically divide a single 1.3 cm?
functionalized electrospun NFM into two distinct juxtaposed areas, avoiding the mixture of
different immobilized antibodies. The patterning device consist on a flat acrylic plate at the
bottom and an acrylic plate with 5 chambers of 0.1cm x 1cm. The activated and functionalized
NFMs were placed between those plates and sealed with screws to makes pressure over the
NFM and not allow the solution to diffuse from the exposed to the protected surfaces. The anti-
BMP-2 antibody solution, prepared at the concentrations described above, was dropped (30 pl)
over each chamber of the patterning device and incubated for 2h at RT, followed by a washing
step with PBS. In order to prevent the non-specific binding of the other antibody at the chamber
site, a blocking step with 0.3 % BSA solution for 30 min (RT) was performed, followed by a
washing step with 0.1 M PBS. Then, the patterning device was disassembled and the anti-VEGF
antibody was immobilized on the previously covered areas of the NFMs biofunctionalized with
anti-BMP-2. The immobilization of anti-VEGF was performed according to previously

described for the single antibody immobilization (washings, BSA blocking and secondary

75



Chapter I — Materials and Methods

antibody incubation). The samples were recovered to characterize the spatial distribution of the

antibodies by fluorescence microscopy.

I1-3.3.4. Fluorescence microscopy

Fluorescence microscopy allows analyzing the morphological properties of organic and
inorganic materials by an optical microscope though fluorescence light. Fluorescence is
characterized by a molecular phenomenon in which a substance absorbs light of a specific
wavelength and almost instantaneously emits light in another wavelength, designated by
excitation and emission [44]. A sample is illuminated with light of an excitation wavelength,
the fluoresced light is then imaged through a fluorescence microscopy objective. Many
substances naturally exhibit fluorescence, namely autofluorescence. However, bright
fluorescence dyes have been developed and applied to selectively stain parts of a specimen. The
resolution reaches 200 nm in the x y- plane and 500 nm in the z- plane, being the greatest
advantage of this technique the possibility of making three-dimensional maps of the samples to

within a depth of around 100-200 pum.

Fluorescence Microscopy (Axio Observer, Zeiss; Germany) was conducted in order to
characterize the spatial distribution of the antibodies at the surface of electrospun PCL NFMs.
Herein, the biological molecules (e.g. antibodies) are labeled with a fluorescence marker (Alexa
Fluor® 594 or 488) and detected visually by selecting an appropriate wavelength (excitation at
495 nm for Alexa® 488 and 590 nm for Alexa® 594) accordingly to previously described

reading parameters.

11-3.4. Bound bioactive molecules

Under the scope of this work, different bioactive molecules were bound at the surface of
of biofunctional nanofibrous systems. Endogenous bioactive molecules (GFs, Fibronectin,
EVs) were obtained from different sources. Considering a possible autologous approach, the
blood components and their blood derivatives formulations (i.e plasma and platelet lysates) can
be used as a biological fluid. They possess a wide range of bioactive molecules (i.e. GFs and
ECM proteins), recognized to play an essential role in the regulation of wound healing [45, 46].
Cell-derived conditioned medium was also considered as a source of bioactive molecules,

namely by the recently highlighted EVs content [47, 48].
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11-3.4.1. Blood Plasma

Blood plasma, also named plasma, is the non-cellular fraction of the blood. As a transport
system of blood cells or the delivery of nutrients to the cells of the various organs of the body
or the transport of waste products derived from cellular metabolism, plasma plays a critical role
in maintaining blood and body homeostasis. Blood plasma is obtained by the separation of
blood components by the segregation resulting from centrifugation (Figure I1-10). This process
is characterized by the separation of the blood into three phases: a lower phase containing red
blood cells; an interface phase (buffy coat) containing white blood cells and platelets; and an

upper layer corresponding to the blood plasma with platelets in suspension [46].
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Figure II-10 Separation of blood components by a whole blood centrifugation [49].

The plasma used in this work was derived from blood collected from five 10-week-old
adult male rats (Sprague Dawley, ENVIGO, Huntingdon, UK), in accordance to the ethical and
legal regulations. The whole blood was collected from the abdominal aorta into Anticoagulant
Citrate Dextrose-A (3.8%) and centrifugated at 180 x g for 10 min. Then, the blood plasma
samples were coagulated by adding calcium chloride (22 mM) and the clots were allowed to
retract for 40 min at 37 °C. Following clot removal, the exudate was centrifuged at 890 x g for
10 min and the supernatants (i.e., platelet-free plasma) were pooled and stored at —80 °C until
further use in assays to analyze the neurotrophic factor concentration (i.e. NGFf), as described

on Chapter VL
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11-3.4.2. Platelet Rich Plasma

Platelet rich plasma (PRP) is known as a volume of autologous plasma containing a platelet
concentration above the baseline, namely 1 000 000 platelets/uL. as described by Marx [50].
Platelet concentrates have been explored for tissue engineering applications as a simple and
cost-effective source of GFs, cytokines and ECM proteins with key roles in the regeneration of
bone and cartilage tissues [51-56]. Those autologous applications reduce the risks of disease
transmission and, simultaneously, allows the induction of the “wound healing” cascade in a
physiological manner. The endogenous GFs obtained from the platelets can be released through
different activation mechanisms as in contact with thrombin [57], thromboplastin [58], calcium
salts [57-59] or just by platelets lysis through physical disruption by thermal and osmotic shock,
producing the platelet lysate (PL).

The PRP used in this work was originated from outdated collections performed at Hospital
de Sdo Jodo (Servigo de Imunohemoterapia do Centro Hospitalar Sdo Jodo, Porto, Portugal),
under a previously established protocol approved by the Ethical Committee. The PRP samples
with 1 000 000 platelets/uL were obtained by plasma apheresis and all the lots were biologically
qualified according to Portuguese legislation (Decreto-Lei n.° 100/2011) and stored at -80 °C
until further activation. PRP samples without activation were used in Chapter III as a source

of endogenous Fibronectin.

11-3.4.2.1 Activation of Platelet Lysate

Platelet lysate (PL) is obtained by the freeze/thaw process of outdated PRP lots obtained
by plasma apheresis [60, 61], holding several advantages over PRP. The process of the
freeze/thaw cycles are easy to standardize and the PL obtained can be frozen and stored to be
available for further use. The concentration of the GFs and cytokines is reproducible between
batches, contributing for more predictable outcomes [61]. Furthermore, PL is rich in TGF-f,

IGF-I, BMP-2 and VEGF [60, 61].

For the works presented in Chapters V and VII, the PL was produced by three cycles of
freeze/thaw, as previously described [60, 61]. In brief, the collected PRP samples from different
donors were subjected to a 3-repeating temperature-shock cycles (frozen with liquid nitrogen

at —196°C and further heated at 37 °C), lysing the platelets and releasing their content. The
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remaining platelets were eliminated by centrifugation at 1400g for 10 min, followed by

filtration with a 0.22 pm filter. A pool of PL was stored at -20 °C until further use.

11-3.4.3. Conditioned Medium

The conditioned medium is the medium where cells are cultured, containing metabolites,
GFs and ECM proteins secreted by the cultured cells. The secreted factors are known as the
secretome, that includes microvesicles, EVs or exosome. Different cell types have the ability
to secrete trophic factors that exert beneficial impact on the damaged tissue [62, 63], namely
stem cell-derived secreted factors are able to promote tissue repair in tissue/organ damage [64-
66]. Chondrocytes are also reported by their ability to secrete factors that may affect the

differentiation status of stem cells and can promote chondrogenesis and osteogenesis [67].

In this work, the conditioned medium harvested from cultured human articular
chondrocytes (hACs) and hBM-MSCs were used as source of EVs, as described in Chapter
Iv.

11-3.4.4. Quantification of Bound Biomolecules

11-3.4.4.1 Fluorescence-Linked immunosorbent Assay (FLISA)

After optimizing the maximum concentration of immobilized antibody, the loading
capacity of the biofunctional nanofibrous substrate was assessed by quantify the amount of
bound biomolecule by using an indirect sandwich method (i.e. FLISA), as described in Chapter
V. Basically, after all the antibodies immobilization steps, 200 puL of the recombinant protein
solutions at different concentrations (ranging from 0 pg/mL to 6 pg/mL) were incubated for 1h
at RT. The unbounded recombinant protein solutions were collected and stored at -20 °C until
further Enzyme-Linked immunosorbent Assay (ELISA) quantification. The biofunctionalized
systems were washed with PBS and incubated overnight at 4 °C with the corresponding primary
antibody. Afterwards, the biofunctionalized systems were washed again with PBS, another
BSA blocking step was performed and the correspondent secondary antibody was incubated for
1 hour at RT. The fluorescence of unbounded secondary solutions was read in a microplate
reader (Synergie HT, Bio- Tek, Vermont, USA), in order to quantify the secondary antibody

that was not bound, as previous described for the single antibody immobilization.
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11-3.4.4.2 Engzyme-Linked immunosorbent Assay (ELISA)

In order to assess the amount of unbounded biomolecules after its incubation with the
biofunctional systems comprising immobilized antibodies, an ELISA was performed. This is
another method for the detection and quantification of specific antigens. The principle of this
technique relies likewise on antigen-antibody binding, in which the antigen is quantified using

a solid-phase immunoassay.

The original recombinant proteins, rat blood plasma, PRP and PL solutions as well as
conditioned media, before their incubation with the functional systems, were also stored at -20
°C and used to quantify the initial amount of biomolecules. Under the scope of this thesis
(Chapters III, V and VI), the human Fibronectin, TGF-beta3 and IGF-I and the rat NGFf3
DuoSet® development ELISA kits were purchased from R&D Systems, Inc. (Minneapolis, MN;
USA) and stored at -20 °C, whereas the Exosome ELISA Complete Kit (CD63) was purchased
from System Biosciences (Mountain View, CA; USA) and kept at 4 °C until further use. The
human BMP-2 and VEGF development ELISA kits were purchased from PrepoTech (Rochy
Hill, NJ; USA) and stored at -20 °C. The development ELISA kits from R&D Systems, Inc. and
PeproTech were a two-days procedure. Firstly, the primary capture antibodies were incubated
overnight in a 96-well plate (Nunc-Immuno MicroWell 96-well solid plates). In the next day,
all solutions were prepared according to the manufacturer’s protocol and, 100 pL of 3,3',5,5'-
Tetramethylbenzidine (TMB) liquid substrate was added to each sample assessed on the R&D
Systems, Inc. and System Biosciences ELISA kits. The reaction was stopped by the addition of
an equal volume of 1M sulfuric acid and the absorbance read in a microplate (Synergy HT, Bio-
TEK, Vermont, USA) at 450 nm, with a wavelength correction set at 540 nm. For the PeproTech
ELISA kits, in the last steps, 100 uL. of an 2,2'-azino-bis(3-ethylbenzthiazoline-6-sulphonic
acid (ABTS) liquid substrate was added to each well, and a color development was monitored
in a microplate (Synergy HT, Bio-TEK, Vermont, USA) at 405 nm, with a wavelength

correction set at 650 nm.

I1-3.4.5. Scanning Electron Microscopy

The microarchitecture of EVs bound at the surface of the biofunctionalized system
developed in Chapter IV, was analyzed by Scanning Electron Microscopy (SEM). SEM is an

imaging technique normally used to analyze the surface of a solid specimen. To produce a SEM
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image, the SEM generates a beam of electrons and sweeps it over the surface of the specimen
instead of using light. The generated electron beam is condensed through a set of lenses before
it faces the sample, where the energy of beam electrons is transferred to the electrons in the
sample. The secondary collected electrons emitted from the sample are used to produce an
image in a set of detections [68]. SEM analyses provides information, such as surface
morphology, microstructure, porosity, pore size, and topography. For SEM analysis, samples
have to be electrically conductive. A carbon layer is required for a compositional analysis by a
couple Energy dispersive X-ray analyzer (EDS), while gold or metal alloys as gold/palladium
is used to create conductivity samples and obtain a better image [68]. The microarchitecture of
the biofunctionalized systems were analyzed by SEM (AURIGA Compact, Zeiss, Germany)
and its composition analysis performed by EDS (INCAx-Act, PentaFET Precision, Oxford

Instruments).

I1-3.5. Biological Assays

11-3.5.1. Cell Culture

In vitro, the cells are able to be cultured and studied by providing appropriate artificial
environments. The cell culture systems are an important research tool, enabling to assess normal
cellular processes. Despite different definitions and concepts, cell culture systems can be
classified as primary, secondary, or continuous cell culture [69]. Under the scope of this work,
continuous and primary cell cultures were used to assess the effectiveness of the different
developed biofunctional nanofibrous systems. The different systems were cultured in a
humidified incubator at 37°C, in 5% CO, atmosphere and the culture medium was changed

every 2-3 days.

11-3.5.1.1 Cell Line

A cell line, known as continuous cell culture system, is a population of cells typically
immortalized, presenting the altered-on growth control, but with the absence of virus
susceptibility and differentiation capacity [70]. Those cells present a reduced or absent
limitation of proliferation, producing a higher cell yield per flask. Continuously growing cell

lines are generally easier to maintain and use by commercially available media with increased

81



Chapter I — Materials and Methods

growth rate in monolayer or suspension with a population doubling time of 12-24 h [70].
Although the cell lines present greater chromosomal stability, they can diverge from the donor
phenotype with culture time, losing the tissue-specific markers. Therefore, for the maintenance

of a stable phenotype it is essential the standardization of the culture conditions.

For the work described on Chapter VI and conducted under the scope of this PhD work,
the rat pheochromocytoma (PC12) cell line was selected to validate the neurogenesis potential
of the biofunctional systems. This cell line is derived from a pheochromocytoma of the rat
adrenal medulla, having an embryonic origin from the neural crest [71]. Due to its
embryological origin, PC12 can easily differentiate into neuron-like cells, having properties
similar to neurons. In the presence of NGF, PC12 cells stop dividing and terminally

differentiate, making them an useful model system for neuronal differentiation [72].

The rat PC12 cells, kindly provided by the “ICVS - Life and Health Sciences Research
Institute”, School of Medicine, University of Minho were maintained in Dulbecco’s modified
Eagle’s medium (DMEM) supplemented with 5 % horse serum (HS; Life Technologies,
Camarillo, CA; USA), 10 % fetal bovine serum (FBS; Life Technologies, Camarillo, CA; USA)
and 1% antibiotic/antimycotic solution (ATB; Life Technologies, Camarillo, CA; USA) ina 75
cm? cell culture flask coated with 50 pg/mL collagen type I from rat tail (Santa Cruz
Biotechnology, Inc, Heidelberg, Germany). For the assays described in Chapter VI, a 50 uL
cell suspension containing 20 000 cells was added per each sample and controls, let to adhere
for 4h and cultured under basal medium consisting in DMEM medium supplemented with 0.75
% HS, 0.75 % FBS and 1 % ATB. For the differentiation studies, the basal medium was
supplemented with or without 100 ng/mL recombinant NGF-f from rat, corresponding to
positive or negative controls. The biological parameters, described below, were assessed at

predefined culturing times, namely 1, 3 and 7 days.

11-3.5.1.2  Primary Cultures

Primary culture is a cell culture system where the cells were directly obtained from a tissue.
The pieces/biopsy (~1 cm?) from tissue or organs were removed in aseptic conditions and then
the cells can be obtained via mechanic, chemical or enzymatic digestion method. The primary
cells could display heterogeneous population and a low proliferation rate, but represent the more
accurately the host tissues. Moreover, the primary culture cannot maintain their viability for a

long culture time, because the cells lose the ability to proliferate and survive, as a result of the
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changes that occur physiologically or pathologically [73]. Consequently, the use of high
passage has to be avoided and the maintenance regime (i.e. medium formulation, periodic
medium chance and subculture) should remain consistent throughout all the period of primary

cells culture.

Due to the advantages previously described, human articular chondrocytes (hACs) and
human bone marrow mesenchymal stem cells (hBM-MSCs) were used under the scope of this

work, namely in Chapters II1, IV, V and VIL

11.3.5.1.2.1 Human articular chondrocytes (hACs)

Chondrocytes are the only cell type present in cartilage tissue. The use of hACs in
regenerative applications have some concerns, since these cells dedifferentiate when expanded
in vitro using two-dimensional (2D) cultures [74, 75]. In a monolayer culture, hACs acquire a
fibrolastic-like morphology after several days in culture [76], while when cultured in
biomaterials scaffolds providing a 3D environment they recover the round-shaped morphology

by redifferentiation [77].

hACs used in this work, namely in Chapter IV, were isolated from human patellae
collected under Informed Consent from patients undergoing knee arthroplasty in the Hospital
Center of Alto Ave, Guimaraes, Portugal, in accordance to the established Protocol (67/CA).
The method applied for isolation and expansion of hACs was performed as described elsewhere
[78]. This method is based on the enzymatic digestion of ECM cartilage for the release of
chondrocytes. Human cartilage samples were dissected in small full-depth pieces and washed
twice with PBS, followed its digestion with 0.25% w/v trypsin solution for 30 min at 37°C
under agitation. Then, the solution was removed, the cartilage was washed and incubated
overnight at 37°C under agitation with a 2 mg/mL collagenase type II solution. In the following
day, the cells were washed twice with PBS, counted and plated at a density of 2 x 10° cells per
25 cm? culture flask. Cells were cultivated with expansion medium consisting of DMEM
supplemented with 10 mM Hepes buffer, L-alanyl-L-glutamine, non-essential amino acids, 1
% ATB, 10% FBS and 10 ng/mL b-FGF. For the differentiation studies, a differentiation
medium was used consisting of the expansion medium supplemented with 1 mg/mL L-ascorbic

acid and 1 mg/mL insulin instead of adding b-FGF.

As described in Chapter IV, hACs culture in expansion and differentiation media were
used to harvest its conditioned media. Under expansion medium, hACs at passage 3 were

seeded in T150 flasks at the density of 3 x 10° cells/cm? and cultured until reaching the
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confluence (7 days). This conditioned medium was harvested, pooled, filtered (pore size 0.22
um) and kept at -80 °C until further use. Under differentiation medium, a cell suspension
containing 2 x 103 cells/15 mL centrifuge tubes of hACs at passage 3 were centrifuged at 600g
for 5 min, in order to form spherical aggregate or pellet cultures. This conditioned medium was
harvested at 21, 24 and 28 days of culture, pooled, filtered (pore size 0.22 pm) and kept at -80
°C until further use. hACs at passage 4 were also seeded on activated and functionalized NFMs
at a density of 2 x 10° cells/NFM, and cultured under expansion or differentiation media as
experimental control conditions to assess the effectiveness of the developed EVs delivery

systems (Chapter IV).

11.3.5.1.2.2 Human bone marrow mesenchymal stem cells (hBM-MSCs)

Mesenchymal stem cells (MSC) have emerged as a strong alternative due to their potential
of expansion, namely self-renewal potential, and by the fact that MSC can be obtained from
autologous sources [79, 80]. Therefore, the harvest of autologous tissue in a second anatomic
location can be avoid by the generation of autologous grafts in vitro, achieving one of the goals
of tissue engineering and medicine regenerative. Furthermore, MSCs can be isolated from many
types of adult tissues, being characterized for its potential to go through multilineage
differentiation when cultured with appropriated supplemented culture media and specific

environments [81-83].

In this work, Human bone-marrow aspirates were obtained during routine surgical
procedures involving knee arthroplasty, under the cooperation agreement established between
the 3Bs Research Group, University of Minho and the Hospital Center of Alto Ave, Guimaraes,
Portugal. A detailed Informed Consent was signed by each patient/donor. Bone marrow
contains at least two distinct population of stem cells, namely hematopoietic and non-
hematopoietic mesenchymal. The hematopoietic stem cells in adult give rise to all components
of the immune and blood system whereas the MSCs can differentiated into bone, cartilage or
adipose tissue [79]. The MSCs are characterized by a spindle-shape morphology and colony
forming unit capacity (CFUs). Human bone-marrow aspirates were collected into a container
with alfa minimum essential medium (a-MEM; Life Technologies, Carlsbad, CA; USA),
supplemented with ATB and 5000 units of heparin, and maintained at 4 °C until the isolation
procedure. The isolation of hBM-MSCs was based on the ability of the cells adhere to plastic
as previously described in the literature [84]. The fat was removed and the suspension was

centrifuged at 1200 rpm for 15 min at RT. The pellet cells were resuspended in a-MEM
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medium, supplemented with 1 % ATB and 10 % FBS. After culture until conference, isolated
hBM-MSCs were analyzed for their “stemness” by the expression of surface antigens like CD
29, 73, 90 and 105, while negatives for hematopoietic markers such as CD 34 and 45 (assessed
by flow cytometry); and by their differentiation potential into the osteogenic, chondrogenic and

adipogenic lineages [85].

In the present work we used primary cultures of hBM-MSCs cultured under static
conditions to assess the potential of different biofunctional systems, namely their ability to
promote chondrogenesis (Chapters III to V), osteogenesis or angiogenesis (Chapter VII).
Confluent hBM-MSCs at passage 4 were harvested, counted and resuspended in basal medium
aiming to be seeded at a density of 2 x 10° cells/NFM. The constructs were maintained at 37
°C and 5% CO; for 4 hours to allow hBM-MSCs attachment. Afterwards, ImL of basal medium
was added to each culture well and left in the incubator overnight. In the next day, the medium
was changed to the corresponding condition. The hBM-MSCs were cultured in basal medium,
without further supplementation, on the different biofunctional systems. The experimental
control conditions comprise hBM-MSCs cultured on activated and functionalized NFMs in
basal medium, standard Chondrogenic differentiation medium (basal medium supplemented
with Insulin-Transferrin-Selenium-G Supplement (ITS; Invitrogen, Carlsbad, CA; USA), | mM
dexamethasone, 0.1 M sodium pyruvate (Invitrogen, Carlsbad, CA; USA), 17 mM ascorbic
acid-2-phosphate, 35 mM L-proline and 10 ng mL' TGF-B3), standard Osteogenic
differentiation medium (basal medium supplemented with 50 pg/mL ascorbic acid, 10 mM [3-
glycerophosphate and 107 M dexamethasone) and Angiogenic differentiation medium (o-MEM
medium supplemented with 2 % FBS and 50 ng/mL. VEGF).

For the work described on Chapter IV, hBM-MSC culture in basal and chondrogenic
differentiation media were also used to harvest its conditioned medium. The collection of those

conditioned media was similar to the one described above for hACs.

I1-3.5.2. Cell Viability assay

Viability assays are routinely conducted in order to determine the proportion of viable cells
after a potential traumatic procedure, namely disaggregation, cell separation, or cryostorage
[86]. The counting of the number of cells (i.e., the growth yield) is labor intensive and time
consuming, particularly when a large number of samples is involved, and the duration of each

experiment may be anywhere from 1 to 4 weeks. Instead, a number of alternatives have been
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developed for assaying cells at higher densities, e.g. in microtitration plates. Indirect
measurements of viability are mainly based on its metabolic activity. Indeed, the increase in the
number of cells is proportional to the increase in the total amount of protein or DNA, or
continued metabolic activity. In these cases, the survival is defined as the metabolic or

proliferative capacity of the cell population as a whole.

In the present work (corresponding to Chapters III to VII), at each defined culture period,
metabolic activity and, consequently, cell viability was determined by a colorimetric assay
named CellTiter 96® AQueous One Solution Cell Proliferation Assay (Promega, Madison, WI,
USA). This assay consisted on the bioreduction of the tetrazolium dye [3-(4,5-dimethylthiazol-
2-yl)-5-(3-carboxymethoxyphenyl)-2-(4-sulfophenyl)-2H-tetrazolium, inner salt (MTS)] into a
brown formazan product, soluble in culture medium [87]. This conversion is performed by the
dehydrogenase enzymes existing in metabolically active cells, accomplished by the production
of nicotinamide adenine dinucleotide phosphate (NADPH) or nicotinamide adenine
dinucleotide (NADH). The quantity of the reduced brown formazan product is directly
proportional to the number of viable cells in culture. The absorbance of the MTS reaction
medium from each sample was read in triplicate at 490 nm, after incubation at 37 °C and 5%

CO; for 3 h. Three specimens per condition and per time point were characterized.

I1-3.5.3. Cell Proliferation assay

The amount of cell proliferation can be achieved by the measurements of DNA synthesis
[86]. Determination of cell proliferation rate is often performed to determine the cellular
response to a particular stimulus, namely physical (e.g. topography of a substrate) or chemical
(i.e toxin or growth/differentiation factor). The nucleic acid quantification can be performed by
measurement of absorbance at 260 nm, but contaminants (e.g. RNA and single-stranded DNA)
commonly found in nucleic acid preparations contributes to the relative insensitivity of this
technique. Otherwise, DNA content may be determined by several fluorescence methods,
involving reaction with 4,6-diamidino-2-phenylindole (DAPI), PicoGreen or Hoechst 33258.
Under the scope of the present work (corresponding to Chapters III to VII), the cell
proliferation was determined by the total amount of double-stranded DNA (dsDNA) using an
ultrasensitive fluorescent nucleic acid stain. The Quant-iT™, PicoGreen® dsDNA Assay Kit
(Invitrogen™, Molecular Probes™; Oregon, USA) was used, enabling the quantification of

minimum amounts (25 pg/mL dsDNA) with a standard spectrofluorometer. Furthermore, using
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this method, the presence of RNA and single-stranded DNA did not affect the quantitative
results obtained. The samples were collected into sterile Eppendorf tubes containing 1 mL of
ultrapure water and kept frozen at -80 °C. Prior to dsDNA quantification, according to the
manufacture instructions the various specimens were thawed and sonicated for 15 min. A
standard curve was established using pDNA standards prepared at concentrations raging from
0 to 2 pg/mL. The fluorescence of both the samples and the standards were read in triplicate
excitation 485/20 nm and emission 528/20 nm wavelengths. The DNA concentration of each
sample was calculated using a standard curve relating the standard DNA concentration and the

fluorescence intensity.

I1-3.5.4. Total Protein synthesis quantification

Quantification of the total protein synthesis is a remarkable tool to ascertain about cell
status [88]. Indeed, total cellular protein differs regarding cell growth, proliferation and
differentiation [89, 90]. The most common procedures for the quantification of total protein
synthesis are the colorimetric methods, namely the Lowry method, the bicinchoninic acid assay

(BCA) and the biuret method [88].

In this work (corresponding to Chapters III to VII), the concentration of total protein was
determined for all cultur periods, using the same cell lysates as for dSSDNA quantification. The
Micro BCA™ Protein Assay kit (Thermo Scientific, Pierce, Rockford, USA) was used
according to the manufacturer’s instructions, in order to quantify the total proteins synthesized
by the hBM-MSCs (Chapters III, IV, V and VII), hACs (Chapter IV) and PCI2 cells
(Chapter VI) in all condition. This is a colorimetric detection and quantification method which
use the bicinchoninic acid (BCA) reagent for detection of Cu*! formed when Cu*? is reduced
by protein in an alkaline environment. A purple-colored reaction product is formed by the
chelation of two molecules of BCA with one cuprous ion (Cu'!). This water-soluble complex
has a linear absorbance at 562 nm with increasing protein concentration. Triplicates of both
samples and standards were incubated at 37 °C for 2 h with working reagent, and the total
protein concentration of each sample were calculated based on an albumin standard curve,

ranging from 0 to 40 pg/mL.
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I1-3.5.5. Glycosaminoglycans quantification

Glycosaminoglycans (GAGs) are a major component of the cartilaginous extracellular
matrix and synovial fluid, being a family of highly sulfated, complex, polydisperse linear
polysaccharides that display a variety of important biological roles, [91]. Specifically, GAGs
comprise the ‘ground substance’ in connective tissues that provides support while allow the cell
migration and diffusion of nutrients and soluble signaling molecules within the extracellular
matrix. Based on core disaccharide structures, GAGs can be categorized into four main groups:

heparin/heparan sulfate, chondroitin sulfate/dermatan sulfate, keratan sulfate, and hyaluronan.

The method of GAGs quantification herein implemented consists, firstly, on the use of
proteolytic enzymes capable to degrade cartilaginous ECM, followed by a colorimetric assay
to measure the amount of released GAGs [92]. Herein, the GAGs quantification was performed
using papain for the digestion of the produced ECM (Chapters III to V). After proteoglycans
degradation, the released GAGs are able to link the basic die 1,9 dimethylmethylene blue
(DMB) due to its negatively charged, being detected by measuring the absorbance at 530 nm.

DMB assay was performed according to the method described elsewhere [93]. Samples
were collected at each time point, freezed overnight and then digested. Digestion solution
consisting on 0.05% of papain and 0.096% of N-acetyl cysteine was prepared using a digestion
buffer (200 mM of phosphate buffer containing 1 mM ethylenediaminetetraacetic acid, pH 6.8).
Samples were incubated with 1mL of this digestion solution, overnight at 60 °C, allowing the
newly formed ECM to be separated from the scaffold. Then, the NFMs were centrifuged at
13000 rpm for 10 min and the supernatants were collected and quantified by the DMB assay.
DMB stock solution was prepared by dissolving 16 mg of DMB powder in 900 mL of distilled
water containing 3.04 g of glycine and 2.73 g of sodium chloride. The pH was adjusted to 3.0
with hydrochloric acid to a final volume of 1 L. The solution was stored at RT covered with
aluminum foil. A stock solution of chondroitin sulfate was prepared in water at 5 mg/mL and
kept at -20 °C. Dilutions of this solution were performed to obtain a standard curve. 20 puL of
water was added to a 96-well plate, as a blank, and the same was performed for all the samples
and the chondroitin sulphate diluted solutions. Afterwards, 250 pl of DMB solution was added
to each well and the plates were incubated for 10 min at RT. The optical density was measured

in a microplate reader (Synergy HT, Bio-TEK; Vermont, USA) at 530 nm.

88



Chapter I — Materials and Methods

I1-3.5.6. Alkaline phosphatase quantification

The differentiation of hBM-MSCs into the osteogenic lineage and their mineralization
capacity can be achieved by biochemical assays. Typically, it involves the quantification of
total calcium content and/or the activity of alkaline phosphatase (ALP), a cell surface protein
bound though phosphatidylinositol phospholipid complexes at the plasma membrane [94].
Active formation of mineralized matrix is directly associated with high ALP activity, being the
highest levels found in the mineralization front of the bone healing process. ALP is a protein
enzyme, which has the physiological role of dephosphorylating compounds, playing an integral

role in metabolism within the liver and development within the skeleton.

Under the scope of the work presented in Chapter VII, the quantification of ALP was
performed according to the method described elsewhere [30], using the same cell lysates as for
dsDNA quantification. This method consists on the p-nitrophenol assay. Nitrophenyl phosphate
disodium salt (pnPP; Fluka BioChemika, Austria) is hydrolyzed at pH 10.5 and 37 °C by the
ALP presented on the samples to form free yellow-colored p-nitrophenol. After 1h, a 2M
sodium hydroxide (NaOH) solution was added to stop the reaction and the absorbance read at
405 nm in a microplate reader (Synergy HT, Bio-TEK; Vermont, USA). Standards were
performed with 10 umol/mL p-nitrophenol solution, obtaining a standard curve ranging from 0
to 0.3 umol/mL. Triplicates of each sample and standard were performed, and the ALP

synthesis concentrations read off directly from the standard curve.

