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Novel 3D scaffolds modified with nanostructured polymeric coatings or
micro/nanofibers for tissue engineering applications

Abstract

Designing 3D constructs with adequate properties to instruct and guide cells is one of the major focuses of tissue
engineering. The features influencing cell viability, the mechanical load bearing capability and cell instruction are
distributed along the nano and macro scale of the construct. This calls on new methodologies integrating bottom-
up and top-down approaches, known as integrative, for the development of controlled multiscale 3D constructs.
The main goal of this thesis is to develop new multiscale and cell instructive constructs by using an integrative
approach and cost-effective natural resources. Using a Bioplotter™, top-down polycaprolactone (PCL) constructs
with controlled geometry were prepared. Layer-by-layer assembling (LbL) was chosen as the bottom-up
methodology so that a tunable incorporation of instructive polymers/proteins could be achieved. First, this
combination of techniques was explored as a way to create coatings and nano/micro fibrils on the prototyped
scaffolds, adding new cell-anchorage points and a potential system to modulate cell behavior. The sequential use of
rapid prototyping, LbL and freeze-drying allowed the creation of nanocoatings and/or fibrils inside the 3D scaffolds
using alginate and chitosan polyelectrolytes (PEs). Those structures could be selectively added by controlling the
LbL parameters. Once the concept was proven, the more adequate biochemistry that could be introduced with the
LbL step was investigated. Inspired by the natural extracellular matrix (ECM), different marine-origin sulfated and
aminated PEs, were selected: carrageenans (Car’s) and chitosan (Chi), respectively. Thus, thin coatings with
controlled sulfur and nitrogen content were prepared on polycaprolactone 2D surfaces, physicochemically
characterized and their effect on osteoblast-like cells studied. Biomineralization increased with the presence of the
coatings being significantly higher on 1Car/Chi. This suggested the sulfate groups interact positively with molecules
involved in the osteoblastic activity. Consequently, the potential of those PEs for the incorporation of human
platelet lysate (PL - source of multiple growth factors, GFs) was investigated: in 2D, on human adipose derived stem
cells (hASCs) and human umbilical vein cord endothelial cells (HUVECs), in short-term cultures; and in 3D, for long-
term cultures, to investigate the osteogenic differentiation of hASCs. These PEs allowed different degrees of growth
factors (GFs) to be incorporated, where iota-Car showed the ability to highly incorporate all the GFs quantified. The
sulfated PEs/PL coatings were shown to be efficient in promoting morphological changes, serum-free adhesion and
proliferation of high passage hASCs (P>5). The more sulfated nanocoatings activated HUVECs, inducing the
formation of tube-like structures and pro-angiogenic gene expressions. Moreover, the 1Car/PL/1Car/Chi coatings and
fibrillar structures, created into PCL constructs, induced the osteogenic differentiation of hASCs. In the absence of
dexamethasone (osteogenic inducer), 10 tetralayers with PL induced hASCs into the osteoblastic lineage, while with
30 (or without PL) this did not occur, which emphasized the importance of a controlled PL incorporation. LbL is a
suitable method to tune the incorporation of PL and tune its instruction on several cell types. Moreover, the
proposed integrative and sequential approach promise new osteoinductive multiscale 3D construct, and

nanocoatings for several tissue engineering applications (e.g., cell expansion and angiogenesis).







Novas estruturas porosas 3D modificadas com revestimentos ou micro/nano fibras
nano-estruturadas e poliméricas para aplicacdes em engenharia de tecidos

Resumo

O design de estruturas 3D com propriedades adequadas para instruir e guiar células ¢ um dos maiores focos em
engenharia de tecidos. As caracteristicas que influenciam a viabilidade celular, propriedades mecanicas, e
instrucao celular, distribuem-se ao longo da escala nano e micro dessa estrutura. Isto apela a novas metodologias,
designadas integrativas, que integram abordagens bottom-up e top-down, para o desenvolvimento de estruturas
3D controladas e multi-escala. O objectivo desta tese é o desenvolvimento de novas estruturas 3D instrutivas e
multi-escala, recorrendo a uma abordagem integrativa e a recursos naturais. Foram preparadas estruturas 3D top-
down de policaprolactona (PCL) com geometria controlada com a Bioplotter™. A técnica de montagem camada-a-
camada (CaC) foi utilizada como método bottom-up para permitir uma incorporacdo controlada de
polimeros/proteinas instrutivas. A combinagdo dessas técnicas foi explorada para criar revestimentos e nano/micro
fibrilas no interior do PCL 3D, de forma a adicionar novos pontos de adeséo e um sistema passivel de modelar o
comportamento celular. O uso sequencial da Bioplotter™, CaC e liofilizagdo permitiu a criagdo desses estruturas
dentro do PCL 3D, com os polieletrolitos (PEs) de quitosano e alginato. Uma vez demonstrado o conceito, passou a
ser investigada uma bioquimica mais adequada a ser introduzido. Inspirados pela matriz extracelular (MEC), foram
usados polielectrolitos sulfatados e aminados de origem marinha: carrageninas (Cars) e quitosano (Qui). Assim,
revestimentos finos, com conteldo de enxofre e azoto controlado, foram preparados em superficies de
policaprolactona, fisico-quimicamente caracterizados, e o seu efeito em osteoblastos estudado. Com esses
revestimentos a biomineralizagdo aumentou, sendo maior em -Car/Qui. Isto sugeriu que os grupos sulfato devem
interagir positivamente com moléculas envolvidas na atividade osteoblastica. Consequentemente, o potencial
desses PEs para incorporar lisados de plaquetas humanos (LP - fonte de varios factores de crescimento, FCs) foi
investigado: em 2D - em células estaminais humanas do tecido adiposo (hASCs), e em células endoteliais da veia do
corddo umbilical humano (HUVECs), em culturas de curto termo; e em 3D, em culturas de longo termo, para
investigar a diferenciacdo osteogénica das hASCs. Esses PEs permitiram a incorporacao de FCs a diferentes niveis,
onde a Car mostrou a capacidade de incorporar grandes quantidades de todos os FCs quantificados. Os
revestimentos de PE/LP sulfatados mostraram-se eficazes em promover alteracdes morfologicas, adesdo celular
sem soro e a proliferagdo de hASCs de alta passagem (P>5). Os mais sulfatados ativaram as HUVECs, induzindo a
formacdo de estruturas celulares semelhantes a tubos e a expressdo de genes pro-angiogénicos. Adicionalmente,
os revestimentos e fibrilas de 1Car/LP/iCar/Qui no PCL 3D induziram a diferenciacédo das hASCs. Na auséncia de
dexametasona, apenas 10 tetra-camadas com LP induziram a diferenciagcdo das hASCs na linhagem osteoblastica,
0 que enfatiza a importancia de uma incorporacdo de LP controlada. CaC é um método adequado para a
incorporacdo de LP, e para controlar a sua capacidade de instruir diversas células. A abordagem sequencial e
integrativa proposta promete novas estruturas 3D multi-escala e osteo-indutoras, assim como revestimentos para

diversas aplicagdes em engenharia de tecidos (p.e., expansao celular e angiogénese).
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Structure of the Thesis

This thesis is divided into 7 sections comprising 8 chapters. The main body of chapters I, Ill, IV, V, VI and VIl are
based on the published or submitted manuscripts which have resulted from the research developed in the
scope of this thesis. A general introduction and a section with the materials and methods precede those

chapters. In the final section there are general conclusions and the future perspectives.

Section 1 is the state of the art regarding the main goal of the thesis. Chapter 1’s purpose is to point out the
major keys for the development of a 3D construct. The importance of multiscale and instructive controlled 3D
constructs, their main multiscale features and the current approaches for their preparation are reviewed.

In section 2, Chapter Il details the materials, methods and techniques used during the course of the work
developed in this thesis. The intent is a more comprehensive and detailed description of the rationale of the

developed methods.

The beginning of the research is described in Chapter Il (section 3), where the concept of using an integrative

and sequential approach to create fibrils and coatings inside 3D structures is outlined and proven.

In section 4 and 5, the effect of several 2D combinations of polyelectrolytes/proteins was evaluated in
association with different cells types, in order to narrow-down the properties of the biochemistry to be
included in the 3D structures.

In chapter IV, of section 4, the study of the effect of several sulfated multilayers (composed by chitosan and
different carrageenans) on the biomineralization of osteoblast-like cells is presented.

In section 5, the same polyelectrolytes previously described were used to incorporate growth factors from
platelet lysate into the multilayers. In Chapter V the effect of such nanocoatings’ combinations on human
adipose derived stem cells behavior is characterized. Additionally, in Chapter VI, the instructive capability of

these nanocoatings was also tested with human endothelial cells.

In the Chapter VII, in section 6, a combination of polyelectrolytes and platelet lysate was chosen and
transposed onto the 3D structures, using the approach defined in Chapter Ill. The ability of those multiscale 3D
constructs to trigger the osteogenic differentiation of human adipose derived stem cells was studied.

In the final section of this thesis (Section 7), chapter VIII includes the major general conclusions and

consequent future research perspectives.
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CHAPTER I*

Towards the Design of 3D Multiscale/Instructive Tissue Engineering Constructs:
current approaches and trends

1331dVHD

1.1. Abstract

The design of 3D constructs with adequate properties to instruct and guide cells both in vitro and in vivo is one
of the major focuses of tissue engineering. Successful tissue regeneration depends on the favorable crosstalk
between the construct, cells and the host tissue so that a balanced matrix production and degradation is
achieved. Herein, the major occurring nano/micro-environment properties and events in normal and
regenerative tissue are reviewed. These have been inspiring the selection or synthesis of instructive cues to
include into the 3D constructs. We further highlight the importance of a multi-scale understanding of the range
of properties that can be designed on the constructs. Lastly, we overview the current and developing tissue-
engineering approaches for the preparation of 3D constructs: top-down, bottom-up and integrative. The
developing bottom-up and integrative approaches present a higher potential for the design of constructs with
multiscale features and higher biochemistry control than top-down strategies, and are the main focus of this

review.

Keywords: scaffolds, construct, multiscale, instructive, integrative, bottom-up, top-down, building-blocks,

nano, biomaterials, nanobiomaterials

*This chapter is based on the following publication:

Oliveira SM, Silva TH, Reis RL, Mano JF, Towards the Design of 3D Multiscale/Instructive Tissue Engineering
Constructs: current approaches and trends, submitted, 2014.




1.2. Introduction

Tissue engineering aims to restore the loss of tissue and organ’s functionality resulting from injury, aging or
disease.! Biomaterials, cells and bioactive factors, are commonly considered the key elements needed for the
preparation of 3D tissue engineered constructs for the regeneration of those damaged tissues.** Controlled 3D

constructs comprising biomaterials and bioactive factors act primarily as supportive and informative

[+ 4
Ll
=
Q.
<L
L
S

platforms that guide cell behavior. Their physicochemical properties affect cell adhesion, proliferation,
differentiation and matrix synthesis. Upon implantation, their properties also dictate host tissue response:

inflammatory and immune response.* Moreover, the cellular and matrix compositions of the injured tissue will

influence the cell responses in the construct. The further crosstalk between the construct and the host tissue
will thus define the provisional micro/nano-environment, dictating cell behavior and consequently tissue fate:

failed healing, repair or regeneration - Figure 1.1.°
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e.g., metalloprotenases
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Pores geometry and size, construct shape Shear, compression, elongation, torsion
c Pre-Vasculature/Diffusion - Patient medical conditions
ellular or acellular tubular structures ' Genetic and metabolic conditions, age

Local vascular network

Repair vs Regeneration vs Fail

Figure 1.1. Successful tissue regeneration depends on favorable crosstalk and multidirectional instructions between the
construct and the host tissue implying a balanced matrix production and degradation.

This repairing/regenerative micro/nano-environment is regulated by several cell types, matrix proteins, growth
factors and cytokines. Only an adequate balance between new matrix deposition and matrix degradation
allows the achievement of a successfully regenerated tissue that is identical to the original one.

Tissue engineering has focused on the design of constructs to promote the regeneration of several types of
tissues, e.g.: skin®, cartilage’, bone®, tendon®, and cardiac tissue®®.

The ideal construct features have been evolving with increasing understanding of cell-materials interactions
both in vitro and in vivo.> The intent of the current paradigm of the construct is to provide instructive cues for
cellular activation and guidance. Besides demanding an adequate cell instruction regarding migration,
proliferation and differentiation, the ideal construct also requires, e.g., nutrients and metabolites diffusion,
and patient-customization. The design of constructs fulfilling a list of requirements is still very challenging. It
demands the management and understanding of multiple variables that are distributed along all length-scales
and affect cell behavior in vitro and in vivo. Processing techniques are still evolving and promise increasing

control on the multiscale and spatial-temporal features of the constructs. Herein, we begin summarizing the




major occurring events and features in the normal and regenerative cell environment (niche) since they are the
basis and latest design inspirations for instructive biomaterials. We highlight the importance of a multi-scale
understanding of the range of properties that can be included on the constructs. Lastly, we overview the
current and expected tissue engineering approaches for the preparation of 3D constructs: top-down, bottom-

up and integrative approaches.
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1.3. Stem niche and regeneration as inspirations for cell instruction

The stem cell niches are dynamic and complex structures where diverse biochemical, physical, metabolic,
inflammatory, and cellular-derived cues bi-directionally and reciprocally interact with the several local cells
and stem cells - Table I.1. They are responsible for modulating stem cell behavior, which is crucial for the
maintenance of tissue homeostasis.’?'® The ability of the stem cells to self-renew and differentiate is
orchestrated by the spatiotemporal presentation of those cues and the dialogs occurring with several cell
types. Both niches and tissues are multiscale and complex systems where smaller units interact originating
larger cellular structures. The secreted factors, the physical cues, the extracellular matrix and other cells
interact with the cell surface receptors at the nanoscale creating meso, micro and macro’s complex structures
that are hierarchically and spatially organized.’* ' Among the multitude of surface receptors, cells present
super-families of integrins, cadherins, receptor tyrosine kinase, selectins, proteoglycans and immunoglobulins.
The type, density and stability of the consequently activated/co-activated receptors trigger specific
intracellular events defining cell fate at very different extents, such as: survival, motility, polarity, proliferation,
cytoskeleton organization, cell-cell interactions and gene-expression 82

Table I.1. Categories of physicochemical cues in stem cells niches that affect cell behavior, and some examples of extracellular
cues-cell receptor interactions.*> % ICAM, intercellular Adhesion Molecule; VCAM, vascular cell adhesion molecule.

Cue Category Ligands/Cue Cell Receptors/Effect
Secreted Factors Chemokine Chemokine receptors
Growth factors Tyrosine kinase receptors
Extracellular Fibronectin Integrins a4p1, a4p7, aVp3, aVps,
Matrix allbB3, avfl, a5p1, a8pl.
Collagen Integrins al0B1, a2B1, alpl, allPl.
Vitronectin Integrins avp5, avp3, a8pl, allbp3.
Physical Topography Alters formation of focal adhesion
Stiffness/Elasticity points and cytoskeleton contraction
Hypoxia and 02, pH, Caz+, Glucose Calcium Receptors, glucose
metabolic transporters.
Cellular Tissue specific-cells, stem Chaderins (N, N2, P, E), ICAM, VCAM,
cells,immune cells, nerve integrins (e.g. aVB3 with CD31 in
cells, endothelial cells endothelial cell)

The nature of the niche is considerer specific for each stem cell type, although the same type of environment
features are capable of directing other stem cell niches or other cell type behavior, in vivo and in vitro.