I1-3.5.7. Cell morphology and distribution

The cell morphology and its distribution over the biofunctionalized systems was assessed
by SEM analysis on Chapters III to VI. For that, cell fixation is required to obtain biological
samples in near natural state. Therefore, the constructs samples (cells-NFMs) were fixed with
2.5 % glutaraldehyde in PBS and keep at 4 °C until further use. Then, the samples were washed
in PBS, dehydrated in increasing alcohol concentrations and allowed to dry overnight. As
described above, these samples need to be coat with a conductive material such as gold or
carbon due to its non-electric conductivity. Finally, they were analyzed by SEM microscopy

(Cambridge S360, Leica Cambridge, Cambridge, UK) at x1 000 and x3 000 magnification.
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11-3.5.8. RNA isolation

The RNA isolation is the first and most critical step in performing fundamental molecular
biology assays such as real-time polymerase chain reaction (RT-PCR). Under the scope of this
work (corresponding to Chapters III to VII), the method used for RNA extraction and isolation
was based on the Trizol reagent. It is a ready-to-use reagent, which disrupts cells and dissolves
their components, maintaining the RNA integrity. Chloroform was added to make the
separation of the solution into two distinct phases: aqueous and organic. The aqueous phase

contains the RNA, which was recovered by the precipitation with isopropyl alcohol.

At each culturing time, the collected samples were washed with PBS, immersed in Tri
reagent®, and kept at -80 °C for later RNA extraction. To perform the RNA extraction, samples
were defrosted in ice, following the chloroform addition. Samples were vigorously agitated (15
s) and incubated for 15 min in ice. Then, the samples were centrifuged at 13000 rpm for 15 min
at 4 °C, the supernatant collected for a sterile 1.5 mL tube, and an equivalent volume of
isopropanol was added. The RNA was let to precipitated overnight at -20 °C. Afterwards,
samples were centrifuged at 13000 rpm for 15 min at 4 °C, the supernatant discarded and 800
ul of ethanol 70 % was added in order to wash away the isopropanol. Samples were vigorously
agitated (15 s) and centrifuged at 9000 rpm for 15 min at 4 °C. The supernatant was carefully
removed, and the pellet was left to air dry under sterile conditions. The pellet was then
resuspended in 20 ul of DNase free water (Lonza Verviers SPRL, Verviers, Belgium). The
concentration and purity of the extracted RNA was determined using the NanoDrop ND-1000
Spectrophotometer (NanoDrop Technologies Inc, USA).

I1-3.5.9. Real-time Polymerase Chain Reaction (RT-PCR)

RT-PCR is a quantitative technique based in the PCR procedure [95]. PCR is a technique
to replicate DNA by using a thermal cycling and an enzyme (DNA polymerase). This widely
used technique allows the amplification of a copy of a DNA, amplifying it to a detectable
quantities (amplicon). The amplicon can only be visualized at the end of the reaction in PCR,
while in RT-PCR the amplification and quantification occur in simultaneous, allowing the
amplicon visualization through the reaction time. RT-PCR is usually combined with reverse
transcription in order to quantify the messenger RNA in cells or tissue. In this work, we used

this combination for detecting gene expression of chondrogenic (Chapter III to V), neurogenic
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(Chapter VI), osteogenic or endogenic (Chapter VII) related genes. We performed RT-PCR
which consist on two steps of fluorogenic assay. Firstly, isolated RNA was reversed transcribed
into complementary DNA (cDNA), and then the RT-PCR was performed to detect lineage-

related genes.

In the first step, RNA was reverse transcribed into cDNA using the qScript cDNA synthesis
kit, Quanta Biosciences, VWR, MA, USA), according to the manufacturer instructions. The
reaction was performed using the MiniOpticon real-time PCR detection system (BioRad
Laboratories, USA). Subsequently, the obtained cDNA was used as a template for the
amplification of the target genes shown in Table II-1, according to manufacturer’s instructions
of the PerfeCta™ SYBR® Green system (Quanta Biosciences, VWR, MA, USA). The number
of amplification cycles used for every reaction was 45. Those reactions were carried out in a

Mastercycler® ep Gradient S realplex® thermocycler (Eppendorf; Hamburg, Germany).

Glyceraldehydes-3-phosphate-dehygrogenase (GAPDH) was used as reference gene, and
the expression of all target genes was normalized to the expression of this gene for the same
sample. The gene expression quantification was performed according to the Livak method (2 -

AACT method), considering the negative control as calibrator.

I1-3.5.10. Alcian Blue Staining

Alcian blue stain was performed for samples studied in Chapter III to V to detect cartilage
formation. Alcian blue dye stains acid mucopolysaccharides and GAGs. At 28 days of culture,
samples were collected, washed with PBS, fixed in a 10% neutral buffered formalin (Bio-Optica
Milano S.p.a., Italy), and kept at 4 °C. Afterwards, alcian blue stain was performed by rising
the samples in 3 % acetic acid and incubated with 1 % alcian blue solution for 1h at RT. The
samples were mounted in aqueous mounting medium and the staining of a cartilaginous ECM

observed in an optical microscope (Leica DM750, Leica Cambridge).
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Table II-1 Primer sequences used for RT-PCR procedures .

gene forward (5°- 3") reverse (5°-3")
GAPDH CAACTCCCTCAAGATTGTCAGCAA  GGCATGGACTGTGGTCATGA
= GAP-43 TTTCCTCTCCTGTCCTGCTC TGGACTTGGGATCTTTCCTG
Jas]
ZT MAP2 GGCACTCCTCCAAGCTACTCT CTTGACGTTCTTCAGGTCTGG
gﬁ NF-160 AGCATTGAGCTCGAGTCGGTG ~ CTGCTGGATGGTGTCCTGGTAG
o
é NF-200 AAAGTGAACACGGATGCTATGC  GTGCTTTTCAGTGCCTCCAAC
Synl GTGTCAGGGAACTGGAAGACC AGGAGCCCACCACCTCAATA
GAPDH AGCCTCAAGATCATCAGCAA GTCATGAGTCCTTCCACGAT
o Sox9 TTCATGAAGATGACCGACGC GTCCAGTCGTAGCCCTTGAG
'§J Aggrecan TGAGTCCTCAAGCCTCCTGT TGGTCTGCAGCAGTTGATTC
'§ COMP AGGGATGGAGACGGACATCAG TCTGCATCAAAGTCGTCCTG
60 COL II CGGTGAGAAGGGAGAAGTTG GACCGGTCACTCCAGTAGGA
Runx 2 TTCCAGACCAGCAGCACTC CAGCGTCAACACCATCATTC
Osteocalcin GTGCAGAGTCCAGCAAAGG TCAGCCACTCGTCACAGC
Osteopontin GGGGACAACTGGAGTGAAAA CCCACAGACCCTTCCAAGTA
% Oxterix CCCTTTACAAGCACTAATGG ACACTGGGCAGACAGTCAG
g BMP-2 TGAATCAGAATGCAAGCAGG TCTTTTGTGGAGAGGATGCC
© ALP CTCCTCGGAAGACACTCTG AGACTGCGCCTGGTAGTTG
COL I AAGAACCCCAAGGACAAGAG GTAGGTGATGTTCTGGGAGG
COL X CAGGCATAAAAGGCCCACTA AGGACTTCCGTAGCCTGGTT
o VEGFR2 AGCGATGGCCTCTTCTGTAA ACACGACTCCATGTTGGTCA
go PECAM AAGGCCAGATGCACATCC  TTCTACCCAACATTAACTTAGCAGG
%D VEGF A GATCCGCAGACGTGTAAATG CTGGTGAGAGATCTGGTTCC

Y GAPDH = glyceraldehyde 3-phosphate dehydrogenase; GAP-43 = growth-associated protein 43; MAP-2 = microtubule-
associated protein 2; NF-160 = neurofilament 160; NF-200 = neurofilament 200; Synl = synapsin-1; Sox9 = Sry-type high
mobility group box 9; COMP = Cartilage oligomeric matrix protein, COL II = collagen type II; Runx 2 = Runt-related

transcription factor 2; BMP-2 = Bone morphogenetic protein 2; ALP = Alkaline phosphatase; COL IOl = collagen type [
alpha;, COL X = collagen type X; VEGFR2 = Vascular endothelial growth factor receptor 2; PECAM = Platelet and
endothelial cell adhesion molecule; VEGF A = Vascular endothelial growth factor A.
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I1-3.5.11. Immunodetection of lineage-specific proteins

Immunolocalization is routinely used to detect and identify specific protein markers on in
vitro cultured cells or in tissue sections. In this technique, the biological molecules of interest
are labeled with biotin marker and detected visually, usually by adding an avidin-biotinylated
enzyme complex and the correspondent enzyme substrate. This indirect observation was used
in the present work (corresponding to Chapters III to VII) and performed according to the
instructions of the manufacture of the R.T.U. VECTASTAIN® Universal ABC Elite® Kit
(Vector Laboratories, CA, USA) and DAB Substrate Peroxidase kits. The principle of this
method relies on the incubation of the sample with a specific primary antibody to detect the
antigen of interest, followed the secondary antibody incubation. The secondary antibody is
biotin-labeled, introducing many biotin molecules in the section and in the location of the
primary antibody. Then the avidin-biotinylated enzyme complex added are able to bind to the
biotin-labeled secondary antibody. Location of the antigen is obtained by adding an enzyme

substrate.

The immunodetection of collagen type II was performed in Chapters III to V, while
collagen type Io was study in Chapters III, IV and VII. Immunodetection of the beta III
Tubulin, GAP-43, NF200 and Synapsin 1 was carried out in Chapter VI. In Chapter VII, the
immunodetection of bone/vascular-specific proteins were also performed, namely osteopontin,
osteocalcin, vVWF and CD31 proteins. All the samples were collected at the defined culture time,
washed with PBS, fixed in a 10% neutral buffered formalin (Bio-Optica Milano S.p.a., Italy),
and kept at 4 °C until further used. Endogenous peroxidase activity was quenched with 0.3%
hydrogen peroxide solution for 30 min. This incubation step block tissue intrinsic endogenous
peroxidases that could produce a reaction product from the substrate alone. Samples were
washed in PBS for 5 min and blocked with R.T.U. Normal Horse Serum from the kit, for 20
min, to avoid non-specific staining. Samples were further incubated with the respective primary
antibodies [anti-beta III Tubulin polyclonal antibody (1:100), anti-GAP43 polyclonal antibody
(1:200), anti-NF200 monoclonal antibody (1:40), anti-synapsin I polyclonal antibody (1:200),
anti-collagen type Ial polyclonal antibody (1:2500), anti-human type II collagen monoclonal
antibody (1:500), anti-osteopontin polyclonal antibody (1:1000), anti-osteocalcin monoclonal
antibody (1:100), anti-Von Willebrand Factor polyclonal antibody (1:400) and anti-CD31
monoclonal antibody (1:100)] overnight at 4 °C. Afterward, the samples were washed with PBS
for 5 min and incubated with the secondary antibody from the kit during 1h at RT. The
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secondary antibody was revealed by using the Peroxidase Substrate Kit (DAB) (Vector
Laboratories, CA, USA). Samples were washed in water for 5 min and, then, counterstained
with hematoxylin for nuclei visualization. By the end, samples were washed in distilled water,
mounted in an aqueous mounting medium and observed in an optical microscope (Leica

DM?750 microscopy).

In Chapter VI the beta III Tubulin immunostaining were used to assess the neuronal
phenotype of PC12 in response to NGF stimulation. For that, the percentage of neurite-bearing
cells was determined by counting more than 200 cells expressing beta I1I tubulin, in randomly
selected fields recorded at 40x lens objective (Leica DM750 microscopy) with a computerized
image analyzer (NIH ImagelJ software). Neurite-bearing cells are those with neurites lengths

greater than or equal to the diameter of the cell body [96, 97].

I1-3.6. In vivo angiogenesis evaluation

Relevant in vivo assays to assess angiogenesis comprise the chorioallantoic membrane
(CAM) assay, the Zebrafish, the Subcutaneous and Orthotopic Xenografts or the Matrigel Plug
Assay [98]. The ideal angiogenesis model should: (i) responds to human vascular growth factors
and small molecules that have angiogenic properties and (ii) depends upon structural proteins,
such as integrins, of the plasma membrane of endothelial cells in the assay system that are very
comparable to those in human cells. Herein, an in vivo model of preclinical research, namely
the CAM assay, was implemented as a minimally invasive, short-term in vivo alternative.
Traditionally used as an angiogenic assay, the CAM of the developing embryo provides a non-
innervated, rapidly growing vascular bed that can serve as a surrogate blood supply for organ

culture and thus a good platform for biomaterial testing [99].

I1-3.6.1. Chick chorioallantoic membrane assay

Chick chorioallantoic membrane (CAM) is composed by a multilayer epithelium,
incorporating the ectoderm at the air interface, mesoderm or stroma and endoderm at the
interface with the allantoic sac. The CAM assay is a well-established model for studding
angiogenesis and cell invasion, due to its highly-vascularized nature, high reproductivity,

simplicity and cost effectiveness [100].
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In Chapter VII, CAM assay was performed to evaluate the angiogenic potential of the
engineered biofunctional system comprising endogenous BMP-2 and VEGF bound in a side-
by-side fashion. This method was performed as described in the referred chapter. A total
number of 120 white fertilized chicken eggs from Pinto Bar (Amares, Portugal) were incubated
at 37°C (model B8420, Termarks; Bergen, Norway) during 3 days for embryonic growth. A
window was open into the eggshell to evaluate embryo viability, after puncturing the air
chamber, to allowed dissociation of the CAM from the shell membrane. The window was then
sealed with transparent tape (~50 x 30 mm, AXTON 50 mm) to prevent dehydration and the
eggs were returned to the incubator at 37°C until implantation of the substrates. On the 10" day
of embryonic development, the engineered biofunctional systems (BMP-2, VEGF and BMP-
2|VEGF) and controls (without NFM and with activated NFM) were placed on the CAM. At
the 17" day, the chicken embryos were sacrificed by adding a paraformaldehyde (Merck,
Berlin, Germany) solution at 4% (v/v), followed by its incubation at -80° C for 10 min. The
implanted specimens with adjacent CAM portions were cut and fixed with 4%
paraformaldehyde. Ex ovo images were captured using the AxioVision imaging software
(release 4.8; Zeiss, Germany) connected to an AxioCAM ICcl digital camera (Zeiss, Germany)
attached to a stereomicroscope (Stemi 2000- C; Zeiss, Germany), for each condition in both
sides (i.e. chorionic and allantoic epithelium). Three independent CAM assays were performed

and a minimum of 10 eggs/samples were used for each condition.

I1-3.6.1.1 Analysis of blood vessel convergence

A semiquantitative method was used to evaluate the total number of macroscopic blood
vessels converging toward the implanted engineered biofunctional systems (BMP-2, VEGF and
BMP-2|VEGF) and controls (without NFM and with activated NFM). This semiquantitative
method has been previously described by Ribatti, et al,[101] for the quantification of
angiogenesis in the CAM of chicken eggs, using gelatin sponges as implanted materials. In this
work (Chapter VII), the ex ovo images of the explants obtained after 17 days of embryonic
development were processed using the ImagelJ 1.52a software program (National Institutes of
Health, USA) to count the total number of blood vessels converging toward the implanted
substrates. For quantification purposes, the magnification of the stereomicroscope images was

kept constant (0.65 X), as well as the image-processed area (800 x 800 pixels). The total number
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of macroscopic microvessels that converged toward the graft was counted blindly for each egg

by three independent observers.

An automated angiogenesis quantification method was also conducted by using the Vessel
Analysis plugin a Fiji (ImageJ 1.52i) to perform in a reliable and repeatable way a sequence of
operations leading to a robust segmentation of EC images and a reproducible extraction of the
skeleton representing the microvascular network.[102] Measurements of vascular density (i.e.
ratio of vasculature area to total selection area) and vascular length density (i.e. ratio of

skeletonized vasculature area to total area) are expressed in percentage.

II-4. STATISTICAL ANALYSIS

Statistical analysis was performed using the SPSS statistic software (release 24.0.0.0 for
Mac). First, a Shapiro-Wilk test was used to ascertain about the data normality and Levene test
for the homogeneity of variances [103]. When data follow a normal distribution, parametric
tests were used (i.e. one-way ANOVA test followed by Tukey’s HSD test). The one-way
ANOVA (one-way analysis of variance) test is used to compare means of one variable in two
or more independent groups of samples, using the F distribution [104]. This parametric
statistical test makes assumptions about the parameters of the population distribution; thus, the
data normality and homogeneity of variances were firstly assessed to choose the best statistic
test. When the normality and variance homogeneity were rejected, non-parametric tests were
used (i.e. Kruskal-Wallis test followed by Tukey’s HSD test). Kruskal-Wallis test are been used
to compare one variable in more than two independent groups of samples, using ranks of
observations rather than observation themselves [105]. When the Kruskal-Wallis test indicated
significant differences between the independent groups, different multiple comparison test
should be performed to find which one or how many are different. Therefore, in this work, the
Tukey test was applied to find which pairs of biofunctional system exhibited significant
differences. The Tukey multiple comparation procedure is also known as the “honestly
significant difference test” or HSD test [106]. p values than 0.01 were considered statistically

significant in all parametric tests.
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Chapter 111

Fibronectin Bound to a Fibrous

Substrate has Chondrogenic-inductive Properties T

ABSTRACT

Articular cartilage is an avascular tissue with a low self-regeneration potential.
Furthermore, this tissue is characterized by a dense and specific extracellular matrix (ECM).
Fibronectin (FN) is a key constituent of the pericellular ECM, assembled into a fibrillar matrix
through a cell-mediated process. Although FN is essential in chondrocytes condensation during
cartilage development, being implicated in chondrogenic events, its potential to induce

chondrogenic differentiation of mesenchymal stem cells (MSCs) remains unclear.

In this study, we evaluate the chondrogenic potential of FN bound at the surface of an
electrospun nanofibrous mesh (NFM). For that, anti-FN antibody was immobilized at the
surface of NFMs, capable of selectively bind endogenous FN (eFN) from blood plasma. The
chondrogenic potential of bound eFN was further assessed by culturing human bone marrow-
derived MSCs during 28 days, in basal growth medium. The biological results indicate that
NFMs biofunctionalized with eFN were able to successfully induce the chondrogenesis of
MSCs by the high expression of SOX9, COMP, Aggrecan, Collagen type II, as well as
glycosaminoglycans synthesis. Therefore, biofunctionalized nanofibrous comprising eFN

significantly enhance the efficacy of a cartilage tissue engineering strategy.

T This chapter is based on the following publication:

Casanova M. R., Reis R. L., Martins A. and Neves N. M., “Fibronectin Bound to a Fibrous Substrate has Chondrogenic-inductive
Properties”, Submitted for publication.
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III-1. INTRODUCTION

During the cartilage development, a condensed mass of cells is formed by the aggregation
of the undifferentiated mesenchyme, which undergo differentiation to form mature
chondrocytes and deposit cartilage-specific extracellular matrix (ECM) [1]. The ECM is a
fibrillar network of proteins, being a critical regulator of the cell behavior [2]. Cell-ECM
binding provides chemical signals, structural support and local cues, organized to promote
integration of environmental information in the intracellular pathways. ECM signals are
communicated through the cell-surface receptors to regulate cellular functions such as

proliferation, migration, survival and differentiation [3, 4].

A temporal change in the composition of the deposited ECM is the key feature of
chondrogenesis. It is determinant for differentiated chondrocytes to be able to maintain a
cartilaginous structure and function, and not to undergo hypertrophy [5].The protein
composition of the ECM varies among the development stages of chondrogenesis. During
condensation, matrix proteins such as FN, collagen I and the proteoglycan versican are
prevalent [6, 7]. In contrast, matrix deposited by differentiated chondrocytes is rich in collagens
IT and IX and the proteoglycan aggrecan [8-10], this matrix might provide the optimal structure

and stiffness, which is known to be important for chondrocyte differentiation [11].

FN is a 440KDa glycoprotein, widely distributed in the ECM, plasma and other body fluids
[4]. In plasma, FN has a concentration range of 200—400 pug/mL [12, 13]. It is a key constituent
of the pericellular ECM, forming essential connections between cell surface integrin receptors
and structural components of the ECM (i.e. collagens) [5]. This essential role of FN in
chondrocytes condensation during cartilage development is well known [14-16]. Therefore, FN
acts as a matrix assembler by promoting cell adhesion and differentiation [5, 14, 16-22], by
activating intracellular pathways through integrins signaling, regulate gene expression during

chondrogenesis [23, 24].

Articular cartilage degeneration and lesions are considered the most common cause of
severe long-term pain and lead to physical disability and significant decrease in the quality of
life [25, 26]. Many treatment options have been implemented to repair damaged cartilage, such
as microfracture and mosaicplasty [27]. The first tissue engineering strategy proposed for
cartilage repair was autologous chondrocyte implantation (ACI), consisting in the implantation
of autologous chondrocytes into the patient chondral injury [28]. The procedure was improved

into the second generation matrix-induced autologous chondrocyte implantation (MACI),
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involving the culturing of autologous chondrocytes onto a three dimensional collagen
biocompatible scaffold [29]. Despite the promising results reported by chondrocyte
implantation techniques in a large percentage of patients, the properties of healthy, normal
articular cartilage are still unmatched by those advanced therapies [27]. Cartilage tissue
engineering has emerged as an alternative strategy for the repair or regeneration of damaged
cartilage. Within this strategy, mesenchymal stem cells (MSCs) are a promising source of adult
cells, which can be induced to differentiated into the chondrogenic lineage under specific
conditions. Specifically, chondrogenic differentiation of MSCs could be achieved through their
exposure to either cell-adhesion molecules (i.e. chondroitin sulfate) or lineage-specific growth

factors, such as transforming growth factor-beta (TGF-3) [30-33].

Envisioning an autologous approach, we herein report on the development of a
biofunctionalized electrospun polycaprolactone nanofibrous mesh (PCL NFM) able to
specifically bind endogenous FN (eFN) from a pool of blood plasma samples. Herein, the
glycoprotein FN was investigated for their role in the chondrogenic differentiation of human
bone marrow MSCs (hBM-MSCs). The impact of the bound FN over the cell proliferation,
development of the ECM and its composition, as well as the gene expression of hBM-MSCs,

were all evaluated.

III-2. MATERIALS AND METHODS

II1-2.1. Production of activated and functionalized PCL NFMs

The production of activated and functionalized PCL NFMs was performed as described
elsewhere [34]. Briefly, a polymeric solution of 15% (w/v) PCL (Polycaprolactone- Mn 70,000-
90,000 by GPC, Sigma-Aldrich, Europe) in chloroform/dimethylformamide (7/3, Sigma-
Aldrich, Europe) was electrospun with a voltage of 12kV, a needle tip to ground collector
distance of 20cm, and a flow rate of ImL/h. After the processing of ImL of the polymeric

solution, the NFM was left to dry and cut into samples of 1cm?.

The surfaces of the NFMs were activated by UV-ozone irradiation, by exposing both sides
to UV light (ProCleaner 220 system, Bioforce Nanoscience) during 2 min. Then, the activated
NFMs were immersed in 1M 1,6-hexanediamine (HMD) solution (Sigma-Aldrich Quimica,
S.L., Europe) and incubated for 1h at 37°C, to functionalize the surface of NFMs with amine

109



Chapter Il — Fibronectin Bound to a Fibrous Substrate has Chondrogenic-inductive Properties

groups (-NH2). Those activated and functionalized NFMs were further used as control

conditions in the biological assays.

II1-2.2. Biofunctionalization of NFMs

A human FN antibody (Mouse monoclonal, Anti-Fibronectin antibody [BC-1] (ab154210),
ABCAM, Europe) was immobilized at the surface of the activated and functionalized NFMs by
a covalent bond mediated by a coupling agent, namely 1-ethyl-3-(3-(dimethylamino)-
propyl)carbodiimide / hydroxysuccinimide mixture (1:4 ratio)(EDC/NHS; Sigma-Aldrich
Quimica, S.L., Europe). Prior to the incubation of a 1 % (v/v) FN antibody solution (PBS, 7.4
pH) for 2h at room temperature (RT), this antibody/EDC/NHS mixture was incubated 15 min
at RT for protein activation. The maximum immobilization capacity on the surface of the NFMs
was determined by using a wide range of concentrations (from 0 to 14 pg/mL). The non-

immobilized FN antibody was removed by washing step with 0.1 M PBS.

After the FN antibody immobilization at the NFMs, a BSA (Sigma-Aldrich Quimica, S.L.,
Europe) blocking step was performed (1 h at RT), and the corresponding secondary antibody
(1:200 in PBS)(Alexa Fluor® 488 donkey anti-mouse IgG (H+L), Life Technologies, USA
(~495/517 nm)) was incubated for 1 h at RT. The unbound secondary antibody fluorescence
was measured in a microplate reader (Synergy HT, Bio-TEK), as an indirect method to
determine the primary antibody immobilization efficiency. The NFMs without primary
antibody were used as a negative control to evaluate nonspecific immobilization. The spatial
distribution of FN antibody at the surface of the NFM was analyzed by fluorescence microscopy

(Axio Observer; Zeiss).

The binding capacity of the biofunctionalized NFMs with FN antibody was assessed by
using human blood plasma as an endogenous source of FN. The blood plasma was obtained
from plasma apheresis of six healthy donors: three female donors and three male donors. The
plasma collections were provided by Hospital de Sdo Jodo (Servigo de Imunohemoterapia do
Centro Hospitalar Sao Jodo, Porto, Portugal) under an established collaboration protocol,
approved by the ethical committee. A pool of plasma was performed by mixing the six
independent plasma samples. The platelet debris were removed by centrifugation at 1400g
during 10 min at 4°C, and supernatants were filtered (0.22 pm filter) and stored at -20°C until

further use.
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The biofunctionalized NFMs, with the FN antibody at the maximum concentration
previously optimized, were incubated with 400 uL of plasma (1 h, RT), in order to determine
the eFN binding efficiency of the immobilized FN antibody. The unbound protein solutions
were collected and stored at -20 °C, until further quantification by enzyme-linked

immunosorbent assay (ELISA).

The quantification of eFN presented on plasma samples and on the unbound protein
solutions were performed by using the human Fibronectin DuoSet® development ELISA kits

(R&D Systems, Inc., USA). The assay was conducted according to the manufacturer’s protocol.

I11-2.3. Biological activity

I11-2.3.1. hBM-MSC:s Isolation, Culture and Seeding

hBM-MSCs were isolated from bone-marrow aspirates collected after obtaining informed
consent from patients undergoing knee arthroplasty. Those samples were obtained under the
protocol established between the 3B's Research Group, University of Minho and the Hospital
Center of Alto Ave, Guimaraes, and approved by the ethics committee of this hospital (67/CA).
hBM-MSCs were characterized and cultured under static conditions in basal medium (a-MEM
(Sigma-Aldrich, Europe), supplemented with 10% heat-inactivated fetal bovine serum (FBS;
Life Technologies, USA) and 1% antibiotic/antimycotic solution (Life Technologies, USA)) at
37 °C and in a humidified atmosphere of 5% CO», using our established standard protocols [35].

Cells were expanded until passage 4 in order to achieve seeding densities of 200 000
cells/50 uL/NFM. The conditions assessed were nanofibrous substrates biofunctionalized with
eFN bound from a pool of blood plasma (eFN) or from commercial FN (¢FN; Human Plasma
Fibronectin Purified Protein, Millipore, USA) under basal medium, without further medium
supplementation. The experimental control conditions comprise hBM-MSCs cultured on
activated and functionalized NFMs in basal medium (Basal), soluble cFN (cFN soluble; o.-
MEM medium supplemented with 8 pg/mL cFibronectin), standard chondrogenic
differentiation medium (Chondro; basal medium supplemented with Insulin-Transferrin-
Selenium-G Supplement (ITS; Invitrogen), 1 mM dexamethasone (Sigma-Aldrich), 0.1 M
sodium pyruvate (Invitrogen), 17 mM ascorbic acid-2-phosphate (Wako Pure Chemical
Industries, Ltd.), 35 mM L-proline (Sigma-Aldrich) and 10 ng mL"! TGF-B3) and standard
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osteogenic differentiation medium (Osteo; basal medium supplemented with 50 pg/mL
ascorbic acid, 10 mM B-glycerophosphate and 10”7 M dexamethasone). The constructs were
retrieved for further analysis at predefined culturing times, namely 0, 7, 14, 21 and 28 days. All

experiments were performed in triplicate and repeated at least three times (n=3), independently.

I11-2.3.2. Cellular Biochemistry Analysis

Cell proliferation was evaluated by DNA quantification (Quant-iTPicoGreen dsDNA
assay, Invitrogen, Alfagene), metabolic activity by the MTS assay (CellTiter 96 AQueous One
Solution, Promega) and protein synthesis by Micro BCA assay (Micro BCA™ Protein Assay
Kit, Thermo Fisher Scientific, USA), according to the manufacturer's instructions.
Glycosaminoglycans (GAGs) quantification was performed according to a colorimetric assay

previously established in our lab, namely the dimethyl methylene blue (DMB) assay [36].

I11-2.3.3. Scanning Electron Microscopy (SEM)

The constructs were dehydrated, sputter coated with Au/Pd and analysed in a scanning

electron microscope (Model S360, Leica Cambridge, Europe).

I11-2.3.4. Gene Expression Analysis

At each time point, the constructs were washed with PBS, immersed in Tri reagent® (Life
Science, VWR, USA), and kept at -80 °C for later RNA extraction. Total RNA was isolated and
reverse transcribed into cDNA (qScript cDNA synthesis kit, Quanta Biosciences, VWR, USA),
according to the manufacturer instructions. Afterwards, the obtained cDNA was used as a
template for the amplification of target genes (Table III 1), according to the manufacturer’s
instructions of the PerfeCtaTM SYBR® Green system (Quanta Biosciences, VWR, USA). The
gPCR reactions were carried out in a Mastercycler® ep Gradient S realplex® thermocycler
(Eppendorf; Hamburg, Europe) for all genes. The transcript expression data were normalized
against the housekeeping gene Glyceraldehydes-3-phosphate-dehygrogenase (GAPDH) and
the quantification performed according to the Livak method (2 “*2¢T method) [37], considering

the basal medium testing condition (negative control) as calibrator.
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Table I1I-1 Primer sequences used for RT-PCR procedures .

gene forward (5'- 3°) reverse (5°-3°)

§ GAPDH AGCCTCAAGATCATCAGCAA GTCATGAGTCCTTCCACGAT
2 Sox9 TTCATGAAGATGACCGACGC GTCCAGTCGTAGCCCTTGAG
§o Aggrecan TGAGTCCTCAAGCCTCCTGT TGGTCTGCAGCAGTTGATTC
E COMP AGGGATGGAGACGGACATCAG TCTGCATCAAAGTCGTCCTG
S coL CGGTGAGAAGGGAGAAGTTG GACCGGTCACTCCAGTAGGA
o COL Il AAGAACCCCAAGGACAAGAG GTAGGTGATGTTCTGGGAGG
§~ COLX CAGGCATAAAAGGCCCACTA AGGACTTCCGTAGCCTGGTT
§ Runx 2 TTCCAGACCAGCAGCACTC CAGCGTCAACACCATCATTC
= ALP CTCCTCGGAAGACACTCTG AGACTGCGCCTGGTAGTTG

Y GAPDH = Glyceraldehyde 3-phosphate dehydrogenase; Sox9 = Sry-type high mobility group box 9; COMP = Cartilage
oligomeric matrix protein, COL Il = collagen type II; COL Ia = collagen type I alpha; COL X = collagen type X; Runx 2 =
Runt-related transcription factor 2; ALP = Alkaline phosphatase.