Therefore, understanding the normal and regenerative stem cell niche can enlighten and inspire the design of




instructive constructs.
Upon tissue injury, immune cells, and others migrate, triggering the healing cascade or an immune response.
The healing cascade consists of four major integrated and overlapping phases: hemostasis; inflammation;

proliferation and repair; and tissue remodeling or resolution - Figure 1.2,23
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Figure 1.2. a) General phases involved in the healing cascade triggered by a tissue injury (based on 2*3+*). b) lllustration of a
cutaneous wound reproduced from?*: top - crosstalk between the clot and the surrounding tissue in the inflammatory phase;
bottom - and in the remodeling phase. Several bioactive factors have multiple effects and multiple sources. FGF, fibroblast
growth factor; IGF, insulin-like growth factor; TGF, transforming growth factor; PDGF, platelet-derived growth factor; VEGF,
vascular endothelial growth factor; MMPs, matrix metalloproteinases; t-PA, tissue plasminogen activator; u-PA, urokinase-type
plasminogen activator.

The temporary micro/nano-environment of each stage is regulated by several cell types, matrix proteins,
growth factors (GFs) and cytokines - Table I.1. Extreme changes are known to happen in the physical,
biochemical, bioactive factors content, cell-cell communication and extracellular matrix polysaccharides or
proteins patterns, during the normal and efficient healing cascade.® The failure, or prolongation, in one phase
might result in a delayed or impaired healing. This may be caused by low stem cells availability, aging,
continued activation of inflammatory cells, excessive pro-inflammatory MMP, excessive proliferation and
matrix synthesis, among others.3>3° The repair process may only restore some of the structures of the original
tissue and involves scar formation. Only an adequate balance between new matrix deposition and matrix
degradation, during the heading, allows a successful regenerated tissue identical to the original one to be
achieved.

An injury causes vascular endothelium disruption, exposing the collagen layer and other elements that
activate platelets. Nowadays, platelets are recognized as major players in the healing cascade, tissue repair
and regeneration.“**? Besides maintaining the blood vessels integrity by adhering, aggregating and forming a
pro-coagulant fibrin surface (hemostasis), platelets initiate the healing process. Once activated, the
substances released from the platelet’s granules (dense granules, lysosomes and a-granules) are responsible

for triggering the healing cascade. For instance, a-granules contain many instructive GFs, such as: vascular




endothelial growth factor (VEGF), fibroblast growth factor (FGF), transforming growth factor B, (TGF B),
epidermal growth factor and insulin-like growth factor (IGF). Besides their role in hemostasis, platelets play
important anti and pro-inflammatory roles and their releaseates also participate in the other healing stages.>
40,4346 |n the early phase, adherent platelets interact with endothelial cells, monocytes and neutrophils
promoting the secondary recruitment of neutrophils. They activate neutrophils and endothelial cells inducing

the production of inflammatory cytokines. Platelets are potent instructive cells, and actually have been
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inspiring and used as source of multiple instructive proteins for the preparation of new constructs for several
tissue-engineering applications.*” * Similarly to platelets, other cells involved in the healing cascade play
important roles by secreting similar or other instructive compounds such as the leukocytes and other
granulocytes - Table I.2.

The specific nature of the extracellular matrix of the tissue also regulates the GFs and other bioactive proteins
distribution, type, and stability.?> % 0 GFs are presented either in soluble form, or mainly electrostatically
bound to the negatively charged glycosaminoglycans (GAGs). GAGs present various molecular arrangements
and different sulfation degrees and are usually linked to a small protein core, forming proteoglycans.®*2
Furthermore, the nature of the major cell and proteins types forming the extracellular matrix of the tissues
shows certain specificity - Table 1.3.

Table 1.2. Major cell types involved on the healing of injured tissues and their respective function and participating phases
adapted from 16,535,

Cell Phase Function
I'—lﬁli:rzsntwaastlison Major players in hemostasis. Granules release cytokines, chemokines, GFs, clotting agents,
Platelets Repair proteases and inflammation mediators. Facilitate adhesion, coagulation, vasoconstriction,
. repair and clot resorption. Their activation attract and activates several cells
Remodeling
Granulocytes (neutrophils, basophils, eosinophils) and agranulocytes (lymphocytes
monocytes and macrophages) are immune system cells involved in the foreign-body reaction.
Basophils, e.g., release heparin, histamine, proteases, and chondroitin. The type of leukocytes
Leukocytes Inflammation  recruited is controlled by local chemokines. Granulocytes are recruited form bone marrow
within the first day and are responsible for the degradation of unviable tissue releasing their
granules content. Neutrophils can secrete products that stimulate monocytes and
macrophages.
Mast cells Hemostasis Resident cells that contains granules rich in histamine and heparin
Hemostasis
Resident Inflammation  Tissue resident cells such as resident macrophages and stem cells release healing mediators
cells Repair in the early and long-term response
Remodeling
Inflammation  Arrive at the injury site shortly after neutrophils where persist for days or longer. Release
Macrophages  Repair cytokines, chemokines and GFs. Participate in the phagocytosis of debris and on the
Remodeling development of granulation tissue
Flbroblast, ) These cells are recruited by locally released GFs and extracellular matrix degradation
pericytes, Inflammatlon products. In the case of skin, these cells are responsible for matrix synthesis, wound strength
smooth Repair

muscles cells

and contraction and tissue remodeling

Endothelial
cells

Hemostasis
Inflammation
Repair

This cells form capillaries upon GFs instruction, which are essential for nutrients, gas,
metabolites diffusion and for the influx of inflammatory cells

Table 1.3. Tissue expression of extracellular matrix molecules adapted from ° and other extracellular characteristics. Fibrillar
collagens (I, I1, 111, V, XI), network-forming collagen (IV, VIII, X), non-fibrillar collagens (VI, IX, XII, XV, XVIII), anchoring (VII, XVII).
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Both the specific nature of the extracellular matrix and the healing cascade

have been inspiring the

development of cell instructive tissue engineered constructs. Overall, those inspired instructive cues have been
incorporated into biomaterials and 3D constructs by: i) the incorporation of human or recombinant GFs, or
analogues moieties; ii) the incorporation of ECM-tissue specific compounds, or analogues moieties; iii) the use
of co/multi-cultures or cell-cell contacts analogues; and iv) the use of immunomodulatory biomaterials. The
presentation and incorporation of GFs into biomaterials is commonly made by recourse to release systems or
surface modification techniques %1% More translational developments in this area have been hindered by
the high cost of recombinant GFs. Thereby, platelets derivatives have attracted immense attention as a human
source of multiple GFs and other bioactive molecules demonstrating huge mitogenic, immunomodulatory and
differentiation potential, 412 44-46,55-60

Engraftment of small peptides mimicking the bioactive epitopes of natural ECM molecules, have also shown
promising results.%t Frequently, those moieties play important roles during the tissue morphogenesis. For

example, the peptide with the sequence of Asp-Gly-Glu-Ala (DGEA), which is derived from collagen type I, has
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been shown to induce an early-commitment of human mesenchymal stem cells towards the osteogenic
lineage.®> % The peptide Glu-Glu-Glu (EEE), which is inspired in the acidic residues of non-collagenous matrix
proteins such as osteocalcin and osteopontin, has been shown to promote a more mature osteogenic
differentiation than the DGEA.*

The combination of different cell types is another approach to obtain a closer representation of the complex
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cross-talk that occurs in the natural tissue.® Addition of another cell-type producer of bioactive factors allows
a different scheme of interactions, promoting paracrine, autocrine routes and cell-contact dependent effects.
Several studies have shown synergistic effects upon the use of co-culture systems or even stem cell
differentiation.56%

Biomaterials for immunomodulation are one of the keys to instruct cell behavior upon implantation and
promote the long-term functionality of the constructs. % % The surgical procedure always initiates an
inflammatory response and may elicit an adaptive immune reaction towards the constructs surface that
should be controlled. Immunomodulatory biomaterials allow control of the tissue response at the implant site
regarding primarily cell adhesion and/or cellular activations. An indirect modulation controls immune cells
adhesion and activation, consequently indirectly inducing specific GF secretion. On the other hand, on a direct
approach, specific singling molecules are included in the biomaterial.* Controlling hydrophilicity™ and fouling
properties™, topography/roughness’ 7, adhesion sites (e.g., RGD)™ ™, incorporation of anti-inflammatory
mediators ® 77 self-protein inhibitors™® and GFs™8L and the use of cells with immunomodulatory properties®
8 are the common applied strategies.

Currently is technically limitative to fully reconstruct the whole complexity and nature the
healing/regeneration events into a tissue-engineered construct. Full understanding of the events occurring in
the regenerative niche of each tissue can give a huge contribute on the selection of the most efficient
instructive cues. The balanced use of those naturally occurring stimulatory keys, as an integrative part of the
biomaterial, may prove very efficient in guiding and instructing cell behavior, modulating the healing cascade

and the immune response.

1.4. Multiscale Construct Design Features

Designing the construct features for in vitro cell fate control and, simultaneous, adequate in vivo performance,
is one of the main focuses in tissue engineering®# According to the processing approach used for the
construct preparation, the best scale working range varies: top-down approaches are more adequate for
macro-micro scale and bottom-up approaches allow higher micro-nano scale control, while full scale range
might be controlled using integrative approaches. Thereby, different approaches offer different control
degrees on the final properties of the scaffolds. Nonetheless, multiple variables must be considered,
independently of the 3D construct processing approach. Besides the mechanical properties, and immune
reaction, the type and spatial-temporal distribution of the construct properties will guide and instruct cell

behavior, namely: cell adhesion, cell viability, proliferation, differentiation, matrix production and degradation.
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According to their major function and scale range, the general construct design features can be categorized as:
i) geometry; ii) cell-anchorage; iii) release-system; iv) cellularity; v) topographical cues; and vi) biochemical
cues- Figure 1.3. The scale definition considered is: macro (>100mm), sub-macro (100mm - 100um), micro

(100pm = 1um), sub-micro or meso (1um = 100 nm), nano (<100nm).
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Figure 1.3. General 3D construct’s features categorized according to their major function and length scale-range: geometry, cell-
anchorage, release system, cellularity, topographical cues and biochemical cues.

I.4.1. Geometry - macro, sub-macro

The geometry of the construct has, generally, to be tailored according to the implantation site request, in order
to fill the tissue’s void space and support the site’s mechanical demands. Additive®®, ablation® and
molding”™® technologies, based on previous three dimensional patient data acquisition (e.g., by x-ray
microtomography or magnetic resonance imaging), allow the preparation of geometry-specific 3D constructs.
On the other hand, some applications do not demand specific geometries or high mechanical strength. In such
cases, combinations of materials, cells and bioactive factors are usually injected filling the void spaces.®**

Shaping the material frequently affects the bulk mechanical properties of the construct. For instance, scaffolds
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prepared by rapid prototyping show different compression moduli according to the alignment®” or the
distance between struts®. Nonetheless, computer assisted design technologies offer the possibility to simulate
and optimize the inner geometry (strut alignment, pore size, pore geometry and interconnectivity) in order to
enhance the mechanical performance, by using finite element analysis and CAD design tools.**** Those micro

features, pore geometry™9% 1 pore size'®1% and porosity!®’, also affect oxygen perfusion, the removal of cell
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metabolites, cell seeding efficiency and tissue growth rate, making them very important features regarding cell
viability and growth. Additionally, those micro-properties also influence the invasion of inflammatory and

immune cells, the ingrowth of blood vessels or other cells from the host tissue. 10710

[.4.2. Cell-anchorage - sub-macro, micro, sub-micro, nano

The cell-anchorage defines elements supporting the adhesion of the cells at a lower scale than the geometry
of the construct. Depending on the technique used to shape the materials or, e.g., depending on the
subsequent/simultaneous incorporation of gelst% 1 sponges'* 13 micro/nano-fibers or fibrillar structures*,
the anchorage points, and the pores’ micro-properties, can be tailored. Introducing anchorage points within
the pores is also a way to increase cell surface growth area/volume and alter the spatial distribution of the
tissue growth. Moreover, their physical properties (e.g. stiffness/elasticity and adhesion area) will affect cell
morphology by altering the cytoskeletal organization and contractibility, which can guide stem cell

differentiation into specific lineages.** 11

[.4.3. Release systems - micro, sub-micro, nano

The incorporation of release systems in the constructs is considered an essential tool for the temporal or
spatial-temporal controlled delivery of instructive or pharmaceutical compounds.™*?! Some examples of
release system of interest in tissue engineering relate to the delivery of one or multiple compounds such as
GFs!2212 dexamethasone!?®1% gentamicin'?® 139 ketoprofent3t 132 and platelet derivatives'****, Typically, a
release-system, or simple compounds, is included by the simple combination with the materials prior to the
3D construction®®* *7 or is incorporated afterwards, using surface modification techniques (e.g., by layer-by-
layer assembling®® or adsorption*’) or impregnation (e.g. supercritical fluid CO,** ). In combination with
smart materials (e.g., poly (N-isopropylacrylamide)), these systems can be triggered in a controlled manner, for
instance by temperature®*!, pH*! and light stimuli**2.}*> 1#* Besides being interesting for the development of
smart release systems, stimuli responsive materials have been shown to provide variations in the biochemistry

(e.g., wettability) affecting cell adhesion'* or mineralization4, 2/

[.4.4. Cellularity - micro

For cellular tissue engineered approaches, the type of cells seeded on the constructs has major percussions on
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new tissue formation. According to the source tissue or donor, stem cells possess different differentiation
potentials.*®15 Moreover, the seeding of more than one cell type (i.e. co/multiple cell culture), and the ratio
between those cells, allows different crosstalk to occur. The presence of other cells will affect the nano/micro-
environment, e.g., by creating a new profile of cell-secreted cytokines and GFs. %% Additionally, variables such

as cellular density can affect cell growth'>2*>* and differentiation>>1%¢,
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[.4.5. Topographical cues - micro, sub-micro, nano

The construct nano/micro-topography and roughness (and biochemistry) are the primary mediators of the fast
adsorption of proteins from the surrounding media (e.g., serum media or plasma), which further mediates the
cell adhesion process.*1% Controlling these features can synergistically improve cell behavior. As has been
shown, designing specific surfaces grooves and patterns can induce specific cell shapes'®*1% or alignments*®”
169 that alter cytoskeleton contractibility guiding cell differentiation. Well-controlled topographical cues,
patterns and surface biochemistries can be easily prepared in 2D. However, the transposition of those features
to 3D is still a major challenge. Surface properties design and surface engineering techniques have been

extensively reviewed elsewhere 198486, 110173

[.4.6. Biochemical cues - nano

At the nanoscale, the surface biochemistry instructs cell behavior by directly mediating the adsorption of
surrounding proteins to the construct, and the binding/activation of cell surface receptors - Table I.1. The
biochemical cues, such as: GFs*™1®, extracellular matrix proteinst’™™ (e.g., collagen and fibronectin),
functional groups'®8 (e.g. sulfation), small peptidest®1® (e.g., -RGD), cell contacts!®® 7 (e.g, cell-cell
interactions or functional groups mimicking cells contact) will trigger specific singling pathways in the cell and
define their fate. A controlled design of the biochemistry is commonly made recurring to nanotechnologies
and surface modification methods, such as: layer-by-layer assembling*®¢1%? and antibody mediated binding!®*
194.