I11-2.3.5. Histological Analysis

Samples were collected at 28 days of culture, fixed in a 4% paraformaldehyde solution,
and kept at 4 °C until further used for staining procedures. Alcian blue staining,
immunocytochemistry for collagens type I (COL1A1 (C-18); Santa Cruz Biotechnology,
Europe) and type II (mouse anti-human type II collagen monoclonal antibody; Millipore, USA)
were performed as described elsewhere [38]. The samples were counterstained with
hematoxylin for nuclei visualization and observed in an optical microscope (Leica DM750

microscope).

I11-2.4. Statistical analysis

Statistical analysis was performed using the SPSS statistic software (release 24.0.0.0 for
Mac). First, a Shapiro-Wilk test was used to ascertain the data normality and Levene test for
the homogeneity of variances. Parametric tests (one-way ANOVA test followed by Tukey’s
HSD test) were used on data following a normal distribution (i.e. Figure III-1a). For all other
data, the normality and variance homogeneity were rejected and non-parametric tests were used
(Kruskal-Wallis test followed by Tukey’s HSD test). p values lower than 0.01 were considered

statistically significant in non-parametric tests.
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III-3. RESULTS

I11-3.1. Biofunctionalization of nanofibrous substrates with human plasma fibronectin

The initial aim of this study was to develop a biofunctional nanofibrous substrate
comprising the glycoprotein FN from commercial (cFN) or endogenous-origin (eFN). An
optimized activated and functionalized NFM was used, providing binding sites able to bind FN
via a non-neutralizing antibody-antigen bond. The immobilized FN antibody allows to bind the
corresponding protein from a complex biological fluid (i.e. plasma), envisioning an autologous
approach. The FN antibody was successfully immobilized at the maximum concentration of 8
pg/mL (Figure III 1 a) and its uniform distribution over the nanofibrous substrate is shown in

Figure II1 1 b).
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Figure III-1 Top: Maximum immobilization capacity of fibronectin antibody at the surface of activated and
functionalized NFM (a). Data were analyzed by the one-way ANOVA test, followed by the
Tukey’s HSD test (p<0.00I): a denotes significant differences compared to concentration 0
pg/mL; b denotes significant differences compared to concentration 2 pg/mL; ¢ denotes
significant differences compared to concentration 4 pg/mL and d denotes significant
differences compared to concentration 6 ug/mL; Spatial distribution of anti-fibronectin (b)
immobilized at the surface of activated and functionalized nanofibrous substrates at 8 pg/mL.
The negative control sample (c) was not incubated with the primary antibody. Bottom:
Quantification of fibronectin (d) present in 3 independent human blood plasma samples and
in a pool of six independent donors. The endogenous fibronectin binding capacity of the
biofunctionalized nanofibrous substrate (e).
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The binding capacity of the immobilized FN antibody at the nanofibrous substrates was
assessed by using eFN from different plasma donors. Figure III 1 d) shows the range of
concentrations obtained from three different human samples (from 111 to 398 pg/mL), and
from a pool of six independent donors, 194+14 pug/mL. This amount is in line with reported by
the literature considering the soluble FN synthesized and secreted by hepatocytes (200—-400
pg/mL in human plasma [12, 13]). Those eFN was successfully bound at the biofunctionalized
nanofibrous substrate comprising immobilized FN antibody at the maximum concentration of

8 ug/mL (Figure II1 1 e).

I1I-3.2. Biological activity of fibronectin over hBM-MSCs

To assess the role of the FN in the chondrogenic differentiation of MSCs, hBM-MSCs were
cultured over biofunctionalized nanofibrous substrates comprising bound FN from different
sources (i.e. cFN bound and eFN bound), under basal culture conditions. hBM-MSCs were also
cultured over non-biofunctionalized nanofibrous substrates in basal medium (Basal), basal
medium supplemented with cFN (cFN soluble) and standard chondrogenic differentiation

medium (Chondro).

The influence of soluble or bound FN over hBM-MSCs viability, proliferation and total
protein synthesis was assessed using standard cell biology protocols. In terms of cell viability,
(Figure IIT 2 a) on the 28" day of hBM-MSCs culture on the NFM in chondrogenic
differentiation medium (Chondro) displayed significantly lower viability than the hBM-MSCs
culture on the NFM in basal medium (Basal) (p < 0.001). However, the biofunctionalized
nanofibrous substrates with eF'N bound presented significantly higher hBM-MSCs viability
than non-biofunctionalized NFMs cultured in basal medium (Basal) (p < 0.01). It is also notable
that the conditions comprising cFN (cFN soluble; cFN bound) have cell viability at the level of
the NFMs cultured in basal medium (Basal). The biochemical performance, namely cell
proliferation and total protein synthesis (Figure III 2 b and c), of the hBM-MSCs under
biofunctionalized nanofibrous substrates comprising human FN is comparable to that observed
in non-biofunctionalized NFMs (Basal; Chondo) along the culturing time. Likewise, the
supplementation of the basal medium with cFN (cFN soluble) seems to not induce significant

changes over hBM-MSC:s proliferation and protein synthesis along the culturing time.
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Figure II1-2 Biochemical performance (i.e. cell viability (a) and proliferation (b), total protein synthesis(c))
and cell morphology (d) of the hBM-MSCs cultured over biofunctionalized nanofibrous
substrates comprising bound fibronectin from different sources (i.e. commercial [cFN bound)|
and endogenous [eFN bound]), under basal culture conditions. Non-biofunctionalized
nanofibrous substrates in basal medium (Basal), basal medium supplemented with
commercial fibronectin (¢cFN soluble) and standard chondrogenic differentiation medium
(Chondro) were used as controls. Data were analyzed by the Kruskal-Wallis test, followed by
the Tukey’s HSD test (p<0.001): a denotes significant differences compared to Basal; b denotes
significant differences compared to Chondro;

The morphology of hBM-MSCs culture on the non-biofunctionalized and
biofunctionalized nanofibrous substrates was analyzed by SEM at 28 days (Figure III 2 ¢). The
hBM-MSC:s cultured on biofunctionalized nanofibrous substrates comprising human FN (cFN
bound and eFN bound) showed a round-shaped morphology, whereas the cells on the non-
biofunctionalized NFMs cultured in basal medium (Basal) presented a fibroblast-like
morphology. A less evident round-shaped morphology of the cells was presented by the hBM-
MSCs culture on the non-biofunctionalized NFMs under standard chondrogenic differentiation

medium (Chondro) and basal medium supplemented with cFN (cFN soluble).

To assess the onset of the chondrogenic activity of the cultured hBM-MSCs, the GAGs
content was quantified and stained by alcian blue (Figure III 3). Along the culturing time, the
hBM-MSCs culture on the non-biofunctionalized NFMs under standard chondrogenic

differentiation medium (Chondro) or basal medium supplemented with cFN (cFN soluble) and
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biofunctionalized nanofibrous substrates comprised human FN (¢cFN bound and eFN bound)
displayed a significantly higher GAGs synthesis than the non-biofunctionalized NFMs under
basal medium (Basal) (p < 0.001) (Figure III 3 a). On the 28" day of hBM-MSCs culture, the
biofunctionalized NFMs (cFN bound and eFN bound) displayed a significantly higher GAGs
synthesis than the non-biofunctionalized NFMs under standard chondrogenic differentiation
medium (Chondro) (p < 0.0001) or basal medium supplemented with cFN (cFN soluble) (p <
0.01). Alcian blue staining (Figure III 3 b) confirms the presence of GAGs on the
cartilagineous ECM of the hBM-MSCs cultured on the non-biofunctionalized NFMs under
standard chondrogenic differentiation medium (Chondro) or basal medium supplemented with
cFibronectin (cFN soluble) and biofunctionalized nanofibrous substrates (cFN bound and eFN
bound). 1t is also possible to observe the absence of the staining on the non-biofunctionalized

NFMs under basal medium (Basal).
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Figure III-3 Analysis of the sulfated glycosaminoglycans content (a) and staining by Alcian blue (b) of the
hBM-MSCs cultured over biofunctionalized nanofibrous substrates comprising bound
fibronectin from different sources (i.e. commercial [cFN bound] and endogenous [eFN
bound]), under basal culture conditions. Non-biofunctionalized nanofibrous substrates in
basal medium (Basal), basal medium supplemented with commercial fibronectin (cFN soluble)
and standard chondrogenic differentiation medium (Chondro) were used as controls. Data
were analyzed by the Kruskal-Wallis test, followed by the Tukey’s HSD test (p<0.001): a
denotes significant differences compared to Basal; b denotes significant differences compared
to Chondro; c denotes significant differences compared to ¢cFN soluble;
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The expression level of several cartilage-related genes, namely Sox 9, Collagen type II,
COMP and Aggrecan, was quantified by real-time PCR considering the basal medium condition
(Basal) as calibrator (Figure III 4 a, b, c and d). All these genes are expressed in all testing
conditions, except on the non-biofunctionalized NFMs under standard osteogenic
differentiation medium (Osteo). On the 7" day of hBM-MSCs culture, a significantly higher
Aggrecan and Collagen type Il expression was observed at the biofunctionalized NFMs with
bound eFN (eFN bound) (p < 0.01). On the 21" day of hBM-MSCs culture, a significantly
higher Sox 9 expression was observed in the biofunctionalized nanofibrous substrate with
bound eFN (eFN bound) when compared to the non-biofunctionalized NFMs under standard
chondrogenic differentiation medium (Chondro) (p < 0.01). On the 28" day of hBM-MSCs
culture, the biofunctionalized NFMs with bound eFN (eFN bound) presented a significantly
higher Sox 9, Aggrecan and Collagen type II expression than the non-biofunctionalized NFMs
under standard chondrogenic differentiation medium (Chondro) and the soluble cFN condition
(cFN soluble) (p < 0.01). Moreover, the expression of COMP showed significant differences
between the biofunctionalized NFMs with bound eFN (eFN bound) and the Chondro condition.

Histological sections of the NFMs cultured with hBM-MSCs for 28 days were
immunostained for collagen type II (Figure III 4 e). The expression of Collagen type II
confirms the deposition of a cartilaginous ECM on the biofunctionalized nanofibrous substrates
comprising human FN (cFN bound and eF'N bound), on the non-biofunctionalized NFMs under
standard chondrogenic differentiation medium (Chondro) and on the soluble cFN condition
(cFN soluble). 1t was also possible to observe an intense immunodetection of collagen type II
on the biofunctionalized NFMs with eFN (eFN bound) when compared with the non-
biofunctionalized NFMs under standard chondrogenic differentiation medium (Chondro),

corroborating the previous gene expression data.
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Figure I11-4

Top: Relative expression of chondrogenic markers (i.e. Sox 9 (a), Collagen type II (b), COMP
(c) and Aggrecan (d)) by hBM-MSCs cultured on biofunctionalized nanofibrous substrates
comprising bond fibronectin from different sources (i.e. commercial [cFN bound] and
endogenous [eFN bound]), under basal culture conditions. Non-biofunctionalized nanofibrous
substrates in basal medium (Basal), basal medium supplemented with commercial fibronectin
(¢FN soluble) and standard chondrogenic differentiation medium (Chondro) and standard
osteogenic differentiation medium (Osteo) were used as controls. The expression was
normalized against the GAPDH gene and the quantification was performed according to the
Livak method. Data were analyzed by the Kruskal-Wallis test, followed by the Tukey’s HSD
test (p<0.00I): a denotes significant differences compared to Osteo; b denotes significant
differences compared to Chondro; ¢ denotes significant differences compared to cFN soluble;
Bottom: Immunolocalization of collagen type II (e) of the hBM-MSCs cultured over
biofunctionalized or non-biofunctionalized nanofibrous substrates.
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Figure III-5S Top: Relative expression of hypertrophic markers (i.e. Collagen type X (a), Collagen type I (b),
Runx 2 (¢) and Alkaline Phosphatase (d)) by hBM-MSCs cultured on biofunctionalized
nanofibrous substrates comprising bound fibronectin from different sources (i.e. commercial
[cFN bound] and endogenous [eFN bound]), under basal culture conditions. Non-
biofunctionalized nanofibrous substrates in basal medium (Basal), basal medium
supplemented with commercial fibronectin (cFN soluble), standard chondrogenic
differentiation medium (Chondro) and standard osteogenic differentiation medium (Osteo)
were used as controls. The expression was normalized against the GAPDH gene and the
quantification was performed according to the Livak method. Data were analyzed by the
Kruskal-Wallis test, followed by the Tukey’s HSD test (p<0.00I): a denotes significant
differences compared to Osfeo; b denotes significant differences compared to Chondro; c
denotes significant differences compared to cFN soluble; Bottom: Immunolocalization of
collagen type Ia (e) of the hBM-MSCs cultured over biofunctionalized or non-
biofunctionalized nanofibrous substrates.

Genotypic data also confirms that only in the non-biofunctionalized NFMs under standard
osteogenic differentiation medium (Osteo), osteoblastic-related genes were expressed (Figure
IIT 5 a, b, ¢, and d). The lower gene expression patterns were considerably similar on the

biofunctionalized nanofibrous substrates comprising human FN (cFN bound and eF'N bound)
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and on the non-biofunctionalized NFMs under basal medium supplemented with cFN (cFN
soluble), indicating that those hBM-MSCs did not differentiate into the osteogenic lineage.
Moreover, all the FN conditions (cFN soluble; cFN bound and eFN bound) had significantly
lower expression of the hypertrophy-related genes (i.e. Collagen type X, Collagen type o, Runx
2) when compared with the non-biofunctionalized NFMs under standard osteogenic or/and
chondrogenic differentiation medium (Osteo, Chondro) over the culture time (p < 0.0001).
Furthermore, the absence of a bone ECM was clearly observed by the non-immunodetection of

collagen type Ia. on the FN conditions (cFN bound and eFN bound) (Figure 111 5 ¢).

III-4. DISCUSSION

Interactions between cells and ECM provide important cues for the differentiation and
development of several tissues, including cartilage. FN is a cell-surface and ECM glycoprotein
required for precartilage condensation of limb bud cells by integrin-mediated adhesion [15],
and the presence of specific FN isoforms influences the extent of condensation [16]. Human
FN is a dimeric glycoprotein composed of two polypeptides (o and B chains) with a molecular
weight of 220-250 kDa linked by a single disulfide bond. Each chain contains three different
repeating modules (types I, II, and III), which mediate the interaction with other FN modules
(FNIi.s and FNIIIi2) and other ECM components, namely integrins (FNIIlo.10) and growth
factors (FNIIIi2-14) [39]. Physiologically, FN maintains a globular conformation, but it can
unfold into an extended conformation via cellular stimuli, exposing domains responsible for
matrix assembly, cell or growth factors binding [19, 40, 41]. Numerous studies have reported
these essential roles of cell-matrix interactions of FN during embryonic development [42-45].
It is suggested that FN has a pivotal role in cartilage formation in vivo. Despite the recognized
role of FN in chondrogenic events, its capability to induce chondrogenic differentiation of

mesenchymal stem cells (MSCs) is not fully understood.

Herein, we report a chondrogenic-inductive nanofibrous substrate biofunctionalized with
human FN. For that, functional groups (i.e. amine groups) were generated at the surface of
electrospun NFMs, which allow the immobilization of an antibody by its carboxyl group. This
immobilization strategy guarantees the efficacy/availability of the FN antibody binding
epitopes, extending the half-life of the protein when compared to its free form. Furthermore,

the antibody against plasma-derived FN used in this study recognizes the FN type III repeat 7
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(FnllI7). This antibody does not block the cell receptor binding domains allowing the bound
fibronectin to perform its biological activity. The biological activity of the bound FN from
different sources (cFN and eFN) was confirmed by culturing directly hBM-MSCs over the
biofunctionalized nanofibrous substrates, reaching a more effective chondrogenic
differentiation than the one observed in the standard chondrogenic differentiation medium.
Furthermore, it could be demonstrated that soluble cFN (cFN soluble) does not appear to have
similar potential to differentiate hBM-MSCs towards chondrogenic lineage as compared to its
immobilization at the surface of electrospun nanofibrous substrate. Indeed, previous studies
have reported that FN conjugation to a surface of a material can change the protein
orientation/conformation, determining the FN bioactivity, by changing the integrin binding
domain presented to the cells [23, 46]. Therefore, although speculative, soluble FN may
maintain a globular conformation, reducing the exposure of the domains responsible to induce
the chondrogenic differentiation of hBM-MSCs. Further research will be required to study the

exact molecular interactions between cellular surface receptors and the specific domain of FN.

FN was already recognized as a key factor in human serum to enhance mesenchymal
progenitor cell migration and proliferation among a wide range of cell types [47-49], including
subchondral mesenchymal progenitor cells [18, 20, 21]. This is in line with our current results
that show that human plasma-derived FN increased the proliferation of hBM-MSCs and
collagen type II synthesis. Regarding differentiation, some previous studies reported that
plasma-derived FN had no effect on the chondrogenic differentiation in vitro [21], while others
demonstrated its involvement in the chondrogenic differentiation of mesenchymal progenitor
cells from the subchondral bone [5, 22]. Furthermore, FN has been study by its osteogenic-
inductive ability on FN-coated substrates [50-53]. However, we clearly demonstrate the
chondrogenic-inductive capability of the biofunctionalized nanofibrous substrates comprising
human FN from different sources (cFN bound and eFN bound). Specifically, hBM-MSCs
cultured on biofunctionalized nanofibrous substrates (cFN bound and eFN bound) began
expressing ECM biomolecules, such as GAG and type II collagen, as well as the chondrogenic
differentiation-related genes Sox-9, Aggrecan, COMP and Collagen type II, while osteogenic
differentiation-related genes were not expressed, namely Collagen type Ia and type X, Runx-2
and ALP. The discriminative differentiation potential of FN reported by several studies could
be induced by several reasons. Different MSCs were used with different proliferative,
chondrogenic osteogenic and adipogenic differentiation capacities. The concentration of FN

used in the currently study was 8 pg/mL, being different from the previous study [21, 22, 50-
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53]. Moreover, these could also be partially related with various FN isoforms, which could have

an impact over the selected type of molecule and the proper concentration.

The current study clearly demonstrated that FN plays a structural role by providing a
scaffold for cell adhesion and differentiation. Intracellular pathways that regulate changes in
gene expression during chondrogenesis are activated through integrin-FN interaction [17],
which was also demonstrated by our mRNA results, being significantly higher expressed on the
biofunctionalized NFMs comprising eFN (eF'N bound). The FN matrix was shown to support
deposition of collagens, latent TGF-f3 binding proteins and other ECM proteins [5]. In line with
this study, our results showed that the biofunctionalized NFMs with human FN (c¢FN bound
and eFN bound) increased the glycosaminoglycans and collagen type II synthesis compared

with the positive control (Chondro).

Our biofunctional nanofibrous substrate, capable of selectively bound endogenous FN,
could have a potential application in cartilage regeneration, particularly as a “one-step repair
technique” in conjugation to the microfracture technique. In microfracture, the subchondral
stem and progenitor cells form a clot in the defect by the bone marrow and actively by recruiting
biomolecules like growth factors or chemokines released from the cartilage or the synovial fluid
[54, 55]. Therefore, FN being a component of the synovial fluid can be selectively bound by
this biofunctional nanofibrous substrate, and it may play a stimulation-mediated cartilage repair

by driving the chondrogenic differentiation of the MSCs.

III-5. CONCLUSIONS

This study shows evidence, for the first time, that biofunctionalized nanofibrous substrates
comprising human plasma-derived fibronectin is able to successfully induce the chondrogenic
differentiation of hBM-MSCs, displaying typical phenotypic and genotypic of articular
chondrocytes. Moreover, the FN bound at the electrospun nanofibrous substrate is more
effective than both the stimulation with soluble fibronectin or by the standard chondrogenic
differentiation medium. Our envisioning autologous approach (FN biofunctionalized NFMs) is
more effective in promoting the chondrogenic differentiation, avoiding the use of medium
supplementation. The application of the biofunctionalized nanofibrous substrate may be

advantageous for bone marrow-stimulating techniques, such as the microfracture, for the
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treatment of focal articular cartilage lesions. Therefore, we suggest fibronectin as an effective

bioactive factor in substrates to be used in cartilage repair procedures.
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Chapter IV

Extracellular Vesicles Delivery

Systems Capable of Inducing the Chondrogenic

Differentiation ¥

ABSTRACT

Extracellular vesicles (EVs) are being increasingly studied by its regenerative potential,
namely EVs derived from human bone marrow mesenchymal stem cells (hBM-MSCs) can be
used for controlling inflammation, repairing injury and enhancing tissue regeneration. This
work aims to develop an EVs delivery system capable of selectively binding EVs present in
conditioned medium obtained from human articular chondrocytes (hACs) or chondrogenically
induced hBM-MSC. For that, we immobilized CD63 antibody at the surface of an activated and
functionalized electrospun nanofibrous substrate. The chondrogenic potential of bound EVs
was further assessed by culturing hBM-MSCs during 28 days under basal conditions. EVs-
derived from hACs under differentiation medium induced a chondrogenic phenotype
characterized by marked induction of SOX9, COMP, Aggrecan, Collagen type II, and
glycosaminoglycans content. Both EVs delivery system, namely EVs derived from hACs or
chodrogenically committed hBM-MSCs, outperformed the currently used chondroinductive
strategies. These data show that naturally secreted EVs can guide the chondrogenic

commitment of hBM-MSCs in the absence of other chemical or genetic chondroinductors.

¥ This chapter is based on the following patent:

Casanova M. R., Reis R. L., Martins A. and Neves N. M., “Extracellular Vesicles Delivery Systems Capable of Inducing the
Chondrogenic Differentiation”, Submitted for publication.
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IV-1. INTRODUCTION

Human articular cartilage is composed by only one cell type, the chondrocyte. The
chondrocytes are responsible to maintain the cartilage matrix structure, composition, and
properties. In adults, articular cartilage has limited or no potential of self-repair; thus, damaged
cartilage needs surgical interventions for either repair or replacement of the joint [1]. The
available treatments are based on the transplantation of autologous cells (e.g autologous
chondrocytes implantation (ACI)) [2, 3] and ex vivo engineered tissue implants (Matrix-induced

ACI (MACI)) [4, 5].

Human bone marrow mesenchymal stem cells (hBM-MSCs) are attractive candidates for
advanced cell therapies, including cartilage regeneration [6]. hBM-MSCs can be induced to
differentiate into the chondrogenic lineage when exposed to specific cocktails of growth factors
[6-8]. The difficulty in obtaining a well-defined population and maintaining a stable cartilage
phenotype of the differentiated MSCs, preventing them from progressing towards osteogenesis

[9] leads to the investigation of approaches beyond the standard chondrogenic medium.

Extracellular vesicles (EVs) are lipidic particles (exosomes, 30-100 nm; microvesicles 50-
2000 nm) secreted by cells to deliver biological signals, namely proteins, lipids and nucleic
acids (DNA, mRNA and microRNA and tRNAs), which travel protected between the releasing
and target cell [10, 11]. EVs can be isolated from virtually all biological fluids including blood,
saliva, urine, synovial fluid, pleural effusions, ocular effluent and aqueous humor, nasal

secretions, breast milk, amniotic fluid, cerebrospinal fluid, bile and semen [12].

The regenerative potential of EVs has been described for a wide range of tissues, including
the heart and blood vessels, kidney, liver, lung, skin, neural and reproductive tissue [13-15].
Among the different types, MSCs are one of the most widely used cells source for generating
EVs [16-18]. It is thought that the MSC-derived EVs share the same anti-inflammatory and
trophic proprieties as the parental MSCs to exert their therapeutic effects [16, 18]. Indeed, EVs
are being recognized by its regenerative potential for controlling inflammation, repairing injury
and enhancing tissue regeneration [13]. However, their potential in promoting cartilage repair
and slowing degeneration has not been thoroughly investigated [19]. Herein, we hypothesized
that EVs derived from human articular chondrocytes (hACs) or chodrogenically differentiated
hBM-MSCs will induce the chondrogenic commitment of homotypic cells without further
supplementation. Indeed, we have recently demonstrated that hBM-MSCs undergo osteogenic

differentiation induced by EVs derived from osteogenically induced hBM-MSCs [18].
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Furthermore, the knowledge on the cartilage regenerative potential of EVs derived from hBM-
MSC:s or even from hACs is scarce. Envisioning an EVs delivery system, we herein report the
development of a biofunctionalized electrospun polycaprolactone nanofibrous mesh (PCL
NFM) able to specifically bind EVs derived from hACs or chodrogenically committed hBM-
MSCs. The regenerative potential of these EVs delivery systems were investigated by assessing

their capability to induce the chondrogenic differentiation of hBM-MSC:s in vitro.

IV-2. MATERIALS AND METHODS

IV-2.1. Isolation and expansion of hACs

Human cartilage samples were collected under Informed Consent from patients undergoing
knee arthroplasty in the Hospital Center of Alto Ave, Guimaraes, Portugal, in accordance to the
established Protocol (67/CA). The isolation of hACs was performed as described elsewhere
[20]. Briefly, collected cartilage samples were dissected in small full-depth pieces, washed and
digested with 0.25% w/v trypsin solution (Sigma-Aldrich) for 30 min at 37°C under agitation.
Then, the solution was removed, the cartilage was washed and incubated overnight at 37°C with
a 2 mg ml! collagenase type II solution (Sigma-AldrichIn the following day, the cells were
washed, counted and plated at a density of 2 x 10° cells. Cells were expanded in expansion
medium [EM; Dulbecco’s modified Eagle’s medium (DMEM; Sigma-Aldrich) containing 10
mM Hepes buffer (Sigma-Aldrich), L-alanyl-L-glutamine (Sigma-Aldrich), non-essential
amino acids (Sigma-Aldrich), 1 % antibiotic—antimycotic solution, 10% FBS and 10 ng/ml
basic fibroblast growth factor (b-FGF; PeproTech)] at 37 °C in a humidified atmosphere of 5%
COa.

IV-2.2. Isolation and expansion of hABM-MSCs

Human bone-marrow aspirates were collected, after obtaining informed consent from
patients undergoing knee arthroplasty, under the cooperation agreement established between
the 3Bs Research Group, University of Minho and the Hospital Center of Alto Ave, Guimaraes,
Portugal. h(BM-MSCs were isolated and characterized using our established standard protocols
[21]. Cells were expanded in basal medium [BM; MEM alpha medium (a-MEM; Sigma-
Aldrich) supplemented with 10% heat-inactivated fetal bovine serum (FBS; Life Technologies)

132



Chapter IV — Extracellular Vesicles Delivery Systems Capable of Inducing the Chondrogenic Differentiation

and 1% antibiotic/antimycotic solution (final concentration of penicillin 100 units mL™! and
streptomycin 100 mg mL™!; Life Technologies)] at 37 °C in a humidified atmosphere of 5%
COa.

1V-2.3. Extracellular Vesicles

EVs were obtained using conditioned medium harvested from the hACs and hBM-MSCs
in culture. First, the hACs and hBM-MSCs were expanded at passage 3 and a cell suspension
containing of 3 x 103 cells/cm? were subcultured in T150 flasks and cultured in EM and BM,
respectively, at 37 °C in a humidified atmosphere of 5% CO». The conditioned media were
harvested when the cells reach the confluence (in 7 days), pooled, filtered (pore size 0.22 pum)
and used as the starting material, as EVs derived from hACs under expansion medium (EVEM)
or EVs derived from hBM-MSCs under basal medium (EVEM). A cell suspension containing 2
x 10° cells/15 mL centrifuge tubes of hACs or hBM-MSCs were also prepared, to assure
obtaining conditioned medium of chondrogenic lineage commitment. In order to form a
spherical aggregate or pellet cultures, the cell aliquots were centrifuged at 600g for 5 min and
incubated at 37 °C in a humidified atmosphere of 5% CO- for 24h incubation. The hACs and
hBM-MSCs were culture under differentiation medium [DM; expansion medium — instead of
adding bFGF, 1 mg ml! L-ascorbic acid (Sigma-Aldrich) and 1 mg ml! insulin (Sigma-
Aldrich) were added] or standard chondrogenic differentiation medium [CM; basal medium
supplemented with Insulin-Transferrin-Selenium-G Supplement (ITS; Invitrogen), 1 mM
dexamethasone (Sigma-Aldrich), 0.1 M sodium pyruvate (Invitrogen), 17 mM ascorbic acid-2-
phosphate (Sigma-Aldrich), 35 mM L-proline (Sigma-Aldrich) and 10 ng mL! TGF-B3
(Peprotech)], respectively. Those conditioned media (DM; CM) were harvested at 21, 24 and
28 days of culture, pooled, filtered (pore size 0.22 um) and used as starting material, as EVs
derived from hACs under differentiation medium (EV?M) or EVs derived from hBM-MSCs

under chondrogenic medium (EVM).

The amount of EVs presented on each conditioned medium (i.e. EM, DM, BM, CM) was
quantified by the Exosome ELISA Complete Kit (CD63) (System Biosciences) after EVs
isolation using a polymeric precipitation solution (ExoQuick-TC; System Biosciences, BioCat

GmbH). Those assays were performed according to the manufacturer’s instructions.
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IV-2.4. Preparation of activated and functionalized PCL NFMs

The production of electrospun PCL NFMs was performed as described in detail elsewhere
[6]. In brief, a polymeric solution of 15% (w/v) Polycaprolactone (PCL - Mn 70,000-90,000 by
GPC, Sigma-Aldrich) in chloroform (Sigma-Aldrich) and N,N-dimethylformamide (7 : 3
volume ratio; Sigma-Aldrich) was electrospun at 12 kV, using a needle-to-ground collector

distance of 20 cm, and a flow rate of 1.0 mL h™!.

Samples of electrospun PCL NFM (1cm?) were activated in an ultraviolet—ozone system
(ProCleaner 220, Bioforce Nanoscience) by exposing both sides for 2 minutes each. Incubation
in 1M 1,6-hexanediamine solution (Sigma-Aldrich) for 1 h at 37 °C were performed, in order
to graft amine groups (-NH>) at the NFMs surface. Those NFMs were further used as control

conditions in the biological assays.