Despite most features might be easily allocated to a length scale or range scale, their properties can be
intimately related with other features. A classical example is the case of roughness-wettability.163 1% 1%
Introducing nano/micro-roughness in a construct in the first instance may represent a higher surface area
available for cell growth. Nevertheless, the altered roughness might also change the surface wettability into
values that are not as favorable for cell adhesion/growth.?" 1% Whether the ability of a surface to be wet is
altered, its profile of protein adsorption will also change (e.g., type, conformation and density of proteins).
Consequently, the communication between cell and the constructs at the cell receptor level can be

significantly altered.t*®
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1.5. Differentiation biases and aging

Regenerative success is intricately dependent on all the interactions that cells are subjected to during in vitro
culture, the interaction with the construct and the in vivo implantation. Besides the crucial roles of the
properties considered in most of the research conducted in tissue engineering, there are others affecting

mostly the cellular phenotype and genotype quality. Those features concern issues such as cell senescence,
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aging and differentiation biases.

Most of the commonly used in vitro expansion platforms are not adequate and damage cell telomeres, causing
cell senescence, aging, reduction of differentiation potential and differentiation biases.?®2% The conditions
used for stem cell expansion can alter the lineage fate. Moreover, it has been reported that stem cells have
mechanical memory of previous culture conditions.?%® Also, it has been shown that the chemistry of the surface
used to expand stem cells does affect their in vivo regeneration capability?™, as well as, the tendency for a
certain lineage differentiation.?® Another example of the biases lineage-commitment is the tendency of
mesenchymal stem cells to undergo aging, telomere shortening, and spontaneous low quality osteogenic
differentiation upon regular culture expansion.?® 2% To overcome those issues, besides recurring to
telomerase activators, e.g., geometrical, topographical and physical cues can be used to alter cytoskeleton
contractibility, guiding stem cell lineage specification, and reducing the biases.t> 116 207, 208 There s still an
urgent need to develop and spread anti-aging, anti-biases procedures, new 2D/3D expansion substrates and

constructs, to improve specificity, cellular performance and tissue regeneration.

1.6. Tissue Engineering Approaches

3D constructs can be prepared using top-down, bottom-up or integrative approaches. Those approaches,
based on construction units with different length-scales, allow varied degrees of control of the final properties.
With top-down approaches, well-defined constructs, where multiscale control is not a demand, can be
prepared, whereas bottom-up allow higher control at the nano/micro scale. On the other hand, integrative
approaches emerge as a combination of both top-down and bottom-up approaches, promising constructs
with properties and features controlled over the entire scale range. Bottom-up and integrative approaches
present higher potential for the design of constructs with multiscale features and high biochemistry control

than top-down, being more focused in this review.

[.6.1. Top-down approach

In top-down approaches, the small-scale features of the constructs are indirectly explored with techniques
providing higher control over the micro/macro scale. Top-down constructs have been produced recurring to
several processing techniques, such as: freeze-drying?®2!! solvent-casting?22%, electrospinning?'®2¢  rapid
prototyping?®??! and supercritical fluids?. Classic tissue engineering strategies comprise those well-defined

scaffolds, with tailored physical and bioactive properties, that are the templates for cells to populate, remodel
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and create the appropriate extracellular matrix. They present pores and mechanical properties that can be
controlled to some extent, for instance, by controlling the inner geometry and the nature of the materials,
respectively. Few techniques, e.g. rapid prototyping, allow a precise and computer assisted design of the inner
geometry and simultaneous construct shape. All different kinds of materials and blends (i.e. natural and
synthetic polymers and proteins, ceramics and metals) have been used to prepare 3D constructs, however

they frequently lack instructive cues. To improve cell behavior on such structures, usually the scaffolds are
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prepared combining different top-down techniques?®?* or are subjected to further functionalization requiring

integrative approaches!* 8225 For instance, electrospinning and 3D printing can be combined to prepare

hierarchical scaffold with dual scale fibers: the printed micro-struts combined with electrospun
nano/microfibers.??® 22" The electrospun fibers increase cell-anchorage points and seeding efficiency?® and

can promote cell alignment??,

[.6.2. Bottom-up approach

Bottom-up methodologies comprising the assembling of micro/nanoscopic-defined building blocks into
larger scale structures. The chance to control the construct over several length-scales makes this approach
more attractive for matrices engineering than the top-down approach. This approaches promise new
opportunities to mimic a tissue microstructure and the spatial organization of multiple cell types.® The most
commonly used building blocks comprise cells, cell aggregates/spheroids, nano/microparticles, tubes, layers,
fibers and gels. The development of methodologies to produce, functionalize and assemble those small units
is the major challenge - Figure 1.4. Currently, there are three general alternatives to assemble the units: i)

randomly; ii) mediated by an external force; and iii) specifically assembled.
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Figure I.4. Current strategies employed for the bottom-up assembling of small units: random, mediated and specific.
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1.6.2.1. Random assembling
Layer-by-layer assembling (LbL) is a simple and random bottom-up assembling method based on the

alternated deposition of polyelectrolytes with different charges.t%%22%2%0 Jsing Lbl, multilayered structures can
be created around the units, binding and stabilizing the entire set and forming a scaffold®!, temporary
templates to produce high porous foams 22 23 or hierarchical capsules?* 2, Such extension of the LblL
methodology towards the fabrication of 3D structures is an example of the application of this technology in the

biomedical field.?*®
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It has also been shown that the building blocks can be unspecifically assembled by cells which colonize their
surfaces, consolidating the construct.2"2*® The presentation of cell-recognizable moieties on the surface can
accelerate this cell-based assembling. For instance, chitosan microparticles functionalized with a mitogenic
GF (PDGF) have shown a stable and faster assembling, within 12 hours, than in the absence of PDGF.!**

Scaffold free technologies represent another derivation of the bottom-up approach. Cells grown on
thermoresponsive culture dishes are retrieved as a confluent monolayer, containing the extracellular matrix
proteins, by decreasing the local temperature. 1> 240.241 These cell sheets can be consecutively stacked on top
of each other to produce thicker and more complex tissues. A reported alternative is based on consecutive cell
seeding on top of confluent cell layers previously coated with proteins.?*» 2*3 The preparation of thick cell-
constructs and their low load-bearing capability are the major challenges in using such technology in tissue

engineering.

1.6.2.2. Mediated assembling

The assembling of small units can be guided by external stimuli, allowing control over their spatial
organization to a certain extent. For example, the successful attachment of gels surfaces, with the same charge
using silica particles, has been demonstrated. 2% Through electrostatic interactions at the particles-gel
interface, and cohesion forces in the particles layer, two gel-surfaces can be attached. The adhesion force,
mediated by the particles, can reach 20 kPa as opposed to 1.5 kPa when using an oppositely charged
polyelectrolyte solution.?**2% Hydrogel units composed by materials presenting opposite charges can also be
assembled by electrostatic attraction.*” However, to promote the electrostatic binding, the distance among
the units has to be decreased, e.g. by direct positioning?*, by shaking 2’ or using acoustic waves %,
Alternatively, it has been shown that template gels can be successively dipped onto oppositely charged micro-
gel colloid to form multilayered-like constructs.?* Moreover, the use of shape complementary building blocks
allows the formation of lock-and-key shaped assemblies mediated by electrostatic interaction or surface
tension.?*” 0 In alternative, magnetic nanoparticles can be incorporated into cells®\ 22 and biomaterial

units®*2* and further 3D organized recurring to an external magnetic field.