IV-2.5. Engineered EVs delivery systems

IV-2.5.1. Antibody immobilization

The human CD63 antibody (Santa Cruz Biotechnology, Inc.) was immobilized at the
surface of NFMs by a covalent bond mediated by a coupling agent, namely 1-ethyl-3-(3-
(dimethylamino)-propyl)carbodiimide / hydroxysuccinimide mixture (1:4 ratio; EDC/NHS;
Sigma-Aldrich, S.L.). The antibody solution (1 % (v/v)) was mixed for 15 min at room
temperature (RT), for the antibody activation, and incubated 2 h at RT on the activated and

functionalized nanofibrous substrate.

The maximum immobilization capacity of the antibody over the nanofibrous substrate was
determined by using a wide range of concentrations (from 0 to 8 pg mL™"). After the CD63
antibody immobilization, a blocking step was performed by a 3 % bovine serum albumin (BSA;
Sigma) for 1 h at RT, followed by the secondary antibody (1:200 in PBS) incubation (1 h at
RT). Alexa Fluor® 488 rabbit anti-mouse (~495/517 nm; Life Technologies) was used as
secondary antibody against CD63 antibody. The unbound secondary antibody fluorescence was
measured in a microplate reader (Synergy HT, Bio-TEK), as an indirect method to determine
the primary antibody immobilization efficiency. In order to evaluate nonspecific
immobilization, the activated and functionalized NFM without primary antibody was used as a

negative control. The samples were further analyzed by fluorescence microscopy (Axio
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Observer; Zeiss) to detect the distribution of the CD63 antibody at the surface of the

nanofibrous substrate.

IV-2.5.2. EVs binding

Biofunctionalization of NFMs with EVs was achieved by using an antibody-antigen
strategy, a described in detail elsewhere [22]. The nanofibrous substrate with immobilized
CD63 antibody, at the maximum concentration previously optimized, was incubated with the
different conditioned medium previously harvested for 2 h at RT. The unbound EVs solutions
were collected and quantified by ELISA (Exosome ELISA Complete Kit (CD63)), in order to
define the binding capacity of the engineered EVs delivery system.

The morphology of EVs bound at the surface of biofunctional electrospun PCL NFM (i.e.
EVEM; EyPM; EVBM, EVCM) was analyzed by scanning electron microscopy (SEM; AURIGA
Compact, Zeiss, Germany). By energy dispersive spectroscope (EDS; INCAx-Act, PentaFET
Precision, Oxford Instruments), an elemental analysis of the EVs delivery systems was

performed to further confirm the presence of the EVs at the surface of the NFMs.

The distribution of EVs bound to the NFM biofunctionalized with CD63 antibody was
performed by immunofluorescence staining. Firstly, a blocking step (3% BSA for 30 min) was
performed. In between each step, the samples were rinsed three times in PBS buffer. For EVs’
surface markers staining, samples were incubated with the primary antibodies CD63 (E-12;
1:500; Santa Cruz Biotechnology, Inc.), CD81 (1.3.3.22; 1:500; Santa Cruz Biotechnology,
Inc.) and CD9 (C-4; 1:500; Santa Cruz Biotechnology, Inc.) overnight, and then with the
corresponding secondary antibody [Alexa Fluor® 488 rabbit anti-mouse (~495/517 nm; Life
Technologies)] for 1h at RT. The samples were further analysed by fluorescence microscopy

(Axio Observer; Zeiss).

IV-2.6. Biological activity of EVs delivery systems into uncommitted Homotypic cells

IV-2.6.1. Cell seeding and culture conditions

The effectiveness of the developed EVs delivery systems (Table IV-1), as chondrogenic
lineage inducible systems, was assessed using hBM-MSCs. Confluent hBM-MSCs at passage
4 were harvested for seeding onto the EVs delivery systems (EVEM; EVPM; EVBM; EVCM) at a
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density of 2 x 10° cells per sample. These constructs were cultured under basal medium, without
further medium supplementation. The experimental control conditions comprise hBM-MSCs
cultured on activated and functionalized NFMs in basal medium (BM) and standard
chondrogenic differentiation medium (CM). hACs were also seeded on activated and
functionalized NFMs at a density of 2 x 10° cells per sample, and cultured under expansion
(EM) or differentiation (DM) medium. The constructs were retrieved for further analysis at
predefined culturing times, namely 0, 7, 14, 21 and 28 days. All experiments were performed

in triplicate and repeated at least three times (n=3), independently.

Table IV-1 Experimental conditions used in the Cell Biology assays.

Cells Condition Description
3 EM Activated and functionalized NFMs in EM
g DM Activated and functionalized NFMs in DM
BM Activated and functionalized NFMs in BM
& CM Activated and functionalized NFMs in CM
Cé) EVEM Biofunctional NFMs with EVs-derived from hACs under EM
EI EVPM Biofunctional NFMs with EVs-derived from hACs under DM
E EVBM Biofunctional NFMs with EVs-derived from hBM-MSCs under BM
EVEM Biofunctional NFMs with EVs-derived from hBM-MSCs under CM

EM = Expansion Medium; DM = Differentiation Medium; BM = Basal Medium; CM = Chondrogenic Medium;

IV-2.6.2. Cellular Biochemistry Analysis

Metabolic activity was evaluated by the MTS assay (CellTiter 96 AQueous One Solution,
Promega); the cell proliferation by DNA quantification (Quant-iTPicoGreen dsDNA assay,
Invitrogen, Alfagene), and the protein synthesis by the Micro BCA assay (Micro BCA™
Protein Assay Kit, Thermo Fisher Scientific), according to the manufacturer's instructions.
Glycosaminoglycans (GAGs) quantification was performed according to our established

standard colorimetric assay [6].
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IV-2.6.3. Scanning Electron Microscopy (SEM)

The constructs were collected after 28 days of culture and fixed with 2.5 % glutaraldehyde.
By increasing alcohol concentrations, samples were dehydrated, followed by sputter coating
with Au/Pd. A scanning electron microscope (JSM-6010 LV, JEOL, Japan) was used to observe
the distribution and morphology of the cells at x3000 magnification.

IV-2.6.4. Gene Expression Analysis

At each time point, the constructs were washed, immersed in Tri reagent® (Life Science,
VWR), and kept at -80 °C. Total RNA was isolated and reverse transcribed into cDNA (qScript
cDNA synthesis kit, Quanta Biosciences), followed by qPCR (PerfeCta™ SYBR® Green
system; Quanta Biosciences), according to the manufacturer’s instructions. The qPCR reactions
were carried out in a Mastercycler® ep Gradient S realplex® thermocycler (Eppendorf;
Hamburg) for the target genes described in Table IV-2. The transcript expression data were
normalized against the housekeeping gene Glyceraldehydes-3-phosphate-dehygrogenase
(GAPDH) and the quantification performed according to the Livak method (2 22T method).
For hACs samples, the expansion medium condition was used as calibrator, while the basal

medium condition was used as calibrator of the hBM-MSCs samples.

Table IV-2 Primer sequences used for RT-PCR procedures .

gene forward (5°- 3°) reverse (5°-3°)
§ GAPDH AGCCTCAAGATCATCAGCAA GTCATGAGTCCTTCCACGAT
o Sox9 TTCATGAAGATGACCGACGC GTCCAGTCGTAGCCCTTGAG
S
§° Aggrecan TGAGTCCTCAAGCCTCCTGT TGGTCTGCAGCAGTTGATTC
N
% COMP AGGGATGGAGACGGACATCAG TCTGCATCAAAGTCGTCCTG
~
© coL 1 CGGTGAGAAGGGAGAAGTTG GACCGGTCACTCCAGTAGGA
é COL Il AAGAACCCCAAGGACAAGAG GTAGGTGATGTTCTGGGAGG
)
§ COLX CAGGCATAAAAGGCCCACTA AGGACTTCCGTAGCCTGGTT
S

Y GAPDH = Glyceraldehyde 3-phosphate dehydrogenase; Sox9 = Sry-type high mobility group box 9; COMP = Cartilage
oligomeric matrix protein; COL Il = collagen type II; COL Ia = collagen type I alpha; COL X = collagen type X.
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IV-2.6.5. Histological Analysis

For constructs were collected after 28 days of culture, fixed in a 10% neutral buffered
formalin (Bio-Optica Milano S.p.a.), and kept at 4 °C until further used. Alcian blue staining,
immunocytochemistry for collagens type I (COL1A1, clone C-18; Santa Cruz Biotechnology)
and type II (mouse anti-human type II collagen monoclonal antibody; Millipore) were
performed as described elsewhere [23]. The immunocytochemistry samples were
counterstained with hematoxylin for nuclei visualization and observed in an optical microscope

(Leica DM750 microscope).

IV-2.7. Statistical analysis

Statistical analysis was performed using the SPSS statistic software (release 24.0.0.0 for
Mac). First, the Shapiro-Wilk test was used to ascertain the data normality and the Levene test
for the homogeneity of variances. Observing this the normality and variance homogeneity were
rejected; non-parametric tests were used (Kruskal-Wallis test followed by Tukey’s HSD test).

The confidence interval used was 99% and p < 0.0] were regarded as statistically significant.

IV-3. RESULTS

IV-3.1. Development and characterization of the EVs delivery systems

To develop a delivery system capable to selectively bind EVs from conditioned medium,
a method to generate functional groups at the surface of electrospun PCL NFMs was
implemented, which provide binding sites for the biomolecules immobilization. Specifically,
the CD63 antibody was immobilized at the surface of activated and functionalized nanofibrous
substrates capable to covalently and effectively bind. In order to ensure that the nanofibrous
substrate is used at its maximum immobilization capacity, a wide range of concentrations (0 -
8 ug mL") of CD63 antibody were used. According to an indirect quantification method, the
maximum immobilization was achieved at the concentration of 4 ug mL™! (Figure IV-1 a). By
fluorescence microscopy can be observed a uniform distribution of immobilized CD63 antibody

over the nanofibrous substrate (Figure IV-1 b).
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Figure IV-1 Maximum immobilization capacity of CD63 antibody at the surface of activated and
functionalized NFM (a). Data were analyzed by the one-way ANOVA test, followed by the
Tukey’s HSD test (‘p<0.01; " p<0.001; " p<0.0001): a denotes significant differences compared
to concentration 0 ug mL™'; b denotes significant differences compared to concentration 1 pg
mL! and ¢ denotes significant differences compared to concentration 2 ug mL. Spatial
distribution of anti-CD63 immobilized at the surface of activated and functionalized
nanofibrous substrates at 4 pg mL™! (b). The negative control sample was not incubated with
the primary antibody (c). Quantification of extracellular vesicles derived from hACs and
hBM-MSCs, and bound to the biofunctional nanofibrous system (d).

The binding capacity of the immobilized CD63 antibody was assessed by using
conditioned media harvested from hACs cultured under expansion or differentiation media, as
well as for hBM-MSCs cultured under basal or chondrogenic media (i.e. EM, DM, BM and CM,
respectively). The biological status of those EVs-donor cells was reported in Supplementary
Figure IV-1. Figure IV-1 d shows the range of EVs’ concentrations obtained from the four
different conditioned media (from 6.8 to 11.2 10® particles mL"). Those EV's were successfully
bound at the surface of biofunctional nanofibrous substrate at the range of 5.6 — 6.9 10® particles

mL.

Figure IV-2 presents the distribution of EVs bind at the surface of the nanofibrous
substrate. In the SEM micrograph (Figure I'V-2 a) can be identified bound EVs with diameters
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of 120 nm. Their presence can be also confirmed by the EDS spectrum, namely by the presence
of the P element of the phospholipids of EVs (Figure IV-2 b). To ascertain about the
phenotypic profile of bound EVs, the expression of the tetraspanins CD63/CD81/CD9 was
analysed by fluorescence microscopy (Figure I'V-2 ¢). These observations showed bound EVs
labeled for each of the surface markers, as well as their uniform distribution at the surface of

the biofunctional electrospun NFMs.

EVs-DELIVERY SYSTEM MORPHOLOGY

a)

EVSs’ SURFACE MARKERS

] CcD63

Figure IV-2 Distribution of EVs bound at the surface of the biofunctional nanofibrous system (a); EDS
spectrum of the EVs-delivery system surface (b); Fluorescence micrographs of the EVs
markers CD63 (c), CD81 (d) and CD9 (e).

IV-3.2. EVs delivery systems elicit hABM-MSCs chondrogenic commitment

The ability of the EVs delivery systems (EVEM; EVPM; EVBM; EVEM) to promote the onset
of chondrogenesis of uncommitted homotypic cells was examined. The differentiation process
is known to impair cell proliferation, due to an increase in the length of the cell cycle [24], and
to induce changes in the protein synthesis rate [25]. Therefore, we evaluated the biochemical
profile of recipient hACs and hBM-MSCs viability, proliferation and total protein synthesis. In
terms of cell viability (Figure IV-3 a), on the 14" day of culture, the hBM-MSCs cultured on
the EVs delivery systems (EVEM; EVPM; EVBM; EVEM) displayed significantly higher viability
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than the hACs conditions (EM and DM) or even than the hBM-MSCs control conditions (BM
and CM) (p < 0.0001). On the 28" day of culture, the hBM-MSCs culture on EVE” and EVEY
delivery systems presented significantly higher cell viability than hACs cultured in EM and
hBM-MSCs cultured in CM (p < 0.01). The EVs delivery systems were favorable for cell
proliferation (Figure IV-3 b) and protein synthesis (Figure IV-3 c), since their levels are
comparable to those observed on the control culture conditions (EM; DM; BM; CM) over the
time. Moreover, the EVPM delivery system displayed significantly higher proliferation levels
and protein synthesis than hACs cultured in EM at 28 days of culture (p < 0.01). Likewise, the
EVM delivery system significantly increase protein synthesis of hBM-MSCs when compared
to the hACs cultured in EM (p < 0.01).
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Figure 1V-3 Biochemical performance (i.e. cell viability (a), proliferation (DNA content) (b), total protein
synthesis(c)) and sulfated glycosaminoglycans (GAGs) content (d) of hBM-MSCs cultured on
biofunctional nanofibrous systems comprising EVs derived from different sources (i.e. hACs
under expansion medium [EVEM], hACs under differentiation medium [EV?], hABM-MSCs
under basal medium [EFV?Y] and hBM-MSCs under chondrogenic medium [EV®M]), under
basal culture conditions. hACs cultured on non-biofunctionalized nanofibrous substrates
under expansion medium (EM) or differentiation medium (DM), and hBM-MSCs cultured on
non-biofunctionalized nanofibrous substrates under basal medium (BM) or chondrogenic
medium (CM) were used as controls. Data were analyzed by the Kruskal-Wallis test, followed
by the Tukey’s HSD test (p<0.01; “p<0.001; **p<0.0001): a denotes significant differences
compared to EM; b denotes significant differences compared to DM; ¢ denotes significant
differences compared to BM; d denotes significant differences compared to CM; e denotes
significant differences compared to EVEM; f denotes significant differences compared to EV?;
g denotes significant differences compared to EVZM,

The chondrogenic inductive potential of bound EVs was then evaluated in terms of the
extracellular matrix glycosaminoglycans (GAGs) content (Figure I'V-3 d). Along the culturing
time, the hACs (EM; DM) and the hBM-MSCs cultured under standard chondrogenic medium
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(CM) and EVs delivery systems, namely the EVEM, EVPM and EVCM, displayed a significantly
higher protein synthesis than the hBM-MSCs cultured under basal medium (BM) and the EVEM
delivery system. On the 21" day of hBM-MSCs culture, the EVPM delivery system presented
significantly high GAGs content when compared to the EVEM delivery system (p < 0.01).
Furthermore, the EVPM and EVEM delivery systems displayed a significantly higher synthesis
than the positive condition (CM) (p < 0.01).

To better define the chondrogenic commitment of the hBM-MSCs induced by the EVs
delivery systems, the temporal gene expression of chondrogenic markers was investigated
(Figure IV-4). The cartilage-related genes, namely Sox 9, COMP, Aggrecan and Collagen type
11, are all expressed in all testing conditions, except on the EVEM delivery system. Along culture
time, a significantly higher cartilage-related gene expression was observed on the EVs delivery
systems (EVEM; EVPM; EVEM) (p < 0.01). On the 28" day of culture, a significantly higher Sox
9 and COMP expression was observed in EVEM and EVPM delivery systems when compared to
the non-biofunctionalized NFMs under standard chondrogenic differentiation medium (CM) (p
< 0.0001). Likewise, the EVPM delivery system induced a significantly higher Aggrecan and
Collagen type II expression than hBM-MSCs under standard chondrogenic differentiation
medium (CM) and the EVM delivery system condition (p < 0.01). Although, these results show
that bound EVs, obtained during hBM-MSCs chondrogenic differentiation and from hACs
cultured under differentiation medium, provides guidance for chondrogenic lineage progression
of homotypic cells. Therefore, it is also crucial to confirm that the hBM-MSCs were not
undergoing hypertrophy and further differentiating into the osteogenic lineage. The lower
hypertrophy-related genes (i.e. Collagen type X, Collagen type Ia,) expression patterns were
considerably similar on all the EVs delivery systems, inversely to the standard chondrogenic
differentiation medium (Figure IV-4 e f). Moreover, those systems had significantly lower
expression of the hypertrophy-related genes when compared with the non-biofunctionalized

NFMs under differentiation or chondrogenic media (EM; CM) along the culture time.
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Figure IV-4 Relative expression of chondrogenic (i.e. Sox 9 (a), COMP (b), Aggrecan (c) and Collagen type

1I (d)) and hypertrophic transcripts (i.e. Collagen type Ia (e), Collagen type X (f)) by hBM-
MSC:s cultured on biofunctional nanofibrous systems comprising EVs derived from different
sources (i.e. hACs under expansion medium [EVZ], hACs under differentiation medium
[EVPM], hBM-MSCs under basal medium [EV?M] and hBM-MSCs under chondrogenic
medium [EV®M]), under basal culture conditions. hACs cultured on non-biofunctionalized
nanofibrous substrates under expansion medium (EM) or differentiation medium (DM), and
hBM-MSCs cultured on non-biofunctionalized nanofibrous substrates under basal medium
(BM) or chondrogenic medium (CM) were used as controls. Data were analyzed by the
Kruskal-Wallis test, followed by the Tukey’s HSD test ("p<0.01; “p<0.001; *“p<0.0001): a
denotes significant differences compared to EM; b denotes significant differences compared to
DM; c denotes significant differences compared to BM; d denotes significant differences
compared to CM; e denotes significant differences compared to EVEY; f denotes significant
differences compared to EVPM; g denotes significant differences compared to EVZY,

The morphological changes of hBM-MSCs cultured on the different EVs delivery systems,

reflect their

differentiation stage. SEM observations of the hBM-MSCs cultured for 28 days

showed the acquisition of a round-shaped morphology (Figure I'V-5 a) typically of chondrocyte

cells. Alcian blue staining (Figure IV-5 b) confirms the presence of sulfated extracellular

proteoglyca

ns synthetized by hBM-MSCs cultured for 28 days on the EVs delivery systems

(EVEM; EyPM; EYCM) | being more evident in the EVPY delivery system. It is also possible to

observe the

absence of proteoglycans staining on the EV2Y delivery system. Those results are

corroborated by the immunolocalization of Collagen type II, which confirms the deposition of
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a cartilaginous ECM on the EVs delivery systems (EVEM; EVPM; EVCM) accompanied by the
absence of Collagen type lo expression. These phenotypic observations were consistent with
previously obtained results for glycosaminoglycans production, as well as by the expression of

cartilage-related genes.
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Figure IV-5 Morphology of hBM-MSCs cultured during 28 days on biofunctional nanofibrous systems
comprising EVs derived from different sources (i.e. hACs under expansion medium [EVEM],
hACs under differentiation medium [EV?Y], hBM-MSCs under basal medium [EV?Y] and
hBM-MSCs under chondrogenic medium [EVM]), under basal conditions, analyzed by
scanning electron microscopy (SEM) (a); stained with alcian blue for sulfated
glycosaminoglycans (b); and immunolocalized collagen type II (c) and type Ia (d).

IV-4. DISCUSSION

EVs are small membrane-enclosed particles actively released by many cell types, including
immune cells (T-cells, B-cells, dendritic cells, neutrophils, platelets), connective tissue cells
(epithelial cells, fibroblasts) and other specialized cells (endothelial cells, neuronal cells,

chondrocyte cells), and stem cells, and are presented in synovial fluid and cartilage extracellular
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matrix [26, 27]. Their prominent role in joint development and in the regulation of intra-
articular homeostasis leads to recognize EVs as potential biomarkers of joint disease [13, 15,
28]. Therefore, they have been seen as a new tool to restore joint homeostasis and enhance
articular cartilage regeneration, since they provide a simpler and safer alternative to current
cell-based therapeutic options. MSCs are one of the most prominent cell sources of EVs, and it
is thought that the MSC-derived EVs share the parental MSCs phenotype and genotype.
Furthermore, EVs derived from MSC have been demonstrated to have positive effects over cell
viability and proliferation [29, 30], angiogenesis [16, 31], and immunomodulation [32, 33] in a
wide range of physiological systems. For example, in a clinical trial using MSC-derived EVs
as treatment, symptoms were considerably mitigated in a patient with therapy-refractory graft-

versus-host disease [34].

Our experimental data showed that the culture conditions may affect the yield of EVs
(Figure IV-1 d). Furthermore, we showed that hACs and hBM-MSCs secrete a population of
EVs within the size range reported for hRBM-MSC-EVs, 47-180 nm [16, 17]. Our biofunctional
nanofibrous substrate with immobilized CD63 antibody was able to bound those cell-derived
EVs at the range of 5.6 — 6.9 x 108 EVs mL"!. Consistent with MSCs expressing CD63 [35],
CDS81 [36], and CD9 [37], bound EVs also showed the presence of these surface markers,
suggesting that they originated at the parent cell plasma membrane lipid rafts [38]. Therefore,
the parent cell source could affect the EVs’ surface proteins, their glycosylation or lipid

composition, and their cargo.

The role of MSC-derived EVs as modulators of joint homeostasis, suggested that an EVs
delivery system may be interesting therapeutic alternative in cartilage repair. The developed
EVs delivery systems comprising EVs derived from differentiated hACs or chondrogenic
differentiated hBM-MSCs outperformed the effect of current chondroinductive strategies, in
terms of the type and/or intensity of the signals. Specifically, the early activation of key
chondrogenic commitment genes such as Sox 9 and Aggrecan, are considered necessary and
sufficient to induce cartilage formation [39-42]. In addition, EVs delivery systems (EVEY,
EVPM; EVEM) induced a transient upregulation of downstream matrix-associated genes and
proteins that may be required to promote cell-cell and cell-matrix interactions and support long-

term differentiation, maintaining a stable cartilage phenotype of the differentiated MSCs [9].

Notably, slight differences were noted between the three EVs delivery systems (EVEM,
EVPM; EVCM) tested, suggesting that the inherent cargo of EVs-derived from hACs under
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differentiation medium (EVPM) may also contributed to the stronger effect. This is in line with
articular cartilage vesicles RNA can be transferred to chondrocytes with resultant phenotypic
alterations [43]. Indeed, it is reported that EVs are constitutively released into conditioned
medium by normal articular chondrocytes [44], participating in non-classical protein secretion,
intercellular communication, and pathologic calcification [45, 46]. In order to protect nearby
chondrocytes from damage, articular chondrocyte vesicles provide extracellular matrix repair
in pericellular cartilage, act to sequester substances such as ATP, calcium and phosphate in

toxic concentrations [43, 45, 47].

Cell-derived EVs have similar biological functions to the parent cells, but offer significant
advantages over cells such as their small size, low immunogenicity, and depletion of the
common issues associated with direct cell injection. However, achieving an effective and
controlled delivery of EVs at the target sites is challenging, but is paramount to the efficient
restoration of joint homeostasis and sustained effect on the regenerative process. Therefore, the
use of our EVs delivery system is expected to be more effective than currently available
therapeutics that use soluble proteins or RNA molecules, which are usually prone to fast
degradation after injection. Using the herein presented strategy, we can promote a local delivery
of bioactive molecules to control over cellular activity, with more prolonged effect due to the
bind of EVs at the surface of biofunctional nanofibrous substrates, avoiding degradation. In the
microfacture approach, the EVs delivery system can be implanted into the defect site, where
uncommitted homotypic cells migrating from microperforations could be induced to
differentiate into the chondrogenic lineage by bound the EVs, envisioning a cartilage

regeneration approach.

IV-5. CONCLUSIONS

Our results show the beneficial effects of cell-secreted factors, namely EVs secreted by
hACs and hBM-MSC:s playing an important role in the modulation of cell fate. Those EVs were
successfully bound at the surface of biofunctional nanofibrous substrates, immobilizing the
CD63 antibody. The EVs delivery systems comprising EVs derived from differentiated hACs
and chondrogenically induced hBM-MSCs successfully induce the chondrogenic commitment
of homotypic cells more efficiently than the current chondroinductive strategies. Therefore,
EVs delivery systems are potential highly effective cell-free/secretome-based therapies for

cartilage repair.
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Supplementary Figure IV-1 Biochemical performance (i.e. proliferation (DNA content) (a), total protein
synthesis(b)), sulfated glycosaminoglycans (GAGs) content (c) and relative expression of
chondrogenic (i.e. Sox 9 (d), COMP (e), Aggrecan (f) and Collagen type 1I (g)) and hypertrophic
transcripts (i.e. Collagen type Ia (h), Collagen type X (i)) by hACs cultured on non-
biofunctionalized nanofibrous substrates under expansion medium (EM) or differentiation
medium (DM), and hBM-MSCs cultured on non-biofunctionalized nanofibrous substrates
under basal medium (BM) or chondrogenic medium (CM). Data were analyzed by the
Kruskal-Wallis test, followed by the Tukey’s HSD test (‘p<0.01; “p<0.001): a denotes
significant differences compared to EM; b denotes significant differences compared to DM; ¢
denotes significant differences compared to BM.
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Chapter V

Chondrogenesis-inductive

Nanofibrous Substrate using both Biological fluids and

Mesenchymal Stem Cells from an Endogenous Source$

ABSTRACT

During the last decade, many cartilage tissue engineering strategies have been developed,
being the stem cell-based approach one of the most promising. Transforming Growth Factor-
B3 (TGF-B3) and Insulin-like Growth Factor-I (IGF-I) are key proteins involved in the
regulation of chondrogenic differentiation. Therefore, these two growth factors (GFs) were
immobilized at the surface of a single electrospun nanofibrous mesh (NFM) aiming to
differentiate human Bone Marrow-derived Mesenchymal Stem Cells (hBM-MSCs). The
immobilization of defined antibodies (i.e. anti-TGF-B3 and anti-IGF-I) allows the selective
retrieval of the abovementioned GFs from human platelet lysates (PL). Biochemical assays,
involving hBM-MSCs cultured on biofunctional nanofibrous substrates under basal culture
medium during 28 days, confirm the biological activity of bound TGF-B3 and IGF-I.
Specifically, the typical spherical morphology of chondrocytes and the immunolocalization of
collagen type II confirmed the formation of a cartilaginous ECM. Therefore, the proposed

biofunctional nanofibrous substrate are able to promote chondrogenesis.

§ This chapter is based on the following publication:

Casanova M. R., Alves da Silva M., Costa-Pinto A. R., Reis R. L., Martins A., Neves N. M., “Chondrogenesis-inductive nanofibrous
substrate using both biological fluids and mesenchymal stem cells from an autologous source”, Materials Science and Engineering:
C, vol. 98, issue 2019, pp. 1169-1178, doi: 10.1016/j.msec.2019.01.069.
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V-1. INTRODUCTION

Articular cartilage is a connective tissue with low repair potential due to its avascular nature
and lack of progenitor cells.[1] Therefore, articular cartilage injuries present a challenging
problem for the musculoskeletal physicians. Many treatment options have been developed
during the last several decades to repair damaged cartilage, such as microfracture and
mosaicplasty.[2] However, an adequate therapy for the long-term repair of cartilage lesions and
which recover totally the function of this tissue is still to be developed. Tissue engineering and
regenerative medicine (TERM) strategies hold the promise to recover injury in cartilage to its
native state by combining cells, growth factors (GFs) and scaffolds with appropriate

environmental stimulation.[3-5]

Despite the promising result reported by chondrocyte implantation techniques namely
autologous chondrocyte implantation (ACI) and matrix-induced autologous chondrocyte
implantation (MACI) in a large percentage of patients, they present many drawbacks such as
the low yield of autologous chondrocytes during harvesting, loss of cellular differentiation
potential when cultured in vitro, and decreased capacity to produce extracellular matrix
(ECM).[2, 6] Mesenchymal stem cells (MSCs) present advantages over chondrocytes, since
they can be obtained from an autologous source, in a less invasive procedure, and have a higher

proliferation capacity and chondrogenic differentiation potential.[7, 8]

Bone marrow-derived MSCs (hBM-MSC) have been extensively studied in cartilage
engineering and regeneration.[4, 9-14] Conventionally, these MSCs are induced to differentiate
into a certain lineage by the supplementation of culture medium with defined exogenous
bioactive factors. The culture medium for the in vitro chondrogenesis of hBM-MSCs was first
described by Johnstone et al. in 1998.[15] The chondrogenic differentiation medium may
contain different combinations of the following bioactive factors: dexamethasone, ascorbic
acid, Transforming Growth Factor-f3 (TGF-f3), Bone Morphogenetic Proteins (BMP), Fibroblast
Growth Factors (FGF) and Insulin-like Growth Factor-1 (IGF-I).[6, 7, 10, 16-24] Among these
factors, TGF-B3 and IGF-I have been the most effective and commonly used GFs and are able
to induce the chondrogenic differentiation of hBM-MSCs; however, IGF-I has been replaced
by insulin-transferrin-selenious acid (ITS) or insulin.[10, 16, 17, 21, 25-27] Therefore, we
hypothesize that the availability of TGF- B3 and IGF-I on a biomaterial substrate would lead to
the stable chondrogenic differentiation of hBM-MSCs.
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Autologous regeneration of tissues, where both cells and bioactive factors are from the
same patient, is an attractive approach because it minimizes the risk of an the immune
response.[28-30] Much of the current research in cartilage tissue engineering is based on
mesenchymal stem cells differentiated into the chondrogenic lineage by recombinant GFs in
combination with biomaterials.[10, 18-21, 31] More recently, platelet lysate (PL), which
contains a cocktail of different GFs (e.g. bFGF, VEGF, TGF- 3, BMPs, PDGF-p, EGF, and
IGF-I), has been used as an autologous complex mixture of bioactive factors for cells at an

injury site.[30, 32]

Electrospun nanofibrous meshes are promising substrates to create biomimetic-engineered
cartilage tissue.[33-35] Indeed, electrospinning is a versatile scaffold-synthesis method to
produce highly porous structures mimics the morphology of the native extracellular matrix of
many connective tissues.[36] The leading goal of this study is to develop a biofunctionalized
electrospun nanofibrous mesh (NFM) with chondrogenic induction capacity through the
immobilization of endogenous TGF- 3 and IGF-I retrieved from platelet lysates. For that, we
will take advantage of the specific and efficient interactions between specific antibody and its
antigen. Based on this biological strategy, it will be possible to selectively bind the GFs of
interest (TGF-B3 and IGF-I) from a pool of highly concentrated GFs present in PL. The
chondrogenic potential of electrospun NFMs with immobilized TGF-f3 and IGF-I will be
validated by culturing hBM-MSCs.