1.6.2.3. Specific assembling

While the alternatives for the unspecific 3D assembling of building block are many, the current available
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methods to design 3D constructs with specific spatial organizations are yet limited and more complex.

Microfluidic technologies have been proposing promising tools for the assembly, for example, of small gel
units mostly by mediated assembling. By controlling the inlets, outlets and flow, some microfluidic devices can
actually guide the assembling of small units into 1D, 2D and 3D structures.®® Moreover, it has been shown that

using the so-called multilayer-microfluidic devices, mosaic hydrogels with a well-defined spatial composition
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of materials, cells or pores can be prepared.?’
Based on the oligonucleotide pairs complementarity principle, gel interfaces can be specifically assembled.?®

29 Setting the spatial/surface presentation of the complementary sequences in the different units allows the

formation of controlled assemblies. Although being very assemble-specific, this approach might be scale-up
limitative. Other alternative methods, for both materials and cell controlled assembling, are based on
bioprinting technologies. Bioprinting is a particular type of rapid prototyping technique that deposits small
units of multiple materials and cells, instead of continuous filaments.?® Highly complex organization with
cellular vascular networks, multiple cells types and extracellular matrices were already shown to be
achievable.?®!

Even though bottom-up approaches seem ideal to mimic a tissue organization, major developments and new
concepts to improve the assembling and spatial organization of the assembling units still necessary.
Limitations such as the weak control on the final 3D shape, the lack of scalability and the lack of
understanding on the short and long-term interactions among the units and cell behavior, are yet to be further

investigated.

1.6.3. Integrative approach

The combination of the top-down and bottom-up approaches constitutes a valuable strategy to increase the
functionality of the devices for tissue engineering and achieve a multiscale control over the construct
properties.

According to the integration between the bottom-up and top-down approaches, three sub-categories of
integrative methods can be defined: i) sequential integration; ii) combination; and iii) technical integration -
Figure 1.5.

Employing an integrative approach could allow the increment of one or more feature/property in the construct
without impairing the previous structure properties.?®? Thereby, fully customizable constructs with multiple
scales of complexity could be designed. With such ideal control and the increment of measurable properties,
in silico modulation could contribute greatly for the understanding of the relationship between multiscale
properties and cell behavior. Those resulting models would allow the mathematical prediction of cell
behavior, contributing to the constructs optimization and eventually to the reduction of in vitro/in vivo

experimentation costs. 2%
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Figure I.5. Different integrative approaches for the preparation of 3D constructs: sequential, integration by combination and
technical integration.

1.6.3.1. Sequential Integration

3D constructs may be prepared using different techniques in a step-wise manner; i.e., by sequential
integration. In these cases, the constructs are step-by-step prepared using at least one top-down and one
bottom-up method. This category is the most used to overcome the lack of bioactivity and cell instruction of
the traditional 3D scaffolds prepared by top-down approaches. Modification techniques such as adsorption,
layer-by-layer assembling, self-assembling and grafting can be used to modify 3D construct without impairing
their initial features. Those methods have been used to include instructive cues such as adhesive proteins?®*
27 GFs?%8211 modular peptides?? and bioactive calcium phosphate particles?”. Controlling the biochemistry
and the incorporation of release system is manageable using sequential approaches; however, it is yet
challenging to control the topographical cues on 3D top-down constructs. The use of microfabrication
techniques for the preparation of micro-layers of the construct is an appealing solution. Several features might
be controlled in each layer (biochemistry, topography, release system and cells), which are further assembled
or stacked.?™ 2 However, assembling and stabilizing those layers is still challenging as in the case of the

bottom-up approaches.

1.6.3.2. Combination

Contrary to the other categories, in the integration by combination, the building blocks are incorporated prior
to the processing and the top-down method is performed as if in absence of such units. Thereby, this
approach allows the incorporation of new features, such as release systems in the bulk structure of the
constructs. For instance, supercritical CO, fluid foaming was used to prepare scaffolds of poly (L-lactic aci) with
nanoparticles carrying platelet lysate.?”® The incorporation of those bioactive nanoparticles enhanced the
osteogenic differentiation of human adipose derived stem cells on the foams. Polymeric microcarriers, which

allow a controlled expansion and formation of cellular aggregates, were successfully combined with gelatin
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methacrylamide-gellan gum bio-inks.?”” With this combination, 3D constructs with simultaneous high cell

density, viability and improved mechanical performance could be achieved.

1.6.3.3. Technical Integration

The technical integration refers to the development of constructs recurring to specialized equipment for
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simultaneous top-down and bottom-up processing. With such type of equipment’s, topography, release

system, biochemistry, shape and cells could be ideally controlled.

A foreseen example employing this approach could be the combination of rapid prototyping and spraying of
small-units containing instructive or topographical cues. Recurring to a software-assisted deposition of both,
shape controlled constructs with spatially defined topography, release systems and biochemistry could be

fabricated. Though very appealing, such sophisticated technologies have yet to be developed.

1.7. Conclusions and perspectives

Recent 3D instructive constructs have a controlled biochemistry that is rich in adhesive moieties, GFs, or other
extracellular inspired epitopes, that activate cells and instruct their behavior.

The major nano/micro-environment properties and events occurring in the normal and regenerative tissue
have been inspiring the selection or synthesis of instructive cues to include in the 3D constructs (e.g. platelets).
However, there is still a need to understand which are the most effective spatial-temporal cues for each tissue.
Besides the biochemistry, other construct features, e.g. topography, cells, cell anchorage and geometry, play
major roles for the 3D construct success both in vitro and in vivo. High-content screening of 3D constructs
properties and features promises a huge contribute in deciphering which cues, materials and methods will be
more effective for the regeneration of each tissue. 27828

The control of all such features calls for processing approaches that allow a multiple scale control, i.e.,
integrative approaches. According to the combinations between the top-down and bottom-up techniques,
different integrative approaches were defined: sequential, combination and technical integration. The
assembling of building blocks in a single bottom-up approach is yet in its infancy, in regards to tissue
engineering applications or the development of 3D tissue-models. However, their integration with top-down
approaches, e.g. 3D printing, may accelerate their development and the preparation of a highly controlled

multiscale 3D construct.
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CHAPTER 1l

Materials and Methods

This chapter details the materials, methods and techniques used during the course of the work developed in
this thesis. This chapter intends to provide a more comprehensive and detailed description of the rationale of

the developed methods

11.1. Materials

Several strategies in tissue engineering focus on recapitulating instructive characteristics of the extracellular
matrix (ECM) into the 3D constructs. Natural origin materials have been among the materials of highest interest
due to the high chemical similarity to ECM, biodegradation, and the presence of more cell recognition sites.
Synthetic biomaterials are also widely used and may allow the preparation of systems with higher mechanical
stability and lower batch-to-batch associated variability. In this thesis, a combination of synthetic with natural
polymers was used as the source of mechanical stability, higher shape control and, as a source of instructive
cues, respectively.

Five major classes of materials were used for the development of the 2D nanocoatings and the 3D multiscale
scaffolds, specifically alginate, chitosan, carrageenan, heparin and polycaprolactone. Platelet Lysate was used
as source of multiple instructive proteins to be incorporated within the multilayered 2D and 3D structures.
Below has been provided some information about these classes of materials and the reasoning behind their

selection.