V-2. MATERIALS AND METHODS

V-2.1. Production and Characterization

V-2.1.1. Electrospinning of nanofibrous substrate

The production of polycaprolactone (PCL) NFMs were performed as described
previously.[37] Briefly, a polymeric solution of 15% (w/v) PCL was prepared using an organic
solvent mixture of chloroform/dimethylformamide (7:3 ratio). This solution was electrospun at
12.5 kV, using a needle-to-ground collector distance of 20 cm and a flow rate of 1 mL/h. After

drying, the electrospun NFMs were cut in to 1 cm? squares for further assays. NFMs were
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composed of nanofibers with diameters in the submicron range, from 0.4 to 1.4 um with an

average pore size of 72.67£31.48 um. [38]

V-2.1.2. Functionalization of the nanofibrous substrate surface

The surface activation and functionalization of the PCL NFMs were performed as
described elsewhere.[39] The nanofiber surfaces were activated in an ultraviolet—ozone
(UV—ozone) system (ProCleaner 220, Bioforce Nanoscience) by exposing both sides of the
NFM during 4 minutes to UV-ozone irradiation. The activated NFMs were immersed in 1 M
hexamethylenediamine (Sigma-Aldrich) solution and incubated 1 h at 37 °C, in order to graft

amine groups (-NH>) on the mesh surfaces.

V-2.1.3. Antibody immobilization

The antibody immobilization at the surface of activated and functionalized nanofibrous
substrate was performed as described previously.[40] Briefly, a defined antibody (ie. mouse
anti-TGF-B3 and/or goat anti-IGF-I) were immobilized at the surface of NFMs by a covalent
bond mediated by a coupling agent, 1-ethyl-3-(3-(dimethylamino)-propyl)carbodiimide (EDC)
/ hydroxysuccinimide (NHS) mixture (1:4 ratio). An antibody solution of 1 % (v/v) was
prepared using an EDC/NHS mixture dissolved in 0.1 M 2-(N-morpholino)-ethanesulfonic acid
(MES) buffer containing 0.9% (w/w) sodium chloride (NaCl) at 4.7 pH. 200 ul of antibody
solution was mixed for 15 min at room temperature (RT), for the antibody activation, and

incubated overnight at 4 °C on the activated and functionalized NFM.

V-2.1.3.1 Single Antibody Immobilization

The maximum immobilization capacity of a single antibody (Mouse anti-human TGF-33
monoclonal antibody (Clone 44922), goat anti-human IGF-I polyclonal antibody [Bio-
techne/R&D Systems™]) on the nanofibrous substrate was determined by using a wide range
of concentrations (from 0 to 10 pg/mL). After primary antibody immobilization at the surface
of the nanofibrous substrate, a blocking step was performed with a 3 % bovine serum albumin
(BSA; Sigma-Aldrich) incubation step (1 h at RT), followed by a secondary antibody (1:200 in
PBS) incubation (1 h at RT). Alexa Fluor 594® donkey anti-mouse IgG (H+L) and Alexa Fluor®
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488 rabbit anti-goat IgG (H+L) (Life Technologies) were used as secondary antibodies. The
unbound secondary antibody fluorescence was measured by a microplate reader (Synergy HT,
Bio-TEK) as an indirect method to determine the primary antibody immobilization efficiency.
The nanofibrous substrate without primary antibody was used as a negative control to evaluate

nonspecific immobilization.

V-2.1.3.2 Mixed Antibodies Immobilization

The TGF-B3 and IGF-I antibodies were mixed in a PBS solution at a proportion of 1:10,
taking into consideration that the TGF-3 and IGF-1 ratio supplementation on the standard
chondrogenic differentiation medium is 1:10. Mixed antibody immobilization was performed
as previously described for single antibody immobilization. In order to determine the degree of
immobilization, the fluorescence of unbound secondary antibodies was measured. Nanofibrous
substrate with mixed antibodies immobilization was firstly incubated with Alexa Fluor® 594 (1
h at RT) followed by Alexa Fluor® 488 (1 h at RT). A washing step was performed between
the secondary antibody incubation. The samples were further analyzed by laser scanning
confocal (LSCM; Leica TCS SP8; Leica Microsystems CMS GmbH) microscopy to detect their
distribution at the surface of the NFM.

V-2.1.4. Platelet lysates

Platelet concentrates were obtained from three O Pos female donors at the Imuno-
hemotherapy Service of the Hospital de Sao Jodo in Porto, under an established cooperation
protocol in accordance with ethical and legal regulations. The number of platelets was counted
and the sample volume was adjusted to 10° platelets/uL using the donor’s own plasma. Platelet
lysate (PL) was prepared as a pool of platelet concentrates according as previously reported.[40]
The amount of each growth factor of interest (TGF-3 and IGF-I) was quantified by Enzyme-
Linked Immunosorbent Assay (ELISA). Assays (human TGF-beta3 and IGF-I DuoSet®
development ELISA [R&D Systems, Inc.]) were performed according to the manufacturer’s

instructions.
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V-2.1.5. Growth factor binding

The growth factor binding capacity of the biofunctionalized nanofibrous substrate was
performed as described elsewhere,[40] by using a mixture of TGF-f3 and IGF-I from
recombinant-origin (TGF-B3 [PeproTech Inc.] and IGF-I [Bio-techne/R&D Systems™]) or
from the PL. The unbound protein solutions (from recombinant or PL-origin) were collected
and stored at -20 °C until further quantification by ELISA. For the quantification of bound
growth factors, a fluorescence-linked immunosorbent assay (FLISA) was performed as an
indirect method. The biofunctionalized nanofibrous substrate with bound growth factors were
incubated overnight at 4 °C with the corresponding primary antibodies, followed by PBS
washing and BSA blocking steps. The corresponding secondary antibodies were incubated and

the unbound secondary antibody fluorescence was measured as previous described.

V-2.2. Biological Assay

V-2.2.1. Expansion, Seeding, and Chondrogenic Differentiation of Human Bone

Marrow Mesenchymal Stem Cells

hBM-MSCs were obtained from a 95-year-old female donor undergoing knee arthroplasty
at the Hospital Center of Alto Ave, Guimaraes, in accordance with a protocol established
between the 3B's Research Group, University of Minho, and the Hospital Center of Alto Ave,
and approved by the ethics committee of this hospital (67/CA). hBM-MSCs were obtained from
the patient with informed consent. hBM-MSCs were characterized and cultured using our
standard protocols.[10] hBM-MSCs were expanded in basal medium consisting of a-MEM
(Life Technologies) supplemented with 10% heat-inactivated fetal bovine serum (FBS) and 1%
antibiotic/antimycotic solution and cultured at 37 °C in a humidified atmosphere of 5% COs,.
Cells were expanded in the basal medium until passage 4 and then were harvested and counted,
and a cell suspension of 200 000 cells/50 uL. was seeded over each NFM. The conditions
assessed were nanofibrous substrates biofunctionalized with antibodies against IGF-I and TGF-
B3 in a mixed or single fashion. The corresponding growth factors were bound from
recombinant or PL -origin. The hBM-MSCs seeded on the biofunctionalized nanofibrous
substrate were cultured under basal medium without further supplementation. The experimental

positive control was comprised of hBM-MSCs cultured on functionalized NFM without
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antibody immobilization in a standard chondrogenic differentiation medium (basal medium
supplemented with Insulin-Transferrin-Selenium-G Supplement (ITS; Invitrogen), 1 mM
dexamethasone (Sigma-Aldrich), 0.1 M sodium pyruvate (Invitrogen), 17 mM ascorbic acid-2-
phosphate (Wako Pure Chemical Industries, Ltd.), 35 mM L-proline (Sigma-Aldrich), 10 ng
mL! TGF-B3 and 100 ng mL"! IGF-T). The hBM-MSCs cultured under basal medium on
functionalized NFM without antibodies immobilization were used as negative control. The
nanofibrous substrates were retrieved at predefined culturing times, namely 7, 14, and 28 days.

All experiments were performed in triplicates and repeated at least three times independently.

V-2.2.2. Cellular Biochemistry Analyses

Cell proliferation was evaluated by DNA quantification (Quant-iTPicoGreen dsDNA
assay, Invitrogen, Alfagene), metabolic activity by the MTS assay (CellTiter 96 AQueous One
Solution, Promega) and cellular protein by Micro BCA assay (Micro BCA™ Protein Assay Kit,

Thermo Fisher Scientific, USA), according to the manufacturer’s instructions;

V-2.2.3. Glycosaminoglycans Quantification

Dimethylmethylene blue (DMB) assay for glycosaminoglycans quantification was
performed according to the method described by Kafienah and Sims (2004). [41] Briefly,
samples were collected at each time point, washed twice with sterile PBS, transferred into sterile
Eppendorf tubes and frozen at —80 °C. Digestion solution consisting on 0.05% of papain and
0.096% of N-acetyl cysteine was prepared using a digestion buffer (200 mM of phosphate
buffer containing 1 mM ethylenediaminetetraacetic acid, pH 6.8). Samples were incubated with
ImL of this digestion solution, overnight at 60 °C, allowing the newly formed cartilaginous
ECM to be separated from the scaffold. Then, the samples were centrifuged at 13000 rpm for
10 min and the supernatants were collected and quantified by the DMB assay. DMB stock
solution was prepared by dissolving 16 mg of DMB powder in 900 mL of distilled water
containing 3.04 g of glycine and 2.73 g of sodium chloride. The pH was adjusted to 3.0 with
hydrochloric acid to a final volume of 1 L. The solution was stored at room temperature covered
with aluminum foil. A stock solution of chondroitin sulfate was prepared in water at 5 mg/mL
and kept at -20 °C. Dilutions of this solution were performed to obtain a standard curve. 20 uL.

water was added to a 96-well plate, as a blank, and the same was performed with all the samples
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and with chondroitin sulphate diluted solutions. Afterwards, 250 pl of DMB solution was added
to each well and the plates were incubated for 10 min at RT. The optical density was measured

in a microplate reader (Synergy HT, Bio-TEK) at 530 nm.

V-2.2.4. Scanning Electron Microscopy (SEM)

The samples were collected at each defined time point and analyzed in a scanning electron
microscope (Model S360, Leica Cambridge, U.K.) as previously reported.[ 10] Briefly, samples
were collected at each defined time point, washed twice with sterile PBS, transferred into a
sterile 24-well plate, immersed in 2.5% glutaraldehyde and kept at 4 °C until further use. The
samples were washed in PBS, dehydrated in increasing alcohol concentrations and allowed to
dry overnight, then sputter-coated with gold and observed in the SEM. A scanning electron
microscope (Cambridge S360, Leica Cambridge, Cambridge, UK) was used to observe the
distribution and morphology of the cells at x1 000 and x3 000 magnification.

V-2.2.5. RNA Isolation and Real-Time Quantitative Polymerase Chain

At each culturing time, the hBM-MSCs were washed with PBS, immersed in Tri reagent®,
and stored at -80 °C for later RNA extraction. The extraction was performed as described
elsewhere.[10] Briefly, proteins were removed with chloroform extraction, and the RNA pellets
were washed once with 2-propanol and once with 70% ethanol. The total RNA pellets were
resuspended in RNase-free water. The RNA concentration for each replica (triplicates of each
condition per time point) was evaluated using micro-spectrophotometry (NanoDrop 1000,

Thermo Scientific; USA).

RNA was reversed-transcribed into cDNA according to the protocol from qScript cDNA
Synthesis Kit (Quanta BioSciences; VWR, USA). Afterwards, the obtained cDNA was used as
a template for the amplification of the target genes shown in Table V-1, according to
manufacturer’s instructions of the PerfeCtaTM SYBR® Green system (Quanta Biosciences,
VWR, USA). Forty-five cycles of denaturation (95 °C, 10 s), annealing (temperature-dependent
on the gene; Table V-1; 30 s), and extension (72 °C, 30 s) were carried out in a Mastercycler®
ep Gradient S realplex® thermocycler (Eppendorf; Hamburg, Germany) for all genes. The
transcript expression data were normalized to the housekeeping gene glyceraldehydes-3-

phosphate-dehygrogenase (GAPDH), and the quantification was performed according to the
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Livak method (2 “*A°T method), with the basal medium condition (negative control) serving as

a calibrator.

Table V-1 Primer sequences used for RT-PCR procedures .

gene forward (5°- 3") reverse (5°-3°)
GAPDH AGCCTCAAGATCATCAGCAA GTCATGAGTCCTTCCACGAT
Sox9 TTCATGAAGATGACCGACGC GTCCAGTCGTAGCCCTTGAG
AGC TGAGTCCTCAAGCCTCCTGT TGGTCTGCAGCAGTTGATTC
COL [T CGGTGAGAAGGGAGAAGTTG GACCGGTCACTCCAGTAGGA
COL o AAGAACCCCAAGGACAAGAG GTAGGTGATGTTCTGGGAGG
COL X CAGGCATAAAAGGCCCACTA AGGACTTCCGTAGCCTGGTT

Y GAPDH = glyceraldehyde 3-phosphate dehydrogenase; Sox9 = Sry-type high mobility group box 9; AGC = Agreccan; COL
11 = collagen type 1I; COL Iox = collagen type I; COL X = collagen type X.

V-2.2.6. Histological Analysis

Samples were collected after 28 days of culture, washed twice with sterile PBS, transferred
into a sterile 24-well plate, fixed in a 4% paraformaldehyde solution in PBS, and kept at 4 °C
until further use for staining procedures. Prior to staining procedures, the fixed samples were
washed twice with distilled water. Alcian blue staining was performed by incubating the
samples in 1% acetic acid for 1 min, followed by their immersion in 1% Alcian blue solution
in 3 % acetic acid for 1h. After that, the stain was poured off, and the samples were counter
stained with hematoxylin for 1 min. Samples were washed with water, and mounted in an
aqueous mounting medium. The optical microscope (Leica DM750, Leica Cambridge) was

used to observe the staining of a cartilaginous ECM.

V-2.2.7. Immunolocalization of Type II Collagen

Immunolocalization of type II collagen was also performed in fixed samples. Endogenous
peroxidase activity was quenched with 0.3% hydrogen peroxide solution for 30 min. Briefly,
samples were incubated with mouse anti-human type II collagen monoclonal antibody
(Millipore S.A.S.; France), overnight at 4 °C, in a humidified atmosphere. R.T.U.
VECTASTAIN® Universal ABC Elite® Kit (Vector Laboratories; USA) was used for
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secondary antibody according to the manufacturer instructions. Incubation was revealed by
using the Peroxidase Substrate Kit (DAB) (Vector Laboratories; USA). Samples were washed
in water for 5 min and then counterstained with hematoxylin for nuclei visualization. By the
end, samples were washed in distillate water, mounted in an aqueous mounting medium and

observed in an optical microscope (Leica DM750 microscope).

V-2.3. Statistical analysis

Statistical analysis was performed using the SPSS statistical software (realese 24.0.0.0 for
Mac). First, a Shapiro-Wilk test was used to ascertain the data normality and Levene test for
test the homogeneity of variances. For the data that followed a normal distribution, parametric
tests were used, namely one-way ANOVA test followed by Tukey’s HSD test. When the
normality and variance homogeneity were rejected, non-parametric tests were used, namely a
Kruskal-Wallis test followed by Tukey’s HSD test. A p < 0.01 was considered statistically

significant in the analysis of the results.

V-3. RESULTS

V-3.1. Single Immobilization

The antibodies against TGF-33 and IGF-I were immobilized at the surface of activated and
functionalized NFM in a wide range of concentrations (0—10 pg mL') to determine the
maximum immobilization capacity for each antibody by using an indirect quantification method
(Figure V-1ab). The maximum concentration of immobilized primary antibody was achieved
at 4 pg mL"! for both TGF-B3 and IGF-I antibodies assessed, representing the saturation point

of the nanofibrous substrate.

The spatial distribution of the TGF-f3 and IGF-I antibodies immobilized at the surface of
the nanofibrous substrate at the 4 ug mL! concentration and in a single way, is shown in Figure
V-1 d) and e), respectively. The immobilized antibodies uniformly cover the nanofibers

surface, resembling the typical morphology of electrospun NFMs.
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Figure V-1 Top: Maximum immobilization capacity of a single antibody at the surface of activated and
functionalized NFM: immobilization of anti-TGF-$3 (a) and immobilization of anti-IGF-I (b).
Data were analyzed by the one-way ANOVA test, followed by the Tukey's HSD test (p < 0.006):
a denotes significant differences compared to concentration 0 pg mL™'; b denotes significant
differences compared to concentration 2 pg mL™'. Bottom: Spatial distribution of anti-TGF-
B3 (d) or anti- IGF-I (¢) immobilized at the surface of activated and functionalized nanofibrous
substrates at 4 pg mL™'. The negative control sample (c) was not incubated with the primary
antibody.

The binding capacity of the biofunctionalized nanofibrous substrate, with an immobilized
single primary antibody at 4 ug mL™!, was assessed by quantification of the total amount of
recombinant protein that could be bound by the biofunctionalized nanofibrous substrate, by
means the indirect of sandwich method (i.e. FLISA) and by the quantification of unbound
protein with commercially available ELISAs. For FLISA (Figure V-2), an increase of the total
amount of recombinant protein leads to a decrease in the fluorescence signal of the secondary
antibody, indicating that less secondary antibody is unbound. On the other hand, in ELISAs, an
increase on the amount of bound recombinant protein occurs due to an increase in the total
amount of recombinant protein used. The recombinant human GF binding capacity of the
biofunctionalized nanofibrous substrate reaches its maximum at a concentration from which no

statistically significant differences were observed. Figure V-2 shows that the recombinant

human GF binding capacity of the biofunctionalized nanofibrous substrates reached a
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maximum at 4 pg mL"!' both for rTGF-B3 and for rIGF-I. At this concentration, the binding
efficiency of the biofunctionalized nanofibrous surface is 37 £ 11 % for rTGF-3 and 42 + 21
% for rIGF-I.
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Figure V-2 Capability of the biofunctionalized nanofibrous substrate to bind different concentrations of
recombinant proteins from TGF- 3 3 (a) and IGF-I (b). Data were analyzed by the Kruskal-
Wallis test, followed by the Tukey's HSD test (p < 0.01): in the FLISA, a denotes significant
differences compared to concentration 0 z g mL™'; b denotes significant differences compared
to concentration 1 u g mL™'; ¢ denotes significant differences compared to concentration 2 u
g mL!; in the ELISA, A denotes significant differences compared to concentration 0 z gmL™;
B denotes significant differences compared to concentration 1 g mL™.

V-3.2. Mixed Immobilization

Mixed immobilization of these two different but complementary chondrogenic GF at the
surface of the same nanofibrous substrate was performed. To successfully implement this
strategy, the single antibody concentration previous optimized (i.e. 4 pg mL") was considered,
and the antibodies were mixed at a 1:10 proportion and incubated over the same nanofibrous
substrate. Single and mixed immobilization strategies were applied in order to assess the
competition for the NH> groups available at the surface of an activated and functionalized NFM
(Figure V-3ab). No statistically significant differences were observed between the single and
mixed immobilization strategies, which have similar immobilization efficiencies. The results
show that no competition occurred between these two antibodies (anti-TGF-B3 and anti-IGF-I)
for the same amount of NH» groups available at nanofibrous substrate once no statistically

significant differences were observed.

164



Chapter VI — Guided Nerve Regeneration Mediated by Endogenous NGF bound at the surface of an Electrospun Fibrous Mesh

a) b)
2 18007 2 34001
0n —~ N —~
a

8 % 5 § a0 3 a

EST0) = s £ O =

35 é g G 2800- = ==

C [ 16004 I~ETH

o w

é g § o 25004

£ 2 1500t £ 2 22004

5 100T 5> 2001-

E C L] L] L] E C ] L] L]
Negative Single Mixed Negative Single Mixed
control control

Anti-TGF-83 Anti-IGF-I
CONTROL TGF-83 IGF-I Merged View

MIXED

Figure V-3 Top: Single or mixed immobilization capacity of anti-TGF-B3 (a) and anti-IGF-I (b) at the
surface of activated and functionalized electrospun nanofibers. Data were analyzed by the
Kruskal-Wallis test, followed by the Tukey's HSD test (p < 0.0I): a denotes significant
differences compared to negative control. Bottom: Spatial distribution of the simultaneously
immobilization of TGF-B3 and IGF-I antibodies over the same substrate, in a mixed fashion,
at the 1:10 proportion: anti- TGF-$3 (d); anti-IGF-I (e); and merged view (f). Activated and
functionalized nanofibrous substrates without primary antibodies immobilization (c).

A uniform spatial distribution of both antibodies immobilized over the same nanofibrous
substrate in a mixed fashion (Figure V-3 d) and e)) was confirmed. The yellow color of the
merged image (Figure V-3 f) demonstrates the colocalization of both antibodies in a mixed

fashion over the same nanofibrous substrate.

Following the immobilization of the antibodies (i.e. anti-TGF-B3 and anti-IGF-I) in a
mixed fashion on the nanofibrous substrate, the corresponding recombinant protein solutions
(single or mixed) were incubated at concentration previously optimized (4 pg mL™!) for single
substrates. The results were analyzed by FLISA (Figure V-4 a) and b) and were further
confirmed with commercially available ELISAs (Figure V-4 c). No competition between the
TGF-B3 and IGF-I recombinant human proteins was observed since the bioactivity of the
immobilized mixed antibodies, using single or mixed recombinant GFs solution, was similar.
When single recombinant protein solutions were used, the binding capacity of the biofunctional
nanofibrous substrate was 2.0 + 0.2 ug mL™! for rTGF-B3 and 2.5 + 0.6 pg mL"! for rIGF-I. A
binding capacity of 1.9 + 0.4 ug mL"! for rTGF-B3 and 2.6 + 0.6 pg mL"!' for rIGF-I was
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achieved when a mixed recombinant protein solution was used. This result showed the

specificity of the antibody-antigen bond.
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Figure V-4 Single or mixed immobilization capacity of recombinant TGF-B3 (a) and IGF-I (b) at the surface
of activated and functionalized electrospun nanofibers, assessed by the FLISA or the ELISA
(c). Data were analyzed by the Kruskal-Wallis test, followed by the Tukey's HSD test (p <

0.01): a denotes significant differences compared to negative control.
The amount of each endogenous GF derived from PL of three independent donors was
quantified by ELISA, as well as its binding capacity of the biofunctionalized nanofibrous

substrates (Table V-2). A wide range of concentrations was obtained from the different donors.

Table V-2 Quantification of TGF-B3 and IGF-I present in 3 independent human PL samples and in a PL
pool. The GFs binding capacity of the biofunctionalized nanofibrous substrate.

Donor 1 Donor 2 Donor 3 Pool

2_ [PL] (pg/mL) 179 + 39 677 + 442 97 + 78 269 + 27
=

S Bound (pg/mL) 169 £2 669 + 12 92 +1° 267 £ 1
- [PL] (ng/mL) 1.7+0.1 11.3+43 4.6+2.1 69+1.1
=3

@)

- Bound (ng/mL) 0.86 +0.32 8.8+0.3 3.0£0.3 47+0.3

Data were analyzed by the one-way ANOV A test, followed by the Tukey’s HSD test (p<0.01): * denotes significant differences
compared to donor 1, ® denotes significant differences compared to donor 2.

However, the binding efficiency of GFs derived from PL samples is similar across the
different PL samples, showing the consistency of the immobilization strategy in capturing the
GFs. A PL-pool of the three donors, containing 269 + 27 pg mL™!' of TGF-B3 and 6.9 + 1.1 ng
mL! of IGF-I, and achieving a binding capacity of 267 + 1 pg mL"! for TGF-B3 and 4.7 £ 0.3

ng mL! for IGF-I, was used as endogenous source of GF in the subsequent biological assays.
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V-3.3. Biological Activity

The biological activity of biofunctionalized NFM, in single or mixed fashion, was assessed
by seeding and culturing hBM-MSCs for 28 days. The hBM-MSCs were cultured on eight
different nanofibrous substrate conditions: (i) activated NFM without GFs (Basal medium), (i)
activated NFM without GFs (Chondro medium) (iii) NFM with immobilized TGF-f3 from
recombinant-origin (TGF-B3_rGF), (iv) NFM with immobilized TGF-B3 from PL (TGF-
3_PL), (v) NFM with immobilized IGF-I from recombinant-origin (IGF-I_rGF), (vi) NFM
with immobilized IGF-I from PL (IGF-I_PL), (vii) NFM with immobilized TGF-3 and IGF-I
from recombinant-origin (TGF-B3 & IGF-I_rGF), (viii) NFM with immobilized TGF-3 and
IGF-I from PL (TGF-B3 & IGF-I_PL). In condition 7, the hBM-MSCs were cultured in basal
medium without chondrogenic factors as a negative control. In condition ii, the hBM-MSCs
were cultured in standard chondrogenic differentiation medium, with the goal of achieving the
differentiation of hBM-MSCs into the chondrogenic lineage. In conditions #ii—viii, the hBM-
MSCs were cultured in basal culture medium in order to evaluate the action of the immobilized

GFs from recombinant or PL-origin.

Biological data (Figure V-5) confirms the bioactivity of bound TGF-3 and IGF-I, since
the biofunctional nanofibrous substrates did not induce significant changes in hBM-MSCs’
viability and proliferation (Figure V-5ab) during the different culture times (7, 14 and 28 days)
when compared to the controls (condition i-i7). Although no statistically significant differences
were observed for the nanofibrous substrates functionalized with TGF-f33 and IGF-I, in a single
or mixed fashion, they seem to have higher viability and proliferation than the positive control
condition (chondro medium). Likewise, the substrates where the GFs were bound from PL
performed slightly better, although not statistically different. Concerning the hBM-MSCs” total
protein synthesis (Figure V-5c), no statistically significant differences were observed between
the biofunctional nanofibrous substrates and the controls. On the 28th day, the controls
displayed a lower protein concentration than the nanofibrous substrates biofunctionalized with

single or mixed TGF-B3 and IGF-I bound from PL.
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Figure V-5 Biochemical performance (i.e. metabolic activity (a) and proliferation (b), total protein (c) and
GAG/DNA ratio (d) synthesis) of the hBM-MSCs cultured on biofunctionalized biomaterial
system. Data were analyzed by the Kruskal-Wallis test, followed by the Tukey's HSD test (p <
0.01). No significant differences where observed between culturing conditions.

Glycosaminoglycan (GAG) production (Figure V-5d) was detected in all testing
conditions except in the negative condition. In the biofunctionalized nanofibrous substrates
there was a tendency to obtain increased accumulation of GAG across time. Although no
significant differences were observed between the conditions, the single immobilized TGF-33
and IGF-I (PL-derived) tendentially display higher GAG concentration after 28 days when

compared to the other conditions.

Further analysis of gene expression revealed that in all condition hBM-MSCs expressed
cartilage-related genes, indicating that chondrogenic differentiation was induced (Figure V-6).
A similar expression pattern of Aggrecan and Sox9 was observed in all conditions, and the
expression of these genes was maintained throughout the experiment. Furthermore, Collagen
I expression in biofunctional nanofibrous substrates was significantly higher than in the
positive condition (chondro medium) for the 14" day of culture. Interestingly, the Collagen I
was expressed at low levels in biofunctional nanofibrous substrates conditions and showed a
decreasing trend of expression towards longer culturing times. Furthermore, Collagen X
expression in the positive condition (chondro medium) was significantly higher than in
biofunctional nanofibrous substrates for the last times points of culture. This result confirmed
that the hBM-MSCs cultured on the biofunctional nanofibrous substrates were not

differentiating into the osteogenic linage.

168



Chapter VI — Guided Nerve Regeneration Mediated by Endogenous NGF bound at the surface of an Electrospun Fibrous Mesh

CHONDROGENIC TRANSCRIPTS EXPRESSION

2 Sox9
4 HYPERTROPHIC TRANSCRIPTS EXPRESSION

In 1z 1] Collagen Type |
|?ﬂ.¢:ﬂ;ﬁﬁ S -LBl ollagen Type la

~=AACHt

Chondro _ rGF PL_  GF __ PL_(GF PL
medium TGF-(3 IGF TGF3&1GF1 &
Basal medium i. q I
1 {,a. e - - e .
: Agorecan L= Con e See DOl =" ice
Chondro  rGF PL__rGF____PL_ rGF __ PL
g medium TGF43 IGF TGF-{13 & IGF-1
il - T B Basal medium
; ‘,& —on ~0 0 _ca Us _Ua ol Ty X
Chondo rGF __PL__«GF P GF __ PL_ & Oay 14
medium TGF3 IGF TGF-43 & IGF-| . Osy28
Basal medium §
}. . T
Collagen Type Il ~ Lf.#.

a
a —
& im o2l

F &
§ M ‘. L -1
M LI ) Chondro _ 1GF PL rGF PL _IGF  PL
P I = . _ medium TGF-3 IGF TGF-{3 & IGF-
2004 | E. El - 7 Basal medium
JUIE = L S = B __
100
Chondro GF  PL rGF PL SaP - O P
medium TGF-{\3 IGF TGF-\3 & IGF-I
Basal medium

Figure V-6 Relative expression of chondrogenic and hypertrophic markers by hBM-MSCs cultured on
biofunctionalized biomaterial system. The expression was normalized against the GAPDH
gene and the quantification was performed according to the Livak method. Data were
analyzed by the Kruskal-Wallis test, followed by the Tukey's HSD test (p < 0.01): a denotes
significant differences compared to the positive condition (Chondro medium).

SEM analysis of the hBM-MSCs cultured for 28 days on the seven different conditions,
shows that the cells began to acquire a round-shaped morphology; this was more evident in the

biofunctionalized nanofibrous substrates (Figure V-7).

For the detection of ECM sulfated proteoglycans (Figure V-7), all culture conditions at 28
days were stained with alcian blue. In the conditions #i-viii, the cells positively stain to Alcian
blue, demonstrating the presence of cartilaginous ECM components. Immunolocalization of
collagen type II confirms the deposition of a cartilaginous ECM on the conditions ii-viii as
observed by the small spots of collagen type II spread across the scaffolds (Figure V-7). These
observations were consistent with the previously obtained results for GAG production, as well

as by the expression of cartilage-related genes.
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Figure V-7 Morphological analysis of the hBM-MSCs cultured for 28 days by scanning electron microscopy
(SEM); staining of sulfated glycosaminoglycans by Alcian blue; immunolocalization of
collagen type II (brown staining).
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V-4. DISCUSSION

Growth factors are stimulatory molecules which help in the regulation of cartilage
development and maintenance of the chondrocyte phenotype of the stem cells.[6, 22, 25] The
TGF-B3 and IGF-I have significant and complementary activities to induce, accelerate, and/or
enhance cartilage tissue formation, and they are commonly used to supplement the
chondrogenic-inducing culture medium at concentrations of 10 ng mL! and 100 ng mL™!,
respectively.[18-21, 26, 27, 42-45] This proportion (1:10) was taken into consideration in our
biofunctionalized nanofibrous substrate when both antibodies were immobilized in a mixed
fashion. The maximum amount of recombinant growth factors bound at the biofunctionalized
nanofibrous substrate was approximately 2 pg mL"' of TGF-B3 and 2.5 pg mL"' of IGF-I
(Figure V-4). Accordingly, our biofunctional nanofibrous substrate enables the immobilization
of high concentrations of growth factors (on the pg mL! order), whereas others similar
approaches report values that are on the ng mL"! order,[46-48] reflecting the positive effect of
the high specific surface area of electrospun nanofibers to maximize the potential to immobilize

GFs.