[1.1.1. Alginate

Alginate (Alg) is an anionic linear polysaccharides composed by homopolymeric blocks of (1-4)-linked B-D-
mannuronate and its C-5 epimer a-L-guluronate (G) residues, covalently linked together in different sequences
or blocks - Figure Il.1. Alg is extracted from brown algae such as Macrocystis pyrifera, Ascophyllum nodosum
and several types of Laminaria.:?

This polymer has been widely used, for example, for drug delivery, cell encapsulation and in the food industry,
usually for gels preparation by ionotropic gelation with calcium ions. Alg’s are known to lack mammalian cell-
adhesive ligands, which are important to promote and regulate cellular interactions, and support low protein

adsorption being frequently combined with other materials or modified. **

COOH COOH H H
H Q H 0 H H
H H H
H H H H H H H H

D-Mannuronic acid residues L-Guluronic acid residues

Figure I1.1. Molecular structure of alginate.!
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Alg was used as negative polyelectrolyte for layer-by-layer assembling, in combination with chitosan, in the

work reported in chapter Ill to prove the concept of the multiscale approach.

[1.1.2. Carrageenans

Carrageenans (Car’s) are a family of anionic sulfated polysaccharides isolated from different species of red

CHAPTERII

algae, which vary in the sulfation degree and on the molecular positioning of the -SOsH groups. Figure 11.2.
shows the different molecular structures of several carrageenan, among them «, 1 and A are commercial
available. The backbone structure consists of a repeating disaccharide unit (1->4)-p-D-galactopyranosyl-
(1>3)-a-D-galactopyranosyl also having 3,6-anydrogalactose residues.® These sulfated polymers can be found
in several products in the food and pharmaceutical industry. In tissue engineering, kappa (k; commonly
extracted from Kappaphycus alvarezii) and iota (v, from Eucheuma denticullatum) Car’s have been proposed for
the development of hydrogels for bone and cartilage tissue engineering”. The Car’s with higher sulfation
degree, such as lambda (A; extracted from different species of Gigartina and Chondrus genera), haven’t been as
used due to the association with the osteoarthritis positive control model: a dose-dependent inflammatory
response is triggered when 1-2% (w/v) of A-Car gels are injected into the knee.!® Nevertheless, such an
inflammatory response was not observed with k-Car hydrogels !, which supports the idea that inflammatory
response caused by Car’s is highly dependent on parameters such as the sulfation degree and concentration.

Despite the possible inflammatory response associated to Car’s, the use of low amounts of Car combined with
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Figure I1.2. Molecular structure of several carrageenans.”

other materials may allow control of such response.

Car’s are very attractive due to their chemical similarity with glycosaminoglycans, whose sulfate groups also
have high affinity for growth factors (GFs), capturing them and increasing the local concentration.®* Car’'s may
present different sulfation degrees and positioning of the sulfate groups which we believe may influence cell
behavior and the incorporation of GFs. Thus, 3 types of Car’s were selected: k, 1 and A Car’s which have a

theoretical sulfation degree of 1,2 and 3, respectively.

L0



Car’'s were used as negative polyelectrolytes in the works reported in the chapters IV, V, VI and VII.

[1.1.3. Chitosan

Chitosan (Chi) is a linear cationic polysaccharide comprised of glucosamine and B-(1-4)-linked D-glucosamine

and N-acetyl-D-glucosamine with different proportions (predominance of the deacetylated monomer) and

11 431dVHD

sequences* - Figure I1.3. Chi is obtained by the deacetylation of chitin which can be extracted from the
exoskeleton of crustaceans, fungi cellular wall, cephalopod endoskeletons or insects’ cuticles.* It is soluble in
acidic conditions, below its pKa~6, where its cationic nature makes it an atractive natural polymer to combine
with negatively charged polymers by, e.g., complexation or layer-by-layer assembling, by electrostatic

interactions.

CH20H CH20H
8) 0

e o 4 H h 0 H 1 O\__‘.
NH2 NHCOCH3

Figure 11.3. Molecular structure of chitosan.**

Medium molecular weight Chi, with a degree of deacetylation of 80% (Sigma Aldrich, MKBB0566), was purified
by a re-precipitation method. Briefly, Chi powder was first dissolved in 2% (v/v) acetic acid solution at a 1%
(w/v) concentration. The mixture was maintained stirring overnight at room temperature. The impurities were
then removed by four filtration cycles. Then, Chi was precipitated by the addition of 1 M NaOH while stirring.
The final steps consisted of washing the Chi with distilled water until a neutral pH was reached and then
dehydration by washing with ethanol-water mixtures with increasing ethanol content (20-100% v/v). Chi was
freeze-dried for 3 days and ground.

Chitosan was used as a positive polyelectrolyte to perform layer-by-layer assembling in the works reported in

chapters ll, IV, V, VI and VII.

[1.1.4. Heparin

Heparin (Hep) is a linear, unbranched, highly sulphated glycosaminoglycan and is a naturally occurring
anticoagulant produced by basophils and mast cells. Hep consists of a variety of sulfated repeating
disaccharide units such as 2-O-sulfated iduronic acid, 6-O-sulfated and N-sulfated glucosamine - Figure I1.4.
The commercially available heparins are usually obtained from beef lung or pork intestinal mucosa. Natural
occurring Hep has a molecular weight ranging from 3 to 30 kDa while the medical grade, and unfractioned, one
has a molecular weight in the range 12 to 16 kDa.

Hep has been used in tissue engineering as a stabilizer of GFs though!>1¢ it is widely used and known for its use

in medicine as anticoagulant.
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CHAPTERII

Thereby, Hep was used as a positive control for the incorporation of GFs from platelet lysate into the

nanocoatings (ChapterV and VI).

'00C - NH OX
4 o
—0 0S0y variable sequence

major sequence

Figure I1.4. Molecular structure of heparin.*’

[1.1.5. Poly (s-caprolactone)

Poly (e-caprolactone) (PCL) is a synthetic biodegradable polyester obtained by ring opening polymerization of
g-caprolactone - Figure 11.5.8 It is a hydrophobic and semicrystalline polymer whose crystallinity increases
with increasing molecular weight. It has a glass transition temperature around -60 °C, melting point around
60°C and good solubility at room temperature in several organic solvents, which makes it suitable for both
melt and solvent-based approaches in tissue engineering.!® It has been approved by the Food and Drug
Administration (FDA) for specific applications in the medical field, such as for drug delivery and sutures. /n vivo,
PCL degrades by hydrolysis of the ester linkages; however, the degradation is slow and its properties remain
almost unchanged for at least 6 months and its shape may not change over a few years. Nonetheless, its
degradation products do not accumulate in the body and are completely excreted and do not show adverse
host tissue reactions but instead good biocompatibility.?> 2 The slow hydrolytic degradation of PCL is
dependent on its crystallinity, molecular weight, hydrophobicity, and on the scaffold porosity and surface-to-
volume ratio.?? Additionally, the degradation rate may also be tuned by preparing blends with materials with

higher degradation ratios, such as some calcium phosphates and starch.?»2

[
C—0O—CHyCHCH,CHCHp

n

Figure I1.5. Molecular structure of Poly (e-caprolactone).*

PCL was selected for the preparation of the 2D and 3D templates by a melt-based approach since it is a

simple material to process (medical grade available), to modify and with a promising good compatibility.

PCL was used to prepare 3D prototyped scaffolds in the work reported in chapters lll and VII, and to

prepare 2D membranes in chapter V.