The use of platelet-rich plasma (PRP) to stimulate tissue regeneration is growing at the
research and clinical levels, especially in orthopedics surgery.[30, 40, 49-53] Different
bioactive factors are released from activation, [54] including TGF-B3 and IGF-I. The amount
of these two growth factors, in the three-independent human PL" samples, varies between 97 -
269 pg mL! of TGF-B3 and 1.66 - 11.31 ng mL"! of IGF-I. The differences among the
quantified GFs and their variability are related to intrinsic differences between the platelets
obtained from the different donors. Comparing this data to values reported in the literature, i.e.
TGF-B3 (no data reporting), TGF-B1 (79.7 ng mL!) and IGF-I (69.5 ng mL™"), [55] we obtained
lower amounts of these factors. The amount of bound endogenous GFs varies according to their
concentration in the PL samples. For PL-derived TGF-B3, the binding efficiency (between
95-99%) was high as in the case of the recombinant protein, which is expected, since the
concentration present in PL is very low (on the pg mL"! order). For IGF-I, only around 52—-78%
of PL-derived GF was bound to the biofunctionalized nanofibrous substrate. Furthermore, the
binding efficiency of the GFs are in the same range for the three independent donors, showing
the reproducibility of this approach (Table V-2). Despite the differences in the concentration
of GFs present in the PL (ranging from pg mL"! for TGF-B3 to ng mL"! for IGF-I), these

concentrations are much lower than the maximum binding capacity of the biofunctionalized
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nanofibrous substrate, where recombinant proteins were used at micrograms per milliliter
concentration. Herein, a chondrogenesis-inductive nanofibrous substrate was developed by the
immobilization of defined antibodies at the surface of electrospun nanofiber, enabling the
binding of TGF-B3 (267 + 1 pg mL!) and/or IGF-I (4.7 + 1.1 ng mL™") from a PL’ pool or from

a recombinant-origin.

TGF-B3 is the essential growth factor for promoting chondrogenesis both in vivo and in
vitro. [15, 17, 22, 42, 56, 57] Attisano and Wrana [58] reported that TGF-B signal was
transmitted into the nucleus via the smad pathway, which is involved in the activation of Sox 9,
a transcription factor that induces the expression of other cartilage-specific genes, including
Collagen type II and Aggrecan.[59] We also found that bound TGF-B3 induced Sox 9
expression by culturing hBM-MSCs, with concomitant expression of cartilaginous extracellular
matrix genes, namely Collagen type Il and Aggrecan. Meanwhile, IGF-I is involved in cartilage
repair and is considered an essential mediator of cartilage homeostasis and metabolism,
primarily due to its capacity to promote chondrocyte survival and proliferation, induce
chondrogenic differentiation and stimulate proteoglycan synthesis.[60-63] Messai et al. [64]
reported that IGF-I is involved in chondrogenic differentiation by regulating the synthesis of
Aggrecan and Collagen type II at the transcription level in rat articular chondrocytes. Our real-
time PCR data also showed that hBM-MSCs cultured on biofunctionalized nanofibrous
substrate with bound IGF-I expressed cartilaginous genes, namely Sox 9, Aggrecan and

Collagen type II.

Many in vitro studies have used TGF- and IGF-I in combination, showing enhanced
chondrogenesis.[19, 43-45, 63] Indrawattana et al. [18] reported that MSCs cultured in the
presence of TGF-B3 and IGF-I, combined and in cycling patterns, showed enhanced expression
of Sox 9 and cartilage extracellular matrix genes. Similarly, Matsuda et al. [31] reported that
the combination of TGF-f3, dexamethasone and IGF-I was the most effective cocktail to
stimulate chondrogenic differentiation of MSCs. Conversely, our results showed that hBM-
MSCs cultured in the presence of TGF-f3 and IGF-I did not have a higher expression of
cartilaginous markers, showing a chondrogenic gene expression profile similar to hBM-MSCs
cultured on biofunctionalized nanofibrous substrates with individually bound TGF-B3 or IGF-
I. We also found that both endogenous and recombinant growth factors bound at the surface of
biofunctionalized nanofibrous substrates were able to regulate the hBM-MSC’s
chondrogenesis. Our results showed that the bound IGF-I, similarly to the bound TGF-$3,

induced chondrogenic differentiation of hBM-MSCs, stimulating proliferation, protein
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synthesis, GAG production, and expression of chondrogenic markers. Furthermore, we showed
that the combined action of the two GFs induced the chondrogenic differentiation of BM-MSC:s,
presenting a chondrogenic gene expression profile similar to BM-MSCs cultured in standard
chondrogenic differentiation medium. Interestingly, the results show a trend to have stronger
chondrogenic induction by the endogenous PL-derived GFs as compared to the recombinant-
GFs. Based on these results, the competitive advantage of this approach relies on sustained and
local exposure of endogenous GFs at high concentrations from a man-made extracellular matrix
equivalent, capable to induce the chondrogenic differentiation of MSCs, without the need of

continuous supply of exogenous recombinant GFs.

Envisioning the clinical translation of the chondrogenesis-inductive nanofibrous substrate
herein reported, we foreseen its potential use as an autologous cartilage regeneration strategy
or as a substrate in MACI or microfracture approaches. In the MACI approach, MSCs can be
cultured on a biofunctional nanofibrous substrate, where both cells and bioactive factors are
from the same patient, and then implanted into the defect site. In the microfracture approach,
the biofunctional nanofibrous substrate can be implanted into the defect site, where hBM-MSCs
migrating from the microperforations are induced to properly differentiate into the
chondrogenic linage by the bound GFs. Both approaches could lead to the regeneration of

cartilage, envisioning a personalized therapy for cartilage repair.

V-5. CONCLUSIONS

This study shows the successful development of a unique chondrogenesis-inductive
nanofibrous substrate, which is able to spatially present endogenous GFs immobilized at the
surface of a biomaterial scaffold. Cell culture assays with hBM-MSCs demonstrate that the
developed biofunctional nanofibrous substrates are able to promote chondrogenesis as
effectively as the standard differentiation condition, without the need of continuous supply of
exogenous recombinant GFs. The present manuscript describes a new autologous regeneration
strategy in which both cells and the bioactive agents, namely TGF-B3 and/or IGF-I, can be

obtained from the same patient, providing a personalize therapy for cartilage regeneration.
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Chapter VI

Guided Nerve Regeneration

Mediated by Endogenous NGF bound at the surface of

an Electrospun Fibrous Mesh”

ABSTRACT

Peripheral nerve injury still remaining a major clinical challenge, since the available
solutions lead to a dysfunctional nerve regeneration. Despite autologous nerve grafts being
considered the gold standard, tissue engineered nerve guidance grafts are valuable alternatives
to overcome this unmet medical need. Nerve growth factor (NGF) is the most prominent
neurotrophic factor, being recognized to facilitate the survival and the innervation of autonomic
nerves and sensory neurons. Therefore, the development of a nerve guidance graft able to
potentiate the interaction between injured neurons and endogenous NGF, would be a safer and
more effective alternative to grafts that release NGF at the injury site. In this work, we
demonstrated the selective retrieval of endogenous NGF, derived from rat blood plasma, by a
biofunctional electrospun nanofibrous mesh (NFM). The neurogenesis potential of the NFM-
NGF systems was evaluated by culturing rat pheochromocytoma (PC12) cells during 7 days,
without further induction. The biological results indicate that this NGF delivery system
promotes neuronal differentiation, being more effective than the control condition or even the
bound recombinant NGF. Therefore, endogenous NGF bind to the surface of NFM might be

able to promote functional peripheral nerve regeneration.

*%
This chapter is based on the following publication:

Casanova M. R., Reis R. L., Martins A. and Neves N. M., “Guided Nerve Regeneration Mediated by Endogenous NGF bound at
the surface of an Electrospun Fibrous Mesh”, Submitted for publication.
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VI-1. INTRODUCTION

Nerve regeneration remains an enormous clinical challenge, following peripheral nerve
injury [ 1], which can significantly affect the patients’ quality of life. With the rise of the number
of accidents, peripheral nerve injury is becoming an increasingly common clinical problem
Although the peripheral nervous system has greater regeneration capacity than the central
nervous system [2, 3], the axonal reconnection and functional recovery by spontaneous

peripheral nerve repair is limited by the size and severity of the lesion [4].

Many treatment options were used to repair nerve lesions, such as surgical reconnection
and nerve allografts (autologous and alloplastic nerve conduits) [5-11], although the optimal
treatment for large nerve defects remains elusive. The surgical reconnection by sutured end-to-
end is normally used to bridge small peripheral nerve injury gaps [6, 8]. However, when there
is a large defect (>10 mm in rats, or >30 mm in humans) [12], the required graft needs to bridge
the gap and support axonal regrowth. Currently, autografts are used to bridge the peripheral
nerve gap, which can lead to permanent donor site morbidity and inadequate functional repair
[7, 9, 13]. Despite the best treatment techniques used in the clinic, the functional motor and
sensory regeneration is often unsatisfactory because of neuroma and scar formation at the suture
site, axonal loss, or failure of target reinnervation [14, 15]. Therefore, the recent advances in

neural tissue engineering might be an alternative to conventional grafts transplantation.

Tissue Engineered Nerve guidance grafts comprise a biomaterial-based scaffold and a
multitude of cellular and/or molecular components [10, 12, 16-20]. Generally, the scaffolds are
capable of guiding the axonal and functional regeneration, as a bridge to restore the gap.
Electrospun nanofibers were extensively used as potential scaffold in neural tissue engineering,
owing to the high specific surface area, physical structure mimicking the morphology of the
native neural extracellular matrix, and as a carrier to deliver clinically relevant proteins like

growth factors [21-23].

In order to improve neurogenesis at the injury site, bioactive molecules are usually
incorporated into the nerve conduit [17, 18, 21, 23, 24]. Among the bioactive molecules,
neurotrophic factors are an important group of growth factors that stimulate and promote
neurogenesis [25]. Nerve growth factor (NGF) is the most prominent and the commonly used
neurotrophic factor for peripheral nerve regeneration [16, 18, 24, 26]. It acts as a
chemoattractant, which may regulate the proliferation and differentiation of cells, and the

myelination of neurons [27]. This neurotrophic factor is crucial to facilitate the survival and the
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innervation of autonomic nerves and sensory neurons [28]. Therefore, the development of nerve
guidance grafts incorporating NGF is an emerging approach in the field of peripheral nerve
regeneration [12, 17, 18, 24, 29]. Although encouraging, the expensive and instable clinic
efficacy of the NGF, and the uncontrolled delivery of the growth factor [18, 24] to avoid
presenting cells exposing to supraphysiological doses [29], has limited the clinical translation
of these approaches. An alternative choice is the use of autologous bioactive factors which
always avoid the immune response, having less side effects [11], combined with local treatment,
without affecting off-site tissues, maintaining the efficacy of the NGF by having it concentrated

at the surface of a biomaterial.

Taking advantage of this statement, the immobilization of autologous bioactive molecules
at the surface of biomedical systems has attracted increasing interest, in order to enhance their
biological functionality at the cellular level. Accordingly, a herein we demonstrated, for the
first time, the selective retrieval of endogenous NGF, derived from rat blood plasma, bind at
the surface of an electrospun nanofibrous meshes (NFMs). The neurogenic potential of the
NFM functionalized with endogenous NGF (NFM-NGF) was evaluated to assess its potential

efficacy on guided nerve regeneration.

VI-2. MATERIALS AND METHODS

VI-2.1. Rat blood plasma

Plasma derived from rat blood were collected from five 10-week-old adult male rats
(Sprague Dawley, ENVIGO), in accordance to the ethical and legal regulations. Blood samples
were collected directly from the heart and the plasma preparation was adapted from previously
described methods [30]. Briefly, rat blood samples with anti-coagulant (3.8% Citrate-dextrose
solution; Sigma) were incubated at 4 °C for 30 min. Then, blood samples were coagulated by
adding calcium chloride (22 mM; Sigma) and the clots were allowed to retract for 40 min at 37
°C. Following clot removal, the exudate was centrifuged at 890 x g for 10 min and the
supernatant containing the platelet-derived growth factors (plasma) was stored at -80°C until
further use. A pool of rat blood plasma was performed and the neurotrophic factor concentration
(i.e. NGFp) determined by the Rat beta-NGF DuoSet® Enzyme- Linked Immunosorbent Assay
(ELISA) (R&D Systems, Inc.), according to the manufacturer’s protocol. The pool of rat blood

plasma was stored at -20 °C until further use.
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VI-2.2. Production of amine functionalized electrospun fibrous meshes (NFM)

The NFM were obtained by electrospinning a polymeric solution of 15% (w/v)
Polycaprolactone (PCL - Mn 70,000-90,000 by GPC, Sigma-Aldrich, Europe) in
chloroform/dimethylformamide (7/3, Sigma-Aldrich, Europe), by applying a voltage of 12kV,
a needle tip to ground collector distance of 20 cm, and a flow rate of 1mL/h as described
elsewhere [31]. After the processing of 1mL of the polymeric solution, the NFM was left to dry

and cut into samples of 1cm?,

The surfaces of the NFM were activated by exposing both sides to UV-ozone irradiation
(2 min; ProCleaner 220 system, Bioforce Nanoscience) and functionalized with amine groups

(-NH) by incubating in 1M 1,6-hexanediamine solution (Sigma) for 1h at 37°C.

VI-2.3. Nerve growth factor functionalized electrospun fibrous meshes

The endogenous NGF immobilization at the surface of NFM was performed using an

antibody-antigen strategy [32].

VI-2.3.1. Antibody Immobilization

To determine the maximum immobilization capacity of the system, a wide range of the
anti-NGF antibody concentrations (from 0 to 12 pg/mL) were used. The immobilization of the
anti-NGF antibody (EP1320Y; Abcam) at the surface of the NFM was achieved using a
covalent bond mediated by a coupling agent (l-ethyl-3-(3-(dimethylamino)-
propyl)carbodiimide / hydroxysuccinimide mixture; Sigma). After incubation for 2h at room
temperature (RT), a bovine serum albumin (BSA; Sigma) blocking step was performed (1h;
RT), and the corresponding secondary antibody (1:200)(Alexa Fluor® 488 donkey anti-rabbit
IgG (H+L), Life Technologies, USA (~495/517 nm)) was incubated for 1 h (RT). To determine
the degree of immobilization, the fluorescence of unbound secondary antibody solution was
quantified (n = 3 samples, read in triplicate) in a microplate reader (Synergy HT, Bio-TEK).
Negative control samples consist in the substitutes of the primary antibody immobilization step
by 0.1 M phosphate buffered saline (PBS; Sigma). The samples were recovered to characterize
the spatial distribution of the anti-NGF antibody by fluorescence microscopy (Axio Observer;

Zeiss).
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VI-2.3.2. NGF binding

The NFM functionalized with anti-NGF antibody at the maximum concentration were
incubated (1h; RT) with 200 pL of NGF from recombinant-origin (NFM-rNGF; 100 ng/mL;
NGF-B from rat recombinant; Sigma) or from the rat blood plasma (NFM-pNGF) as an
autologous approach. In order to assess the binding efficacy of the proposed delivery system,
the unbound protein solutions were collected and stored at -20 °C, until further quantification
by using the Rat beta-NGF DuoSet® ELISA kit (R&D Systems, Inc.). Physico-chemical

characterization of the indirect printed hierarchical SF scaffolds

VI-2.4. Biological in vitro assays

The effectiveness of the developed NFM functionalized with NGF[f3 (Table VI-1), as nerve
regeneration guided system, was assessed using rat PCI12 cells derived from a
pheochromocytoma of rat adrenal medulla. This cell line is a useful model system to study
neuronal differentiation, because the PC12 cells undergo differentiation when exposed to NGF.

This cell line has been extensively used to evaluate biomaterials for nerve regeneration

applications [22, 23, 33, 34].

Table VI-1 Experimental conditions used in the Cell Biology assays

Condition Description
S - NFM in BM ® without INGF
E + NFM in BM supplemented with 100 ng/mL of INGF
NFM-rNGF NFM functionalized with INGF in BM

NFM-pNGF  NFM functionalized with plasma-derived NGF in BM

Y BM _ DMEM supplemented with 0.75% horse serum (HS), 0.75% fetal bovine
serum (FBS), 1% antibiotic/antimycotic (ATB),

VI1-2.4.1. PC12 cell culture

The rat PC12 cells were kindly provided by the “ICVS - Life and Health Sciences Research
Institute”, school of medicine, University of Minho. Cells were cultured in expansion medium
composed of DMEM medium (Sigma) supplemented with 5 % horse serum (HS; Sigma), 10 %

fetal bovine serum (FBS; Life Technologies) and 1% antibiotic/antimycotic solution (ATB;
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Life Technologies) in a 75 cm? cell culture flask coated with 50 pg/mL collagen type I from rat
tail (Santa Cruz Biotechnology, Inc). Cells were maintained at 37°C in a humidified incubator
with 5% COa, and the culture medium was changed twice a week. For the assays, subconfluent
cells, were harvested with TrypLE Express (1X) (Invitrogen), seeded at a density of
20 000/NFM and cultured in basal medium (BM; DMEM medium supplemented with 0.75 %
HS, 0.75 % FBS and 1 % ATB). For the differentiation studies, PC12 cultured on NFM in BM
supplemented with or without 100 ng/mL NGF-B from rat recombinant (Sigma) were carried
out as positive or negative controls, respectively (Table VI-1). Cultures were incubated in a
humid atmosphere at 37 °C and 5% CO», and retrieved for further analysis at predefined
culturing times, namely 1, 3 and 7 days. All experiments were performed in triplicate and

repeated at least three times (n=3), independently.

VI-2.4.2. Cellular Biochemistry Analysis

The cellular performance of PC12 on the different culture conditions was evaluated for
metabolic activity by the MTS assay (CellTiter 96 AQueous One Solution, Promega), DNA
quantification (Quant-iTPicoGreen dsDNA assay, Invitrogen) and protein synthesis by Micro
BCA assay (Micro BCA™ Protein Assay Kit, Thermo Fisher Scientific), according to the

manufacturer instructions.

VI-2.4.3. Scanning Electron Microscopy (SEM)

The morphology of PC12 cells on the different culture condition were analyzed by SEM
(JSM-6010 LV, JEOL, Japan). The specimens were prepared for SEM analysis, all culture
conditions were dehydrated and sputter coated with Au/Pd.

VI-2.4.4. Gene Expression Analysis

For the gene expression analysis, PC12 on different culture condition, at each time point,
were washed with PBS, immersed in Tri reagent® (Life Science, VWR, USA) and kept at -80
°C until further use. Total RNA was extracted according to the Tri reagent® manufacturer’s
instructions. The cDNA was amplified from 100 ng of total RNA using qScript cDNA synthesis

kit (Quanta Biosciences, VWR). The qPCR reactions were carried out in a Mastercycler® ep
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Gradient S realplex® thermocycler (Eppendorf; Hamburg, Europe) for neurogenic genes (Table
VI-2), according to the manufacturer’s instructions of the PerfeCtaTM SYBR® Green system
(Quanta Biosciences, VWR, USA).

Table VI-2 Primer sequences used for RT-PCR procedures .

gene forward (5°- 3%) reverse (5°-3°)
GAPDH CAACTCCCTCAAGATTGTCAGCAA GGCATGGACTGTGGTCATGA
GAP-43 TTTCCTCTCCTGTCCTGCTC TGGACTTGGGATCTTTCCTG
MAP2 GGCACTCCTCCAAGCTACTCT CTTGACGTTCTTCAGGTCTGG
NF-160 AGCATTGAGCTCGAGTCGGTG CTGCTGGATGGTGTCCTGGTAG
NF-200 AAAGTGAACACGGATGCTATGC GTGCTTTTCAGTGCCTCCAAC
Synl GTGTCAGGGAACTGGAAGACC AGGAGCCCACCACCTCAATA

Y GAPDH = glyceraldehyde 3-phosphate dehydrogenase; GAP-43 = growth-associated protein 43; MAP-2 = microtubule-
associated protein 2; NF-160 = neurofilament 160; NF-200 = neurofilament 200, Synl = synapsin-1.

The housekeeping gene Glyceraldehydes-3-phosphate-dehygrogenase (GAPDH) was used
to normalize the transcript expression data, and the quantification performed according to the

Livak method (2 22T method), considering the negative control as calibrator.

VI-2.4.5. Immunocytochemistry

Following the previous described cell culture conditions, samples were collected at 7 days
fixed in a 10% formalin solution and kept at 4 °C until further used for staining procedures.
Samples were incubated with beta III Tubulin (anti-beta III Tubulin polyclonal antibody, 1:100
dilution; Abcam), GAP-43 (rabbit GAP43 polyclonal antibody, 1:200 dilution; Thermo Fisher
Scientific), NF200 (mouse anti-neurofilament 200 monoclonal antibody, 1:40 dilution, Sigma)
and Synapsin 1 (rabbit anti-synapsin I polyclonal antibody, 1:200 dilution; Abcam) overnight
at 4 °C, in a humidified atmosphere after the quenching of endogenous peroxidase activity
(0.3% hydrogen peroxide solution; 30 min). R.T.U. VECTASTAIN® Universal ABC Elite®
Kit (Vector Laboratories; USA) was used for secondary antibody detection and incubation
revealed by using the Peroxidase Substrate Kit (DAB) (Vector Laboratories; USA), according
to the manufacturer instructions. The samples were counterstained with hematoxylin for nuclei
visualization, mounted in aqueous mounting medium (Sigma) and observed in an optical

microscope (Leica DM750 microscope).
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VI-2.4.6. Neurite outgrowth

Since PCI12 cells differentiate towards the neuronal phenotype in response to NGF
stimulation, the bioactivity of NGF from recombinant- (rNGF) or from rat blood plasma
(pNGF) origin immobilized at the surface of NFM was quantified by counting the neurite
outgrowth from PC12 cells. For different cell culture conditions (Table VI-1) at the different
times points, the percentage of neurite-bearing cells was determined by counting more than 200
cells in randomly selected fields of beta III Tubulin immunostaining recorded at 40x lens
objective (Leica DM750 microscope) with a computerized image analyzer (NIH Image]
software). Neurite-bearing cells are those with neurites lengths greater than or equal to the

diameter of the cell body [35, 36].

VI-2.5. Statistical analysis

All statistical analysis was performed using the SPSS statistic software (release 24.0.0.0
for Mac). The Shapiro-Wilk test was used to ascertain the data normality, and the Levene test
for the homogeneity of variances. As for all data, the normality and variance homogeneity were
rejected, thus non-parametric tests were used (Kruskal-Wallis test followed by Tukey’s HSD
test). P values lower than 0.01 were considered statistically significant in non-parametric tests.

The confidence interval used was 99% and p < 0.0] were regarded as statistically significant.

VI-3. RESULTS

VI-3.1. Physicochemical properties of the NFM functionalized with NGF

An optimized activated and functionalized NFM with anti-NGF antibody was developed,
providing binding sites to NGF via a non-neutralizing antibody, envisioning an autologous
approach. The maximum antibody immobilization capacity was determined using an indirect
quantification method (Figure VI-1 a). The maximum concentration of immobilized anti-NGF
antibody was achieved at 10 pg/mL, corresponding to a lower fluorescence signal of the free

secondary antibody.
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Figure VI-1 Maximum immobilization capacity of anti-NGF-f§ antibodyat the surface of activated and
functionalized NFM (a). Data were analyzed by the one-way ANOVA test, followed by the
Tukey’s HSD test (p<0.0I): a denotes significant differences compared to concentration 0
pg/mL; b denotes significant differences compared to concentration 1 pg/mL; ¢ denotes
significant differences compared to concentration 2 pg/mL; d denotes significant differences
compared to concentration 4 ug/mL; e denotes significant differences compared to
concentration 6 pg/mL and f denotes significant differences compared to concentration 8
pg/mL. Spatial distribution of anti-NGF immobilized at the NFM at 10 pg/mL (b). The
negative control sample was not incubated with the primary antibody (c).

Fluorescence micrograph (Figure VI-1 b) showed a uniform distribution of anti-NGF
antibody immobilized at the nanofibers surface. The binding capacity of the immobilized anti-
NGF antibody was assessed by using NGF from recombinant-origin (rNGF) or from a pool of
rat blood plasma (pNGF). Table VI-3 showed that NGF from different origins were bound to
the surface of NFM. Despite the different NGF concentrations, the binding efficiency stayed in
the same range for the two different origins (approximately 95%), being 98 700 + 200 pg/mL
of INGF or 567 + 23 pg/mL of pNGF bound to the NFM biofunctionalized with anti-NGF.

Table VI-3 Quantification of NGF recombinant or derived from rat blood plasma) and the binding capacity
of the NFM-NGF system

Recombinant Plasma

(pg/mL) (pg/mL)

[INGF] 99 990 + 10 597 + 40
bound 98 700 + 200 567 £23
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VI1-3.2. Performance of PC12 cells cultured on NFM-NGF

PC12 cells were cultured over NFM functionalized with NGF from different sources (i.e.
rNGF and pNGF), under basal conditions, in order to determine the effectiveness of these

biofunctionalized systems.

In terms of cell viability (Figure VI-2 a), the PC12 cells cultured on the NFM comprising
endogenous NGF (NFM-pNGF) displayed significantly higher viability than the control
conditions (NFM- and NFM+) at days 1 and 3 (p < 0.001). However, on the 7" day of PC12
culture, all cultured conditions have similarly high cell viability. The NFM-NGF systems were
favorable for cell proliferation and protein synthesis, since the levels of DNA content (Figure
VI-2 b) and the protein synthesis (Figure VI-2 ¢) are comparable to those observed on the
culture control conditions (NFM- and NFM+) along the time. As shown in Figure VI-2 d),
PC12 cells attach, spread, and proliferate on all the NFM conditions. The morphology changes
of PC12 cells culture on the different culture conditions along the culturing time, reflect their
differentiation stage. In the negative control condition (NFM-), the PC12 cells displayed the
morphology of undifferentiated PC12 cells, being smaller and spherical on all culturing times.
Although, in the presence of NGF (NFM+; NFM-rNGF; NFM-pNGF), the PC12 cells start to
differentiate showing an elongated morphology. Indeed, a few cells grown on NFM without
NGF treatment (NFM-) showed elongated shape, while on the NFM-pNGF system the

elongated cell morphologies is consistently observed.
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Figure VI-2 Top: Biochemical performance (i.e. metabolic activity (a), proliferation (b) and protein
synthesis (c)) of the PC12 cells cultured on NFM functionalized with NGFB from different
sources, under basal medium. NFMs cultured with PC12 cells under basal (NFM-) or neuronal
differentiation media (NFM+) were used as controls. Data were analysed by the Kruskal-
Wallis test, followed by the Tukey’s HSD test (p<0.0I): a denotes significant differences
compared to NFM- and b denotes significant differences compared to NFM+; *p < 0.01; **p<
0.001; ***p< 0.0001; Bottom: Morphological analysis of the PC12 cells on different culture
condition, along culturing time, by scanning electron microscopy (SEM) (d).

PC12 cell differentiation was studied by analyzing the number of neurite-bearing cells
(differentiated PC12 cells), along the culturing time. After the 7% day of culture, the neurite
outgrowth in the NFM-rNGF condition was a little higher than that observed in the positive
control condition (NFM+) (Figure VI-3 a). But, the neurite outgrowth in NFM-pNGF
condition was significantly higher than that observed in either the positive or negative controls
(NFM+; NFM-). The result suggested that the NGF bound to the surface of NFM kept its
bioactive, i.e., its ability to promote neurite outgrowth from PC12 cells (Figure VI-3 b).
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Figure VI-3 Top: Percentage of neurite-bearing PC12 cells on different culture condition along culturing
time (a). Data were analysed by the Kruskal-Wallis test, followed by the Tukey’s HSD test
(»<0.01): a denotes significant differences compared to NFM-; b denotes significant differences
compared to NFM+ and c denotes significant differences compared to NFM-rNGF; *p <0.01;
**p< 0.001; ***p< 0.0001; Bottom: Immunocytochemistry with beta-III Tubulin (brown) of
PC12 cells on different culture condition along culturing time (b).

In order to evaluate the impact of NFM-NGF systems on neuronal-related gene expression
by PC12 cells, qPCR was used to analyze the expression levels of the growth-associated protein
43 regulation gene (GAP-43), the microtubule-associated protein 2 regulation gene (MAP2),
the medium-molecular-weight neurofilament protein regulation gene (NF160), the high-
molecular-weight neurofilament protein regulation gene (NF200) and synapsin I regulation
gene (Synl). Quantitative results, considering the negative control condition (NFM-) as
calibrator are shown in Figure VI-4. Except for GAP-43, all other genes are not expressed on
the 1! day of PC12 cells culture, in all testing conditions. On the 3% day, PC12 cells cultured
on the NFM-pNGF condition present significantly higher GAP-43, NF160, NF200 and Synl

expression when compared to positive control condition (NFM+) (p < 0.01). Likewise, the
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NFM-pNGF condition shown a significantly higher GAP-43, NF160, NF200 and MAP2
expression than the NFM+ condition at 7 days of PC12 cell culture (p < 0.0001). Moreover, the
NFM-pNGF condition showed significantly higher expression of GAP-43, MAP2 and NF160
genes when compared to the NFM-rNGF condition (p < 0.01). These results indicate that the
NFM-pNGF system may provide a stronger stimulation for the PC12 cell differentiation than

the other conditions.
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Figure VI-4 Relative expression of GAP-43 (a), MAP2 (b), NF160 (c), NF200 (d) and Syn1 (e) genes by PC12
cells cultured on different culture condition, along culturing time. The expression was
normalized against the GAPDH gene and the quantification was performed according to the
Livak method, considering the negative control (NFM-) as calibrator. Data were analysed by
the Kruskal-Wallis test, followed by the Tukey’s HSD test (p<0.0I): a denotes significant
differences compared to NFM-; b denotes significant differences compared to NFM+; and ¢
denotes significant differences compared to NFM-rNGF; *p < 0.01; **p< 0.001; ***p< 0.0001;
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After 7 days of culture, the PC12 cells were immunostained for GAP-43, NF200 and Synl1.
Figure VI-5 demonstrated that NGF-stimulated differentiation of PC12 cells toward the neural
cell phenotype in NFM+ condition was similar to, although a slight lower than, that in NFM-
pNGF condition or NFM-rNGF. Furthermore, neuronal differentiation in both NFM-NGF
systems was significantly higher than in the negative control condition (NFM-). Collectively,

these phenotypic results confirm the previously described genotypic results.

eFM eFM-rNGF eFM-pNGF

NF200 GAP-43

Syn1

Figure VI-5 Immunoexpression of GAP-43, NF-200 and Syn1 proteins by the PC12 cells cultured on the
different condition, at the 7" day.

VI-4. DISCUSSION

Nerve regeneration involves neuronal growth and the formation of extracellular matrix
[37]. Basic requirements to form the new nerve are the migration of the Schwann cells, the
formation of new blood vessels, and axonal outgrowth into a matrix of fibrin [38]. The purpose
of nerve guidance grafts is to stimulate the regenerative microenvironment of the nerve to
facilitate the local neurogenesis, with a suitable environment that limits scar formation.
Between the growth factors in use, NGF is the most potent neurotrophic factor due to its role

over survival and differentiation of sensory neurons [27]. After nerve injury, lymphocytes T
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and B, as well as Schwann cells, produce NGF and its gradient enables injured nerve ends to
extend their axons through the injury site, overcoming degeneration [39, 40]. NGF binds to a
high affinity receptor (TrkA) expressed by nerve cells and activates signaling pathways such as
MAPK, Akt and PKC pathways for the survival and differentiation of nerve cells [41, 42]. Due
to the crucial roles of NGF in the peripheral nervous system, we developed a neurogenesis-
inductive NFM system through the endogenous NGF immobilization at the surface of NFM,

capable to promote axonal outgrowth in vitro.

The present study aims to study the developed PCL electrospun fibrous meshes
functionalized with endogenous NGF via antibody-antigen bound. Herein a non-neutralizing
antibody against NGF was successfully immobilized at the surface of activated and
functionalized NFM, achieving the maximum immobilization capacity at 10 pg/mL. Early
studies reported that the immobilization capacity of electrospun nanofibrous substrates differ
among antibodies, namely 12 pg/mL for anti-TGFB1, 8 pg/mL for anti-bFGF, 6 ng/mL for
anti-TNF-a and 4 pg/mL for anti-VEGF, anti-TGFB3 and anti-IGF-I [32, 43, 44].

Platelet-rich plasma has been used to stimulate tissue regeneration, especially in peripheral
nerve regeneration with growing evidences at the research and clinical levels [45-48]. Plasma-
derived NGF levels in healthy human patients varies between 100 - 752 pg/mL [49-51], while
in healthy rats varies between 400 — 1 000 pg/mL [52-54]. Considering these values, the amount
of NFG in the pool of rat blood plasma presented similar concentration, 597 + 40 pg/mL, to the
ones reported in the literature. Further on, the feasibility of anti-NGF immobilized on NFM, for
the selective retrieval of the corresponding growth factor, was evaluated by using a biological
fluid (i.e. rat blood plasma) and a recombinant NGF. The developed biofunctional NFM
displayed a higher binding efficiency (approximately 95%), being the amount of growth factor

bound limited by the concentration of protein existing in the plasma solution.

PC12 cells are extensively used as a model to study neuronal cell differentiation [21-23,
28, 33-36]. They can be triggered by NGF to differentiate into neuron-like cells, forming myelin
structures. Undifferentiated PC12 cells are a type of semi-suspended and aggregate cells with
a weak sensing toward the culturing substrates. The viability and proliferation of PC12 cells
was favorable on the NFM-NGF systems. Moreover, the neurite outgrowth was significantly
enhanced on the NFM-NGF systems, especially on the NFM-pNGF system. These results were
further confirmed by analyzing the expression of neuronal markers (GAP-43, MAP2, NF160,
NF200 and Synl) by qPCR and immunochemistry, which confirmed the prior observation that
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the NFM-NGF systems induces differentiation of PC12 cells into neuron-like cells. Indeed,
during neuronal differentiation, neurite extension and outgrowth are regulated by molecular
cues in addition to alterations in gene expression. As examples, the GAP-43 is an axonal
membrane protein involved in the neuronal outgrowth and synaptic plasticity of developing
neurons; Synl is a neuronal phosphoprotein associated with the membranes of small synaptic
vesicles involved in the neuronal development; and NF200 is commonly used as neuronal cell
marker. Therefore, our immobilization strategy guarantees the bioactivity of the bound NGF,
extending the half-life of the protein when compared to its free form, as confirmed by the direct

culture of PC12 cells over the biofunctionalized NFM systems (NFM-rNGF and NFM-pNGF).

Taken together, the NFM-pNGF system promotes axonal outgrowth, exhibiting a higher
potential to differentiate PC12 cells towards neurogenesis lineage, as compared to the NFM-
rNGF system, even with a lower concentration of bound pNGF. Therefore, NGF from blood
plasma is more effective than the recombinant NGF. Therefore, our neurogenesis-inductive
NFM system might have application in peripheral nerve tissue engineering, which is an unmet

clinical need.

VI-5. CONCLUSIONS

This study shows evidence that NFM-NGF systems comprising NGF from different
sources (recombinant or rat blood plasma) is able to successfully induce the neurogenic
differentiation of PC12 cells, displaying typical phenotypic and genotypic neuronal markers.
Moreover, the NFM functionalized with endogenous NGF (NFM-pNGF system) is more
bioactive than recombinant NGF, either immobilized (NFM-rNGF system) or in the free form
(positive control condition). Our autologous approach (NFM-pNGF system) is more effective
in promoting the neurogenesis, avoiding the need to use medium supplementation. We
hypothesize that our system maximizes the exposure of the PC12 cells to the immobilized NGF,
by the close contact established between them and the NGF bound at the surface of the
substrate. Therefore, the proposed NFM-pNGF system can act as an effective neural tissue

engineering approach, with a strong potential to be translated into the clinical setting.
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ABSTRACT

The intimate crosstalk, between endothelial and bone cells is essential for the
reconstruction of bone defects. Indeed, a successful bone repair is greatly dependent on the
formation of new blood vessels, to ensure the supply of nutrients and excretion of metabolites.
Bone morphogenetic proteins (BMPs) and vascular endothelial growth factor (VEGF) are
involved on cell differentiation and bone vascularization to develop viable bone tissue. Herein
it is hypothesized that endogenous BMP-2 and VEGF bound in a parallel arrangement over a
single nanofiber mesh (NFM) can lead to a successful osteogenic and angiogenic differentiation
of mesenchymal stem cells. An engineered biofunctional system was developed comprising
anti-BMP-2 and anti-VEGF antibodies immobilized over the same NFMs in a parallel pattern
design, in an attempt to recreate the vasculature of a bone tissue. The osteogenic and angiogenic
potential of this engineered biofunctional system was demonstrated by culturing human bone
marrow-derived mesenchymal stem cells (hnBM-MSCs) during 21 days without exogenous
induction. A chick chorioallantoic membrane (CAM) assay showed that the engineered
biofunctional system comprising endogenous BMP-2 and VEGF bound induced an increased
angiogenic response. The angiogenic ability of this system, together with the osteogenic

inductor BMP-2 enable obtaining an effective vascularized bone tissue engineering approach.

tt This chapter is based on the following publication:

Casanova M. R., Oliveira C., Fernandes E. M., Reis R. L., Silva T. H., Martins A. and Neves N. M., “Spatial Immobilization of
Endogenous Growth Factors to Control Vascularization in Bone Tissue Engineering”, Submitted for publication.
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VII-1. INTRODUCTION

Skeletal development and fracture repair includes the synchronization of multiple events
such as migration, differentiation, and activation of multiple cell types and tissues.[1] The
development of a microvasculature and microcirculation is critical for the homeostasis and
regeneration of living bone. Reconstruction of large bone defects still remains a major clinical
orthopedic challenge, since the repair of a bone defect is not only dependent on new bone
formation, but also it requires the formation of new blood vessels - angiogenesis.[2] Bone is a
highly vascularized tissue and, therefore, angiogenesis is crucial for bone homeostasis and
regeneration.[3, 4] Thus, both angiogenic and osteogenic processes must be considered when
designing a bone graft.[5-8] Bone repair is a complex process involving chemotaxis,
mitogenesis and differentiation, orchestrated by various cytokines and growth factors, in a
sequential manner, starting from the wound healing process and involving into bone
remodeling.[9-11] Vascular endothelial growth factor (VEGF) is a signaling protein that plays
an important role in blood vessel formation.[12] Additionally, VEGF most likely enhances bone
healing by its involvement in osteoblast maturation, ossification, and bone turnover.[7, 13, 14]
By its side, bone morphogenetic protein-2 (BMP-2) is the most potent bone inductor and it is
involved in different phases of bone repair playing a key role in skeletal tissue homeostasis.[2,
15-18] The combination of VEGF with BMP-2 may lead to augmented bone regeneration
compared with that achieved by BMP-2 alone, which indicates that synergistic effects can be
accomplished.[5, 6, 16, 19-21] Consequently, engineered matrices that can induce a concerted

development of bone and blood vessels are very promising for the treatment of bone injuries.

Mesenchymal stem cells (MSCs) have the ability of self-renewal and differentiation into
mesodermal lineages such as osteocytes, chondrocytes, cardiac muscle, and endothelial
cells.[22-26] These unique biological characteristics, especially their osteogenic and angiogenic
potential, make them excellent candidates for cell and tissue engineering therapies. Autologous
regeneration of tissues, where both cells and bioactive factors are obtained from the same
patient, is an ideal approach due to avoid an immune responses and, therefore, obviates the need
for immunosuppression.[10] Platelet-rich plasma (PRP) is a refined product of autologous
blood, rich in biologic factors (growth factors, cytokines, proteins, cellular components)
essential to the body’s response to injury.[27, 28] The use of PRP in the treatment of
musculoskeletal conditions has become more frequent in recent years and several studies

demonstrated that PRP is safe and can potentially accelerate or augment the bone tissue healing
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process.[29-31] Platelet lysate (PL) consists of a cocktail of different growth factors (e.g.,
bFGF, VEGF, TGF- B, BMPs, PDGF-f, EGF, and IGF-I) obtained from the platelets by
cellular disruption, providing an autologous complex mixture of biological signals to the cells
at the injury site.[31-35] Therefore, PL is a promising source of growth factors to induce MSCs

differentiation and, ultimately, tissue regeneration.

Electrospun nanofibrous meshes (NFMs) are promising substrates for cell culture because
of the high specific surface area, flexibility in surface functionality and the physical structure
mimics the morphology of the native extracellular matrix of many connective tissues.[36, 37]
Electrospun NFM surfaces were already chemically functionalized to achieve sustained
delivery of various bioactive molecules [37] targeting bone tissue engineering, including
dexamethasone-loaded liposomes [38] and Runt-related transcription factor 2- loaded
liposomes [23]. This substrate can also be chemically modified to allow the immobilization of
an antibody of interest able to bind the corresponding protein from a complex biological fluid,
taking advantage of the specific and efficient interaction between an antibody and its

antigen.[39, 40]

This proof-of-principle study aim to demonstrate that two growth factors can be bound in
a spatial controlled way over a same nanofibrous substrate. For that, we immobilized anti-BMP-
2 and anti-VEGF antibodies at the surface of an activated and functionalized NFM, on a parallel
pattern design. This biofunctional system will be able to bind endogenous BMP-2 and VEGF,
from human platelet lysates, envisioning an autologous vascularized bone tissue engineering
strategy. The bioactivity of the bound growth factors was tested with hBM-MSCs, aiming to
assessed the simultaneous induction of osteogenesis and angiogenesis on the a same
nanofibrous substrate. The in vivo angiogenic potential of the engineered system was also

assessed in a chick chorioallantoic membrane (CAM) assay.

VII-2. MATERIALS AND METHODS

VII-2.1. Production and functionalization of electrospun polycaprolactone NFMs

The production and surface modification of electrospun polycaprolactone (PCL) NFMs
were both performed as described elsewhere.[38] Briefly, a polymeric solution of PCL

(Polycaprolactone- Mn 70,000-90,000 by GPC, Sigma-Aldrich, UK) at 15% (w/v) was
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prepared using an organic solvent mixture of chloroform (Fisher Scientific UK) and
dimethylformamide (Fisher Scientific UK) (7:3 ratio). A voltage of 12 kV, a needle tip to
ground collector distance of 20 cm, and a flow rate of 1 mL h™! were established to electrospun
the PCL solution. After the complete processing of 1 mL of PCL solution, the NFM was allowed

to dry. The processed NFM were cut into samples of 1.3x1.3 cm? for further assays.

The NFMs surfaces were activated by UV-ozone irradiation followed by aminolysis.[38]
Briefly, it was applied UV light (ProCleaner 220 system, Bioforce Nanoscience) during 4
minutes at both sides of the NFM, and kept under sterile conditions for the biological assays.
Then, the electrospun NFMs were subjected to aminolysis to introduce primary amines onto
their surface by immersion in IM 1,6-hexanediamine (HMD) solution (Sigma-Aldrich

Quimica, S.L., Portugal) and incubated for 1h at 37 °C.

VII-2.2. Optimization of antibody immobilization

Biofunctionalization of activated NFMs with growth factors using an antibody-antigen
strategy was performed as described in detail elsewhere.[39] In brief, a defined antibody was
immobilized at the surface of NFMs by a covalent bond mediated by a coupling agent, namely
1-ethyl-3-(3-(dimethylamino)-propyl)carbodiimide / hydroxysuccinimide mixture (EDC/NHS;
Sigma-Aldrich Quimica, S.L., Portugal). A 1 % (v/v) antibody solution was prepared with an
EDC/NHS mixture (1:4 ratio) and incubated 15 min at room temperature (RT) for antibody

activation.

The maximum immobilization capacity of the NFMs was determined for each the
following non-neutralizing antibodies, anti-BMP-2 (Rabbit anti-human BMP-2, Merck
Millipore, German) and anti-VEGF (Mouse anti-human VEGF (JH121), Santa Cruz
Biotechnology Inc., USA). For that, a wide range of primary antibody concentrations were
tested. NFMs were incubated with 200 puL of primary antibody solution for 2h at RT followed
by a washing step with 0.1 M PBS. A blocking step with 3 % BSA solution (Sigma-Aldrich
Quimica, S.L., Portugal) for 30 min at RT was performed to block non-specific antibody
binding. The biofunctionalized NFM was incubated with the secondary antibody (1:200 in PBS)
for 1h at RT. Alexa Fluor® 488 donkey anti-rabbit (495 nm / 519 nm) and Alexa Fluor® 594
goat anti-mouse (590 nm / 617 nm) (Life Technologies, USA) were used as secondary
antibodies against rabbit anti-BMP-2 and mouse anti-VEGF antibodies, respectively. The

unbound secondary antibody fluorescence was measured by a microplate reader (Synergy HT,
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Bio-TEK). Negative control samples were also performed, where all antibody immobilization

steps were performed in the absence of the primary antibody, which was substituted by PBS.

VII-2.3. Engineered biofunctional system

VII-2.3.1. Immobilization of antibodies

In order to achieve the two antibodies immobilized in a parallel pattern design over the
same NFM, a patterning device was developed (Figure VII-1). The patterning device consist
on a flat acrylic plate at the bottom and an acrylic plate with 5 slits of 0.1cm x 1cm. In the first
stage, the anti-BMP-2 antibody was immobilized at the surface of activated NFMs using the
pattering mask that allows only to functionalized the areas that are not protect by the acrylic
plate. The anti-BMP-2 antibody solution was prepared at previous determined concentration,
dropped (30 uL) over each slit of the patterning device and incubated for 2h at RT. After anti-
BMP-2 immobilization, a blocking step with 0.3 % BSA solution for 30 min (RT) was
performed to prevent the non-specific bound of the other antibody, followed by a washing step
with 0.1 M PBS. In the second stage, the patterning device was disassembled and the anti-
VEGF antibody was immobilized onto the binding sites previously covered of the NFMs
biofunctionalized with anti-BMP-2. Those NFMs were incubated with 200 pL of anti-VEGF
antibody solution (previous determined concentration) for 2h at RT. All of the antibody
immobilization steps (washing, BSA blocking, and secondary antibody incubation) were
performed as previously described for the optimization of antibody immobilization. The
samples were recovered to characterize the spatial distribution of the antibodies by fluorescence
inverted microscope (Axio Observer; Zeiss). The fluorescently labeled biological molecules

were analyzed by the green (Alexa Fluor® 488) and red channels (Alexa Fluor® 594).

Patterning -~ A ]
= vy [eeeteted
Anti-BMP-2 Anti-VEGE~ C=0
Activated C=0 C=0 C=0 C=0 C=0 c=g C=0
X ’ NH nNH, NH NH NH NH NH,NH NH NH
TG Parallel BMP-2 and VEGF immobilization
Patterning Anti-BMP-2 Anti-VEGF
Device Immobilization Immobilization

Figure VII-1 Schematic representation of the compartments in the patterning device that allows the
immobilization of antibodies in a parallel pattern design of a single NFM.
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VII-2.3.2. Endogenous BMP-2 and VEGF binding

The biological fluid used as an endogenous source of the growth factors (BMP-2 and
VEGF) was PL. Platelet lysate (PL) was prepared from a pool of platelet concentrates obtained
by plasma apheresis from six healthy O Pos male donors. Those samples were provided by
Hospital de Sao Jodao (HSJ, Servigo de Imunohemoterapia do Centro Hospitalar Sao Jodo,
Porto, Portugal) under an established collaboration protocol, approved by the ethical
committee. In particular, the number of platelets were counted and concentrates with a platelet
count below 1 million platelets/ul. were rejected. Platelet concentrates were processed as
previously described. [39, 41] Briefly, platelet concentrates were subjected to three freeze/thaw
cycles (i.e., frozen with liquid nitrogen at =196 °C and thawed in a 37°C water bath). The
platelet debris were removed by centrifugation at 1400g for 10 min at 4°C and supernatants

were filtered (0.22 um filter) and stored at -20°C until further use.

The endogenous BMP-2 and VEGF binding capacity of the biofunctionalized NFMs with
anti-BMP-2 and anti-VEGF antibodies, in parallel pattern design, was performed as described
elsewhere.[39] Briefly, the biofunctionalized NFMs were incubated with 400 uL of PL for 1 h
(RT). The unbound protein solutions were collected and stored at —20 °C until further
quantification by enzyme-linked immunosorbent assay (ELISA). The quantification of BMP-2
and VEGF presented on PL samples and on the unbound protein solutions were performed to
access the binding capacity of our engineered system by using the human BMP-2 and VEGF
development ELISA kits (PeproTech, USA). The assay was conducted according to the

respective manufacturer’s protocol.

VII-2.4. Biological activity

VII-2.4.1.hBM-MSC:s isolation and culture

hBM-MSCs were obtained from the patients undergoing knee arthroplasty after signing an
informed consent under an accordance with a protocol established between the 3B's Research
Group, University of Minho and the Hospital Center of Alto Ave, Guimaraes, and approved by
the ethics committee of this hospital. hBM-MSCs were characterized and cultured using our
established standard protocols.[42] hBM-MSCs were expanded in basal medium consisting of
a-MEM (Sigma-Aldrich, Germany), supplemented with 10% heat-inactivated fetal bovine
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serum (FBS; Life Technologies, Europe) and 1% antibiotic/antimycotic solution (FBS; Life
Technologies, USA), and cultured at 37 °C in a humidified atmosphere of 5% COx.

Before the in vitro studies, the NFMs were biofunctionalized with endogenous BMP-2
and/or VEGF, in parallel pattern design (Table VII-1), under sterile condition. Confluent hBM-
MSCs at passage 4 were harvested for seeding onto these engineered biofunctional systems
(BMP-2; VEGF; BMP-2|VEGF) at a concentration of 200000 cells/50 pnL/NFM and cultured
under static conditions in basal medium. The experimental controls comprise hBM-MSCs
cultured on functionalized NFMs under static conditions, in Basal medium, standard Osteogenic
medium (basal medium supplemented with 50 pg/mL ascorbic acid, 10 mM J-
glycerophosphate and 10”7 M dexamethasone) and Angiogenic medium (0-MEM medium
supplemented with 2 % FBS and 50 ng mL' VEGF). The constructs were retrieved at
predefined culturing times, namely 0, 7, 14, and 21 days. All experiments were performed in

triplicate and repeated at least three times, independently.

Table VII-1 The engineered biofunctional systems.

CONDITIONS BMP-2 VEGF Pattern
Single parallel pattern

BMP-2

(+) )

Single parallel pattern

VEGF

) (+)

Combined parallel pattern
BMP-2|\VEGF

)

VII-2.4.2.Cellular biochemistry analysis

Cell proliferation was evaluated by DNA quantification (Quant-iTPicoGreen dsDNA
assay, Invitrogen, Alfagene), metabolic activity by the MTS assay (CellTiter 96 AQueous One
Solution, Promega) and protein synthesis by Micro BCA assay (Micro BCA™ Protein Assay
Kit, Thermo Fisher Scientific, USA), according to the manufacturer's instructions; and alkaline

phosphatase specific activity by a colorimetric assay.[38]
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VII-2.4.3.Gene expression analysis

At each culturing time, the hBM-MSCs were washed with PBS, immersed in Tri reagent®
(Life Science, VWR, USA), and kept at -80 °C for later RNA extraction. Total RNA was
isolated and reverse transcribed into cDNA (qScript cDNA synthesis kit, Quanta Biosciences,
VWR, USA), according to the manufacturer instructions. Afterwards, the obtained cDNA was
used as a template for the amplification of the target genes shown in Table VII-2, according to
manufacturer’s instructions of the PerfeCtaTM SYBR® Green system (Quanta Biosciences,
VWR, USA). The qPCR reactions were carried out in a Mastercycler® ep Gradient S realplex®
thermocycler (Eppendorf, Hamburg, Germany) for all genes. The transcript expression data
were normalized to the housekeeping gene Glyceraldehydes-3-phosphate-dehygrogenase
(GAPDH) and the quantification performed according to the Livak method (2 “24°T method),

considering the basal medium condition (negative control) as calibrator.

Table VII-2 Primer sequences used for RT-PCR procedures®.

gene forward (5°- 3") reverse (5°-3")
E GAPDH AGCCTCAAGATCATCAGCAA GTCATGAGTCCTTCCACGAT
Runx 2 TTCCAGACCAGCAGCACTC CAGCGTCAACACCATCATTC
Osteocalcin GTGCAGAGTCCAGCAAAGG TCAGCCACTCGTCACAGC
) cé Ost eopontin GGGGACAACTGGAGTGAAAA CCCACAGACCCTTCCAAGTA
% Oxterix CCCTTTACAAGCACTAATGG ACACTGGGCAGACAGTCAG
g BMP-2 TGAATCAGAATGCAAGCAGG TCTTTTGTGGAGAGGATGCC
ALP CTCCTCGGAAGACACTCTG AGACTGCGCCTGGTAGTTG
COL I AAGAACCCCAAGGACAAGAG GTAGGTGATGTTCTGGGAGG
. CE’ VEGFR?2 AGCGATGGCCTCTTCTGTAA ACACGACTCCATGTTGGTCA
.% PECAM AAGGCCAGATGCACATCC TTCTACCCAACATTAACTTAGCAGG
;%L VEGF A GATCCGCAGACGTGTAAATG CTGGTGAGAGATCTGGTTCC

Y GAPDH = glyceraldehyde 3-phosphate dehydrogenase; Runx 2 = Runt-related transcription factor 2; BMP-2 = Bone
morphogenetic protein 2; ALP = Alkaline phosphatase; COL [a = collagen type I alpha; VEGFR2 = Vascular endothelial
growth factor receptor 2; PECAM = Platelet and endothelial cell adhesion molecule; VEGF A = Vascular endothelial growth
factor A.
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VII-2.4.4.Immunodetection of bone/vascular-specific proteins

The osteogenic and angiogenic phenotype of hBM-MSCs seeded onto the vascularized
bone tissue engineered system was assessed by immunodetection of bone-specific proteins and
endothelial cell markers. Samples were collected at 21 days of culture, fixed in a 10%
paraformaldehyde solution, and kept at 4 °C until further used. Immunocytochemistry was
performed following the streptavidin/biotin peroxidase complex approach (R.T.U.
VECTASTAIN® Universal ABC Elite® Kit; Vector Laboratories; USA), using a rabbit
polyclonal antibody against osteopontin (Abcam Ltd., UK; dilution 1:1000), a mouse
monoclonal antibody against osteocalcin (clone OC4-30, Abcam Ltd., UK; dilution 1:100), a
goat polyclonal antibody against collagen type Ial (COLI1A1 (C-18); Santa Cruz
Biotechnology, Europe; dilution 1:2500), a rabbit polyclonal antibody against Von Willebrand
Factor (vVWF; Abcam Ltd., UK; dilution 1:400), a mouse monoclonal antibody against CD31
(P2B1; Abcam Ltd., UK; dilution 1:100). Briefly, the samples were treated with 0.3% hydrogen
peroxide solution for 30 min to inactivate the endogenous peroxidase activity. After blocking
unspecific binding, primary antibodies were incubated overnight at 4 °C, followed by the
biotinylated secondary antibody and the streptavidin-peroxidase complex incubations. The
immune reaction was revealed by using the Peroxidase Substrate Kit (DAB) (Vector
Laboratories; USA). By the end, samples were washed in water for 5 min and then
counterstained with hematoxylin for nuclei visualization. The samples were mounted and

observed in an optical microscope (Leica DM750 microscope).

VII-2.5. In vivo angiogenesis evaluation

VII-2.5.1.Chick chorioalantoic membrane (CAM) assay

Fertilized chicken eggs from Pinto Bar (Portugal) were incubated at 37°C (Laboratory
Incubator model B8420; Termarks) for 3 days. A window was open into the eggshell to evaluate
embryo viability, after puncturing the air chamber, to allowed dissociation of the CAM from
the shell membrane. The window was then sealed with transparent tape (~50 x 30 mm, AXTON
50 mm) to prevent dehydration. On the 10" day of embryonic development, the engineered
biofunctional systems (Table VII-1) and controls (without NFM and with activated NFM) were

placed on the CAM. At the 17" day, the chicken embryos were sacrificed by adding a
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paraformaldehyde (Merck) solution at 4% (v/v), followed by its incubation at -80° C for 10 min.
The implanted specimens and the immediately adjacent CAM portions were cut and fixed with
4% paraformaldehyde. Ex ovo images were captured using the AxioVision imaging software
(release 4.8; Zeiss) connected to an AxioCAM ICcl digital camera (Zeiss) attached to a
stereomicroscope (Stemi 2000- C; Zeiss), for each condition in both sides (i.e. chorionic and
allantoic epithelium). Three independent CAM assays were performed and a minimum of 10

eggs/samples were used for each condition.

VII-2.5.2. Analysis of blood vessel convergence

The macroscopic evaluation of the angiogenic response was carried out using a
semiquantitative method previously described by Ribatti, et al.,[43] which consists in analyzing
the convergence of blood vessels toward the implanted engineered biofunctional systems. The
chorionic epithelium images (ex ovo) obtained at day 17 of embryonic development were
processed using the Imagel 1.52a software program (National Institutes of Health, USA) to
count the total number of blood vessels converging toward the implanted scaffolds. For
quantification purposes, the magnification of the stereomicroscope images was kept constant
(0.65 X), as well as the image-processed area (800 x 800 pixels). The total number of
macroscopic microvessels that converged toward the graft was counted blindly for each egg by

three independent observers.

An automated angiogenesis quantification method was also conducted by using the Vesse/
Analysis plugin with Fiji (ImageJ 1.521) to perform in a reliable and repeatable way a sequence
of operations leading to a robust segmentation of EC images and a reproducible extraction of
the skeleton representing the microvascular network.[44] Measurements of vascular density
(i.e. ratio of vasculature area to total selection area) and vascular length density (i.e. ratio of

skeletonized vasculature area to total area) are expressed as % area.

VII-2.6. Statistical analysis

Statistical analysis was performed using the SPSS statistic software (release 24.0.0.0 for
Mac). First, a Shapiro-Wilk test was used to ascertain the data normality and Levene test for
the homogeneity of variances. When data follow a normal distribution, parametric tests were

used (one-way ANOVA test followed by Tukey’s HSD test). When the normality and variance
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homogeneity were rejected, non-parametric tests were used (Kruskal-Wallis test followed by
Tukey’s HSD test). P values than 0.01 were considered statistically significant in non-

parametric tests.

VII-3. RESULTS

VII-3.1. Development and characterization of the engineered biofunctional systems

Prior to the development of the engineered biofunctional system, BMP-2 and VEGF
antibodies were immobilized at the surface of NFMs. The maximum immobilization capacity
of each antibody (anti-BMP-2 or anti-VEGF) was determined by using an indirect
quantification method (Figure VII-2 a, b). The fluorescence signal of the unbound secondary
antibody correlates inversely with the amount of immobilized primary antibody. The maximum
immobilization capacity of the nanofibrous substrate is 6 ug mL! for anti-BMP-2 antibody and

4 pg mL! for anti-VEGF antibody, representing the saturation point of the nanofibrous

substrate.
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Figure VII-2 Maximum immobilization capacity of a single antibody at the surface of activated and
functionalized NFM: immobilization of anti-BMP-2 (a) and immobilization of anti-VEGF (b).
Data were analyzed by the one-way ANOVA test, followed by the Tukey’s HSD test (p<0.01):
a denotes significant differences compared to concentration 0 ug mL™; b denotes significant
differences compared to concentration 2 pg mL! and ¢ denotes significant differences
compared to concentration 4 pg mL!.

To develop an engineered biofunctional system envisioning a vascularized bone tissue

engineering approach, the antibodies against BMP-2 and VEGF were immobilized over the
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same nanofibrous substrate, in a parallel pattern design. Both antibodies were successfully
immobilized at 4 ug mL! since it corresponds to the maximum concentration achieved for anti-
VEGF. In this sense, hBM-MSCs will have access to the same amount of bound PL-derived
growth factors. A patterning mask was in house developed to enable the creation of distinct
areas on the same nanofibrous substrate (Figure VII-1). The NFMs were firstly incubated with
anti-BMP-2 antibody, using the patterning mask, followed by the incubation of VEGF antibody.
By the end, NFMs with parallel immobilized anti-BMP-2 and anti-VEGF antibodies were
incubated with the corresponding secondary antibodies, leading to the patterned configuration
and distribution presented in Figure VII-3. The reddish fluorescent area of the nanofibrous
substrate corresponds to the immobilized anti-VEGF antibody whereas the green area
represents the immobilized anti-BMP-2 antibody (Figure VII-3 ¢). In the nanofibrous substrate
with immobilized anti-BMP-2, it was not detected fluorescence on the anti-VEGF antibody
immobilization area (Figure VII-3 a); as well as, no fluorescence was observed on the
nanofibrous substrate with immobilized anti-VEGF (Figure VII-3 b) on the anti-BMP-2
antibody immobilization area. Activated and functionalized nanofibrous substrate without
primary antibodies immobilization was used as a control of the parallel immobilization process
(Figure VII-3 d).

Anti-BMP-2 Anti-VEGF Merged
’\&‘. } 5 N7

Figure VII-3 Spatial distribution of immobilized primary antibodies at the surface of activated and
functionalized nanofibrous substrates, in a parallel pattern design: 4 pg mL™! anti-BMP-2 (a);
4 ug mL! VEGF (b); merged view (c) and activated and functionalized nanofibrous substrates
without primary antibodies immobilization (d).

The herein engineered biofunctional system comprising parallel immobilized anti-BMP-2
and anti-VEGF was capable of selectively bound the respective growth factor from a biological
fluid (i.e. PL). The binding capacity of the engineered biofunctional system was assessed by
quantifying the total amount of the proteins of interest (BMP-2, VEGF) that can bound to the

biofunctionalized nanofibrous substrate (Table VII-3). The herein used PL samples present

BMP-2 and VEGF concentrations ranging from 106 to 781 pg mL! and 702 to 1536 pg mL"!,
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respectively. These concentrations are within the range of values reported in the literature, i.e.
from 310 to 1500 pg mL! of BMP-2 [45, 46] and from 0.0949 to 854 ng mL"!' of VEGF [47].
Those PL-derived proteins were successfully bound to the biofunctionalized nanofibrous
substrate at the similar amount of the pool PL-derived growth factors, namely 379 + 34 pg mL-
''of BMP-2 and 403 + 7 pg mL"! of VEGF.

Table VII-3 Quantification of the growth factors of interest (i.e. BMP-2, VEGF) derived from human PL
samples and the binding capacity of the engineered biofunctional system.

(pg mL1) Donor 1 Donor 2 Pool ®
0 [PL] 106 + 71 781 £ 39 473 57
% bound 98 +7 596 + 1145 379 + 34
5 [PL] 702 +£49 1536 + 136 932+7
E bound 286+9 747 £ 21 403 +7

3 Pool of six independent donors;

VII-3.2. Differentiation of hBM-MSCs on the engineered biofunctional systems

The effectiveness of the engineered biofunctional systems comprising endogenous BMP-2
and/or VEGF parallel bound (Table VII-1) were assessed by culturing hBM-MSCs during 21
days in basal medium. Activated NFMs cultured with hBM-MSCs under standard osteogenic
or angiogenic differentiation media were used as positive controls, while bare NFM constructs

cultured under basal medium were used as negative control.

The biochemical performance of hBM-MSCs cultured on the engineered biofunctional
systems was assessed by using standard cell biology assays, namely cell viability (MTS assay),
cell proliferation (PicoGreen assay) and total protein synthesis (MicoBCA assay) (Figure VII-
4). Biological data demonstrate that, the different culture conditions did not induce significant
changes over hBM-MSCs activity along the culturing time (p < 0.07). Moreover, hBM-MSCs
cultured on the engineered biofunctional systems with endogenous BMP-2 and VEGF parallel
bound (BMP-2|VEGF) or in single parallel pattern design (BMP-2; VEGF) seems to have higher
viability and proliferation when compared to the positive control conditions (Osteogenic
medium; Angiogenic medium), although not statistically significant. In terms of the hBM-

MSCs' total protein synthesis (Figure VII-4c¢) no statistically significant differences were
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observed between the different culture conditions over the culturing time. The hBM-MSCs

cultured on the engineered biofunctional systems displayed a high protein concentration than

the control conditions.
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Figure VII-4 Biochemical performance (i.e. metabolic activity (a) and proliferation (b), total protein
synthesis (c) and ALP activity (d) of the hBM-MSCs cultured on nanofibrous substrates with
endogenous BMP-2 and/or VEGF parallel bound, under basal medium. Activated NFMs
cultured with hBM-MSCs under standard Osteogenic or Angiogenic differentiation media
were used as positive controls, while NFM/hBM-MSCs constructs cultured under Basal
medium was used as negative control. Data were analysed by the Kruskal-Wallis test, followed
by the Tukey’s HSD test (p<0.01): a denotes significant differences compared to Basal medium;
b denotes significant differences compared to Osteogenic medium; c denotes significant
differences compared to Angiogenic medium; d denotes significant differences compared to
BMP-2; e denotes significant differences compared to VEGF;

In order to assess the onset of the osteoblastic activity of cultured hBM-MSCs, the
quantification of the alkaline phosphatase activity was performed according to the p-
nitrophenol assay. As shown in Figure VII-4d, the Osteogenic medium condition and the
constructs that contained BMP-2 (BMP-2; BMP-2|VEGF) exhibited higher ALP activity.
Particularly, the engineered biofunctional construct (BMP-2|VEGF) showed significantly
higher ALP activity, indicating some synergetic effect of both growth factors over the

osteogenic differentiation.

A genotypic quantification of osteogenic and angiogenic transcripts was performed to
ascertain about the differentiation level of the cultured hBM-MSCs on the engineered
biofunctional systems. A constitutive expression of all osteogenic mRNA transcripts was
observed during the culture time for the osteogenic conditions (Osteogenic medium, BMP-2
and BMP-2|VEGF), presenting significantly higher expression when compared with the
angiogenic conditions (4ngiogenic medium, VEGF and BMP-2|VEGF) (p < 0.01) (Figure VII-
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5). At 14 days, hBM-MSMs cultured on engineered biofunctional systems, BMP-2 and BMP-
2|VEGF, presented significantly higher Collagen type la expression than the positive
osteogenic condition (Osteogenic medium; p < 0.01). Nevertheless, the constructs cultured
under Osteogenic medium presents significantly higher ALP expression (p < 0.01), at 7 days,
when compared to the BMP-2 constructs, since those conditions did not have a source of
phosphate in the culture medium. Moreover, the engineered biofunctional systems (BMP-2;
BMP-2|VEGF) are effective in promoting the Runx 2 expression as the osteogenic condition

(Osteogenic medium).
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Figure VII-5 Relative expression of osteogenic markers by hBM-MSCs cultured on engineered
biofunctional systems. The expression was normalized against the GAPDH gene and the
quantification was performed according to the Livak method. Data were analysed by the
Kruskal-Wallis test, followed by the Tukey’s HSD test (p<0.01): a denotes significant
differences compared to Basal medium; b denotes significant differences compared to
Osteogenic medium; c denotes significant differences compared to Angiogenic medium; d
denotes significant differences compared to BMP-2; e denotes significant differences
compared to VEGF;
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The quantification of angiogenic transcripts expression revealed that in the Angiogenic
medium, VEGF and BMP-2|VEGF conditions, hBM-MSCs expressed endothelial-related genes
(Figure VII-6). Those conditions present significantly higher expression when compared with
hBM-MSCs cultured under Osteogenic medium and BMP-2 constructs (p < 0.01). In terms of
VEGFR2, PECAM and VEGF A expression, no statistically significant differences were found
between the angiogenic conditions (Angiogenic medium, VEGF and BMP-2|VEGF). However,
when comparing the PECAM expression levels of the engineered biofunctional system (BMP-
2|VEGF) with the positive osteogenic condition (Osteogenic medium), it is more effective in

promoting the expression of PECAM gene.
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Figure VII-6 Relative expression of angiogenic markers by hBM-MSCs cultured on engineered
biofunctional systems. The expression was normalized against the GAPDH gene and the
quantification was performed according to the Livak method. Data were analysed by the
Kruskal-Wallis test, followed by the Tukey’s HSD test (p<0.01): a denotes significant
differences compared to Basal medium; b denotes significant differences compared to
Osteogenic medium; c denotes significant differences compared to Angiogenic medium; d
denotes significant differences compared to BMP-2; e denotes significant differences
compared to VEGF;

The osteogenic and angiogenic phenotype of hBM-MSCs cultured on the different culture
conditions, at 21 days, was also assessed by immunodetection of some specific osteoblastic
proteins (i.e. collagen type Ia, osteocalcin and osteopontin) and endothelial cell markers (i.e.
CD31 and vWF) (Figure VII-7). Photomicrographs shown an expression of the specific
osteoblastic glycoprotein assessed on the Osteogenic medium, BMP-2 and BMP-2|VEGF
constructs, indicating their capacity to induce the deposition of a mineralized extracellular
matrix. Interestingly, on the BMP-2 and BMP-2|VEGF constructs, the stained areas correspond
to the parallel alignment of the endogenous BMP-2 bound at the surface of the NFMs substrates.

Similar endothelial cell markers expression pattern was observed on the VEGF and BMP-
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2|VEGF constructs, where the stained areas correspond to the parallel alignment of the
endogenous VEGF bound at the NFMs surface. The expression of endothelial cell markers by
hBM-MSCs cultured under Angiogenic medium was also observed. On the other hand, as
expected, the osteogenic and/or angiogenic phenotype of the hBM-MSCs was not observed
when cultured on the Basal Medium, Osteogenic Medium, Angiogenic Medium, BMP-2 and
VEGF conditions.
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Figure VII-7 Immunoexpression of osteogenic (Collagen la; Osteocalcin; Osteopontin) and angiogenic
(CD31; vWF) markers in engineered biofunctional systems, after 21 days of culture (10X
magnifications).

VII-3.3. Construct Angiogenic potential of the engineered biofunctional systems

CAM assay was carried out in order to evaluate in vivo the ability of the proposed

engineered biofunctional system to induce angiogenesis. Representative photographs of the
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chorionic and allantoic epithelium of ex ovo CAM after 7 days of implantation were presented
in Figure VII-8a, where the engineered biofunctional systems comprising endogenous BMP-2
and/or VEGF parallel bound were used. Eggs without NFMs and with the activated NFMs were
the controls, used in our test. The NFMs substrates significantly increased the sprouting of
mature vasculature (Figure VII-8b). In the case of the engineered biofunctional systems
comprising endogenous VEGF (VEGF and BMP2|VEGF conditions), large number of mature
blood vessels with highly branched capillary network could be observed. On the other hand,
the activated NFM and the engineered biofunctional systems comprising endogenous BMP-2

did not induce a significant angiogenesis, as expected.
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Figure VII-8 Stereomicroscope photographs of ex ovo NFMs substrates after incubation on the
chorioallantoic membrane of the chick embryo (a). Macroscopic quantification of blood
vessels conversing towards implanted structures (b). Vascular Length Density (i.e. ratio of
skeletonized vasculature area to total area) (c), and Vascular Density (i.e. ratio of vasculature
area to total selection area) (d). Data were analysed by the Kruskal-Wallis test, followed by
the Tukey’s HSD test (¥ p <0.01; **p <0.001; ***p <0.0001): a denotes significant differences
compared to CTRcam; b denotes significant differences compared to NFM; c¢ denotes
significant differences compared to BMP-2; d denotes significant differences compared to
VEGF;
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To quantify the convergence of blood vessels towards the implanted engineered
biofunctional systems, the vascular length density and the vascular density was investigated by
analyzing the ex ovo chorionic epithelium (Figure VII-8 ¢ and d). All the conditions assessed
showed statistically significant proangiogenic property compared to the control CAM (p <
0.0001), including the bare NFM substrate (p < 0.001). Furthermore, there was no statistical
significance between the activated NFM and engineered biofunctional system comprising
endogenous BMP-2. When comparing the engineered biofunctional systems comprising
endogenous VEGF, both the VEGF and BMP-2|VEGF conditions showed statistically
significant higher proangiogenic activity (p < 0.0001). Considering those results, it is clear that
the engineered biofunctional systems comprising endogenous VEGF (VEGF and BMP-2|VEGF
conditions) are the most proangiogenic ones. Nevertheless, the BMP-2|VEGF condition present
significantly higher vascular density, when compared to the VEGF condition (p < 0.01),

showing some synergic effect of the two inductors.

VII-4. DISCUSSION

Considerable efforts have been made to create biofunctional bone tissue engineered
constructs. However, low bone regeneration levels and insufficient vascularization remain the
most important challenges that must be overcome to develop effective tissue engineering
strategies, in order to be consistently implemented in the reconstruction of large volume bone
defects.[3, 37, 48] An active and functional blood vessel network is an essential pre-requisite
in the survival and integration of a bone tissue engineered construct within an existing host
tissue. A variety of strategies have been implemented trying to enhance the formation of
vascular networks within the engineered constructs for bone regeneration. These strategies
include growth factor delivery, co-culture systems, biomaterials with appropriate mechanical
properties and incorporation of microfabricated cues.[4, 20, 49-57] Herein, we present a novel
approach for upgrading a nanofibrous substrate with spatially bound growth factors, in order to
locally induce the differentiation of MSCs into either osteogenic or endothelial lineage.
Furthermore, it allows the patterning of endogenous growth factors, defining vascularization

areas adjacent to the new target tissue formation, by using cells from the own patient.

In a bone fracture healing process, the expression of VEGF occurs at an early healing stage
(strongly observed in 5-10 days),[58] while the BMP-2 secretion occurs during the entire
process.[59] Based on this information from wound healing, endogenous BMP-2 and VEGF
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were bound at the surface of a nanofibrous substrate, in a parallel pattern design, envisioning
an autologous vascularized bone tissue engineering approach. To fulfil this design, a patterning
device was developed with the intent to enable immobilizing non-neutralized anti-BMP-2 and
anti-VEGF antibodies that recognize non-binding sites of those growth factors. These
antibodies were able to selectively bind the respective growth factors obtained from platelet
lysates. The engineered biofunctional system comprising immobilized anti-BMP-2 and anti-
VEGF antibodies, in a side-by-side fashion, was able to bound 378.2 + 280 pg mL™! and 403 +
4 pg mL! of pool PL-derived BMP-2 and VEGF, respectively.

The scientific literature reported that bound growth factors can maintain their bioactivity
over time, providing a more controlled and sustained induction over cells in culture when
compared to the transient effect of soluble growth factors.[16, 20, 39, 60] Moreover, bound
growth factors can provide extended signaling because the ligand is not internalized as a
ligand/receptor complex.[61-64] Using the herein presented strategy, we can promote a spatial
regulation and control over cellular activity, namely the osteogenic and angiogenic
differentiation of hBM-MSCs. Therefore, to determine the bioactivity of parallel bound BMP-
2 and VEGF at the surface of a nanofibrous substrate, osteogenic and angiogenic phenotyping
and genotyping was conducted. ALP activity results demonstrated that the engineered
biofunctional nanofibrous substrates comprising BMP-2 are able to successfully induce the
osteogenic differentiation of hBM-MSCs, even in the absence of organic or inorganic phosphate
source (e.g. B-Glycerophosphate and monosodium phosphate). Indeed, previous studies have
demonstrated that BMP-2 enhanced the osteogenic differentiation capacity of MSCs by
increasing ALP activity.[6, 16, 59, 65, 66] Conversely, the presence of VEGF showed no
influence on the ALP activity, suggesting that VEGF alone cannot effectively enhance the
osteogenic differentiation in vitro. Although, the presence of both BMP-2 and VEGF present a
synergetic effect enhancing the ALP activity.

A successful bone regeneration strategy implies the formation of new blood vessels.
Therefore, it is desirable to deliver of a growth factors cascade (in this case VEGF and BMP-
2) to simultaneously induce angiogenesis and osteogenesis to develop a vascularized and
functional bone tissue graft. As demonstrated by Wang et al., the in vitro delivery of low doses
of BMP-2 and VEGF by a silk fibroin-nanohydroxyapatite scaffold resulted in vascularized
bone regeneration.[20] Shah et at. developed a dual delivery system where different ratios of
BMP-2 and VEGF were entrapped within polyelectrolyte multilayer (PEM) films.[8] After

implantation, the mineral density within the de novo bone was increased by 33% in the PEM
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films containing both BMP-2 and VEGF when compared to those containing BMP-2 only,
which suggests a more complete remodeling due to an increase local vascular network. The
herein engineered biofunctional system present the highest osteogenic activity, indicating that
the bound VEGF did not interfere with the bioactivity of BMP-2, but instead provide a
synergetic effect on the development of osteogenesis. These observations were supported by
the expression of osteogenic and angiogenic transcripts. As expected, the highest expression of
osteogenic markers was observed when BMP-2 is presented, while high expression of
angiogenic markers was observed only on the constructs having VEGF. Accordingly, the
histological analysis of the vascularized bone tissue engineered system indicated that hBM-
MSCs positively label for osteoblastic proteins on the areas corresponding to the parallel bound
endogenous BMP-2, whereas angiogenic markers are present on the areas corresponding to the

parallel bound endogenous VEGF.

Using the chick CAM in vivo angiogenic model, we demonstrated that the engineered
biofunctional system comprising endogenous BMP-2 and VEGF bound in a side-by-side
fashion presented a significantly higher angiogenic capacity. The vascular invasion showed in
the engineered biofunctional systems could be attributed to bound VEGF presented in the NFM
substrates. In fact, the in vivo angiogenic potential of a described bioscaffold was associated
with matrix-dependent delivery/release of VEGF.[67-69] Interestingly, the presence of both
BMP-2 and VEGF present a synergetic effect enhancing the angiogenic capacity of the
engineered biofunctional system. Our results are in line with others reported in the
literature,[20, 54, 70, 71] supporting the hypothesis that VEGF could indirectly enhance bone

regeneration by promoting the formation of a vascular network.

Envisioning the clinical translation of the vascularized bone tissue engineered system
herein reported, we foreseen its potential use as a guided bone regeneration membrane applied
in the internal fixture of bone fractures or as a substrate accelerating healing in flat bones (i.e.
cranial bones, scapulae). Indeed, electrospun nanofibrous meshes were applied as a scaffold to
improve bone formation in a critical-sized rat calvarial bone defect model system [72-74].
Therefore, it is hypothesized that, by creating an initial synthetic ECM architecture with
spatially localized growth factors, cells will be guide into either osteogenic or endothelial
lineage, facilitating the formation of a neo-tissue with enhanced functional characteristics. The
application of the spatially localized growth factors bound on biomaterial substrate for the
regeneration of complex tissues, involving more than one cell communities, may provide

helpful cues enabling its self-organized.
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VII-5. CONCLUSIONS

This proof-of-principle study showed that two growth factors can be bound parallel in an
arrangement on the same nanofibrous substrate, remaining bioactivity upon bounding the
immobilized antibodies. A vascularized bone tissue engineered system was developed,
comprising endogenous BMP-2 and VEGF bound in a side-by-side fashion, envisioning it use
as autologous bone regeneration. Our data demonstrates that this system containing BMP-2 is
able to promote the osteogenic differentiation of hBM-MSCs, as well as, the bound VEGF is
able to promote angiogenesis. Therefore, the herein proposed biofunctional system is able to
promote spatial angiogenesis and osteogenesis of hBM-MSCs, resulting in a synergistic effect
on vascularized bone regeneration. The in vivo study revealed that the engineered biofunctional
system comprising endogenous BMP-2 and VEGF bound in a parallel arrangement present a
higher angiogenic effect. Our experiments provide new evidences supporting the application of
these biofunctionalized nanofibrous substrates to develop vascularized bone tissue engineering
strategies and to help bone fracture healing, particularly when vascularization is severally

compromised.
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General Conclusions and Future

Perspectives.

VIII-1.GENERAL CONCLUSIONS

The biofunctionalization of a biomaterial surface with bioactive agents has attracted
increasing interest, aiming to boost its biological activity. The functionalization of biomaterial
substrates with biological cues can be an effective approach to overcome the major problems
related with implantable biomaterials, namely the limited bioactivity and suboptimal integration
with the host tissue. In this sense, the work performed under the scope of this thesis aimed to
develop highly biofunctional nanofibrous substrates which can provide a biocompatible and
bioactive environment. The biofunctionalization of the nanofibrous meshes was based on the
activation, functionalization and covalent immobilization of antibodies in order to selectively
bind endogenous bioactive molecules to promote chondrogenesis, neurogenesis, osteogenesis
and angiogenesis. The surface biofunctionalization of the nanofibrous meshes has the
advantage of a local exposure of bioactive molecules with more prolonged activity, avoiding
their degradation by biological means and the systemic side effects. The proposed approaches
intended to overcome the recognized drawbacks of currently available treatments in neural and

skeletal tissues, using pioneering and personalized strategies.

The low efficacy of clinical interventions to regenerate articular cartilage results from its
limited or no self-repair potential. Therefore, different biofunctionalization strategies were
proposed aiming to developed biofunctional nanofibrous substrates with chondrogenic
inductive properties (Chapters III to V). The chondrogenesis-inductive systems were based on
the use of different biomolecules, namely an extracellular matrix protein (fibronectin), lipidic
particles with potent cargo (extracellular vesicles (EVs)) or chondrogenic growth factors (TGF-

3 and IGF-I).

The chondrogenic potential of human fibronectin bound at the surface of a nanofibrous
substrate was evaluated in Chapter III. For that, an anti-fibronectin antibody was immobilized
at the nanofibers’ surface, which allows the binding of fibronectin. Human bone marrow-

derived mesenchymal stem cells (hBM-MSCs) cultured on the fibronectin-functionalized
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nanofibrous substrates under basal conditions display the typical phenotypic and genotypic
markers of articular chondrocytes. Indeed, immobilized fibronectin seems to be more effective
than the standard chondrogenic differentiation obtained with soluble growth factors.
Furthermore, the soluble human fibronectin seems to not have the potential to induce the
differentiation of hBM-MSCs towards the chondrogenic lineage as compared to its immobilized
form. Therefore, the immobilization of endogenous fibronectin at the surface of a nanofibrous
substrate has the advantage of inducing the chondrogenesis by exposing the bioactive domains
of fibronectin correctly. However, the fibronectin orientation/conformation changes when

bound at the surface of a biomaterial scaffold have to be assessed.

Aiming to exploit the regenerative potential of EVs present in conditioned medium from
human articular chondrocytes (hACs) or chondrogenically induced hBM-MSC, an EVs
functionalized system were developed in Chapter IV. Those EVs were successfully bound at
the surface of biofunctional nanofibrous substrates, immobilizing a CD63 antibody. The in vitro
biological assays demonstrated that the EVs-biofunctionalized nanofibrous substrates
successfully induce the chondrogenic commitment of homotypic cells more efficiently than the
current chondroinductive strategies. Furthermore, the EVs biofunctionalized nanofibrous
substrates comprising EVs derived from mature hACs demonstrate to be the most effective.
One of the main benefits of this strategy is the ability to use the total EVs’ cargo to induce

chondrogenesis, although its content needs to be further analyzed.

Another chondrogenesis-inductive nanofibrous substrate was developed comprising
endogenous TGF-B3 and IGF-I bound at the surface of the same nanofibrous substrate
(Chapter V). The immobilization of defined antibodies (i.e. anti-TGF-B3 and anti-IGF-I)
allows the selective retrieval of the abovementioned growth factors from human platelet lysates.
The in vitro cellular assays confirmed the bioactivity of bound TGF-3 and IGF-I by enabling
the successful chondrogenic differentiation of hBM-MSCs cultured under basal conditions.
However, it seems that hBM-MSCs cultured on biofunctionalized nanofibrous substrates with
individually bound TGF-f3 or IGF-I has similar chondrogenic gene expression profile as hBM-
MSCs cultured in the presence of bound TGF-3 and IGF-I.

The availability of endogenous fibronectin, EVs derived from mature hACs or
chondrogenically induced hBM-MSCs, or TGF-3 and IGF-I at the surface of a nanofibrous
substrate are capable of induce the chondrogenic differentiation of hBM-MSCs under basal

culture medium. These chondrogenesis-inductive nanofibrous substrates possibly allow the
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implementation of very effective and personalized therapies tailored for specific clinical
conditions, by using both biological fluids and cells from an autologous source. However, an
in vivo study is necessary to fully validate these strategies and confirm that local and sustained

exposure of those bioactive molecules is effective in promoting cartilage regeneration.

Envisioning the clinical translation of the different chondrogenesis-inductive nanofibrous
substrates herein reported, we foreseen their potential use as an autologous cartilage
regeneration strategy. For example, in the microfacture technique, the chondrogenesis-
inductive nanofibrous substrates can be implanted over the defect site, where uncommitted
homotypic cells migrating from microperforations could be induced to properly differentiate
into the chondrogenic lineage by the bound biomolecules. In an ex vivo attempt, both the MSCs
and the bioactive factors isolated from the same patient can be cultured on a biofunctional
nanofibrous substrate, which will be then implanted into the defect site as a matrix-induced
autologous chondrocyte implantation (MACI) approach. Both approaches could lead to the

regeneration of cartilage, envisioning a personalized therapy for cartilage repair.

The versatility of the biofunctional nanofibrous substrates strategy herein proposed was
also applied to others unmeet clinical needed, namely nerve regeneration and reconstruction of
bone defects. Therefore, the development of biofunctional nanofibrous substrates with

neurogenic inductive properties or osteogenic and angiogenic potential were carried out.

Taking into consideration the state of the art of peripheral nerve regeneration, it is
noticeable that more effective approaches are needed. In an attempt to contribute to this goal,
in Chapter VI, a novel nerve stimulation nanofibrous substrates biofunctionalized with NGF
was developed. The immobilization of anti-NGF antibody at the surface of nanofibrous
substrates allowed for the selective retrieval of endogenous NGF, derived from rat blood
plasma. The in vitro biological assays demonstrated that the NGF delivery system promotes
neuronal differentiation of rat pheochromocytoma (PC12) cells, displaying the typical
phenotypic and genotypic neuronal markers. Moreover, the nanofibrous substrates
biofunctionalized with endogenous NGF is more bioactive than recombinant NGF, either
immobilized or in the free form. However, in light of the results achieved, a complementary in
vivo study in a rat nerve defect model is necessary to fully validate these endogenous NGF
delivery system and confirm the hypothesis envisioned by the authors. This is a crucial pre-
clinical step to validate that the presence of NGF at the surface of nanofibrous substrate will

improve peripheral nerve regeneration.

236



Chapter VIII — General Conclusions and Future Perspectives

Ideally, to create a bone tissue-engineered substitute capable of regenerate a fully
functional tissue, it should allow the formation of new blood vessels. In the reconstruction of
bone defects, it is essential an intimate crosstalk between endothelial and bone cells. In this
sense, in Chapter VII, an engineered biofunctional system was developed comprising anti-
BMP-2 and anti-VEGF antibodies immobilized over the same nanofibrous substrate in a
parallel pattern design. The spatial immobilization of endogenous BMP-2 and VEGF, derived
from human platelet lysates, enabled the spatial osteogenic and angiogenic differentiation of
human hBM-MSCs under basal culture conditions, as confirmed in the in vitro biological
assays. A chick chorioallantoic membrane (CAM) assay revealed that this biofunctional system
induced a significant angiogenic response. The versatility of the herein described
vascularization-inductive strategy can be potentially use as a guided bone regeneration
membrane applied in the internal fixture of bone fractures or as a substrate accelerating healing
in flat bones (i.e. cranial bones, scapulae). However, an in vivo study in a critical-sized rat
calvarial bone defect model is necessary to fully validate this biofunctional system and confirm
the synergistic effect of endogenous BMP-2 and VEGF bound in a parallel arrangement on

vascularized bone regeneration.

The work developed in this thesis enabled overcoming some challenges of implantable
biomaterials, namely this limited bioactivity. Particularly, the bound bioactive molecules
require that the biofunctionalized nanofibrous substrates can provide a biocompatible and
bioactive environment. Using surface functionalization strategies, we were able to develop
effective and personalized biofunctional nanofibrous substrates, tailored for specific clinical
conditions. The substrates’ surface was biofunctionalized with specific antibodies, taking
advantage of the specific and efficient interactions between a specific antibody and its antigen.
The method consists on the generating of functional groups (i.e. amine groups) at the surface
of nanofiber, which will allow the covalent and irreversible immobilization of an antibody by
its carboxyl group. This immobilization strategy guarantees the efficacy/availability of the
antibody binding epitopes, as well as an extended half-life of the antibodies when compared to
its free form. However, one of the disadvantages on the use of antibodies is that some of them
can have a neutralizing activity over the protein bound. To overcome this drawback, the
antibodies used in this work do not present neutralizing activity, remaining the cell receptor

binding domain free to perform their biological activity.

The presented approach of biofunctionalized nanofibrous substrates by the immobilization

of antibodies allows to selectively bind, from a pool of different biomolecules present in
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biological fluids (e.g. blood plasma, platelet lysate or conditioned medium), just the ones of
interest for the envisioned application. However, to achieve such specificity, overcoming the
drawback of possible binding of other proteins or isoforms or even cell-secreted proteins, we
perform a blocking step with BSA to not allow non-specific binding of such bioactive

molecules.

As a general conclusion, the work developed in this thesis is a step forward on precision
medicine approaches providing alternatives for surface biofunctionalization of personalized

biomaterial substrates for neural and skeletal tissues regeneration.

VIII-2.FUTURE PERSPECTIVES

The development process in science is a never-ending journey. The work developed under
the scope of this thesis, although answering some questions, opens a new range of questions
that can be further exploited in multiple directions. In this sense, some future studies related
with the work developed were previously suggested. Of particular interest is the evaluation of
the in vivo efficacy of the immobilized antibody or bound bioactive factors at the surface of a
nanofibrous substrate. The translation of novel technologies from bench to bedside is extremely

dependent on these pre-clinical animal models.

The biomaterial surface biofunctionalization strategy applied in this thesis allows for the
immobilization of single or multiple antibodies, and the corresponding biomolecule binding, in
a spatial controlled way over a same nanofibrous substrate. The engineered biofunctional
system comprising distinct biomolecules in different areas of the same substrate can be
exploited to other target applications. For example, this system could enable the elucidation of
its functional role over distinct cell types. The types of cells (e.g. endothelial, osteoblasts and/or
chondrocytes) could be seeded over the distinct areas of the nanofibrous substrate, where a
certain antibody and the corresponding biomolecule were previously immobilized. With this
strategy would be possible to obtain tailored co-culture systems, allowing to study bioactive

molecules-mediated cellular interactions.

The application of the spatially localized bioactive molecules bound on biomaterial
substrate for the regeneration of complex tissues, involving more than one cell communities,
may provide helpful cues enabling their self-organization. For example, an osteochondral

regeneration model can be developed by the functionalization of a same nanofibrous substrate
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divided into parts. One part will be able to promote chondrogenesis, as the other will be able to
promote osteogenesis and angiogenesis. The implementation of this model could elucidate the
synergistic effect of chondrogenesis, osteogenesis and angiogenesis in osteochondral tissue.
Furthermore, the parallel arrangement of bioactive molecules bound on biomaterial substrate
could also be applied to regenerate innervated tissue by taking advantage of the knowledge

achieved with the nerve stimulation nanofibrous substrates biofunctionalized with NGF.

The potential of this versatile immobilization strategy can be transposed to different
polymeric substrates currently in use in the clinic, namely bioresorbable devices (i.e. meshes,
screws). As example, wound dressing meshes (for diabetic ulcers) or membranes for guided
tissue regeneration in the context of dentistry. Therefore, the substrates biofunctionalization
strategies developed under the scope of this thesis have remarkable biochemical properties,
namely a localized and prolonged bioactivity of the bound molecules, making them a great

alternative to the current available treatments.
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