11.2. Platelet Lysate

Human platelet lysate (PL) is a cost-effective source of multiple proteins comprising several biological
capabilities - Table Il.1. The complexity of the content of platelets makes PL preparations a source of

instructive cues for several cell types and different tissues.

Table II.1. Several platelet ‘constituents and respective functional categories adapted from % compiled with ##°. Underlined
are the proteins with reported pro-angiogenic properties and with (*) are identified the anti-angiogenic ones, and also the ones
with both abilities. Fn, fibronectin; Vn, vitronectin; TSP-1, Trombospondin-1; Fg, fibrinogen; gasé, Growth arrest-specific 6; PAI-1,
Plasminogen activator inhibitor-1; u-PA; TAFI, thrombin-activatable fibrinolysis inhibitor; PDGF, platelet derived growth factor;
TGFB, transforming growth factor B; EGF, epidermal growth factor; IGF-1, insulin-like growth factor-1; BMP, bone morphogenic
protein; VEGF, vascular endothelial growth factor; bFGF, basic fibroblast growth factor; RANTES, Chemokine (C-C motif) ligand 5;
IL, interleukin; MIP-1a, Macrophage Inflammatory Protein-la; MCP-3, monocyte-specific chemokine 3; IGF BP3, Insulin-like
growth factor-binding protein 3; SDF-1, stromal cell-derived factor 1; PF4, platelet factor 4; PECAM-1, Platelet endothelial cell
adhesion molecule.

Category Term Biological activities

Adhesi Cell tactint ti lotti
d es_lve vWEF + pro-peptide, Fg, Fn*, Vn, TSP-1*, Laminin-8 et contact interactions, Cloting,

proteins extracellular matrix composition

Clotting factors
and associated

Factor V/Va, Factor XI, mulimerin, gas6, protein S, high-
molecular weight kininogen*, antithrombin*, tissue factor

Thrombin production and its
regulation, angiogenesis

proteins pathway inhibitor*

Fibrinolytic

factors and Plasminogen, PAI-I*, u-PA, osteonectin®, a2-antiplasmin®, Plasmin production and vascular
associated histidine-rich glycoprotein, TAFI, a2-macroglobulin modeling

proteins

Proteases and
anti-proteases

Tissue inhibitor of metalloprotease-4*, metalloprotease-4,
platelet inhibitor of FIX, protease nexin-2*, C1 inhibitor, a.1-

antitrypsin®, heparanase

Angiogenesis, vascular modeling,
regulation of coagulation,
regulation of cellular behavior

Growth factors
cytokines and
chemokines

PDGF, TGF B (1* and 2), EGF*, IGF-1, BMP (2, 4, 6, 7, 9), VEGF (A
and C), bFGF, hepatocyte growth factor*, RANTES, IL-8, MIP-1a,
MCP-3, angiopoietin-1, IL-1f, IGF BP-3, neutrophil chemotactive
protein, SDF-1

Chemotaxis, cell proliferation and
differentiation, angiogenesis

Basic proteins
and others

PF4*, B-thromboglobulin*, platelet basic protein, connective-
tissue-activating peptide lll, neutrophil-activating-peptide-2,
endostatins®, Sphingosine 1-phosphate

Regulation of angiogenesis, vascular
modeling, cellular interactions

Anti-microbial

Thrombocidins

Bactericidal and fungicidal

proteins properties
Others Chondroitin 4-sulfate, albumin, immunoglobulins Diverse
Platelet ti d adhesi
allbp3, avf3, GPIb, PECAM-1, most plasma membrane aielet agregation and adnesion,
Membrane endocytosis of proteins,

glycoproteins

constituents, receptors for primary agonists, CD40L, tissue
factor, P-selectin

inflammation, thrombin generation,
platelet-leukocyte interactions

Platelet concentrates were obtained from different platelet collections performed at the Instituto Portugués
do Sangue (IPS, Porto, Portugal), under a previously established cooperation protocol. The components were
obtained using the Trima Accel® Automated Blood Collection System. All the platelet products were
biologically qualified according to the Portuguese legislation. The platelet count was performed at the IPS
using the COULTER® LH 750 Hematology Analyzer and the sample volume adjusted to 1 million platelet.pl™.
The collected samples were subjected to three repeated temperature cycles (frozen with liquid nitrogen at -
196°C and heated at 37°C) and frozen at -20°C until further use. The remaining platelets were eliminated by

centrifugation at 1400g for 10 min. Aliquots of Platelet lysate (PL) were stored at -20°C until final use.
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PL was used as a source of instructive cues in chapters V, VI and VIl to prepare several combinations of
multilayers, in which the behavior of human adipose derived stem cells and human umbilical vein endothelial

was assessed.

11.3. Cell sources

CHAPTERII

[1.3.1. Sa0s-2 cell line

Cell studies were performed using SaOs-2 cells, a human primary osteosarcoma cell line obtained from the
European Collection of Cell Cultures (ECACC). These cells have been used as a model of osteoblastic activity
since they exhibit the entire differentiation sequence of the osteoblastic cells: from proliferation to mineral
nodule formation, matrix mineralization and differentiation into osteocytes.® 3 In tissue culture polystyrene
and in basal media, SaOs-2 cells have basal ALP activity and basal extracellular matrix mineralization. In
osteoconductive medium (includes ascorbic acid and B-glycerophosphate), the cell line shows a slightly
increased production of mineralized collagenous matrix, as compared to base levels. For full differentiation
and biomineralization, dexamethasone-mediated induction of Sa0Os-2 is necessary.3!

CHMde grown in Dulbecco’s Modified Eagle’s medium low glucose (DMEM, Sigma  -Aldrich) and
supplemented with 10%, heat inactivated, fetal bovine serum (FBS, Alfagene) and 1% antibiotic-antimycotic
solution (AT, Alfagene) in a humidified atmosphere with 5% CO, at 37°C. For expansion, confluent cell cultures
were split in a ratio of 1/3 to 1/6 using 0.25% trypsin/EDTA. For cell seeding, samples were sterilized with

ethylene oxide. SaOs-2 was used in passages between 20 and 24. Culture media was changed each 2-3 days.

[1.3.2. Human adipose-derived stem cells

Human adipose derived stem cells (hASCs) are multipotent stem cells that can be easily obtained from
adipose tissue harvested by liposuction surgeries, with low site associated morbidity. *»3* A considerably large
amount of hASCs can be obtained, as opposed to other sources (e.g bone marrow aspirates).** From a
clinical point of view this is an advantage. Additionally, decreasing the number of cellular doublings needed to
obtain enough cells avoids the decrease of osteogenesis quality associated with in vitro induced cell aging and
cell senescence.

Human subcutaneous adipose tissue samples were obtained from lipoaspiration procedures performed on
women with ages between 35 and 50 years under a protocol previously established with the Department of
Plastic Surgery of Hospital da Prelada in Oporto, Portugal. All the samples were processed within 24 h after the
lipoaspiration procedure. hASCs were enzymatically isolated from subcutaneous adipose tissue, as previously
described.[34] Briefly, the lipoaspirate samples were washed with a solution of PBS and 10%
Antibiotic/Antimycotic. Liposuction tissue was digested with 0.2% Collagenase Type Il solution for 90 min with

intermittent shaking, at 37°C. The digested tissue was filtered using a 100um filter mesh (Sigma-Aldrich,
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Germany). The floating adipocytes were separated from the precipitation stromal fraction by centrifugation at
1250 rpm for 10 min. The cell pellet was re-suspended in lysis buffer for 10 min to disrupt the erythrocytes. After
a centrifugation, at 800 rpm for 10 min, cells were again re-suspended and placed in culture flasks with
Minimum Essential o Medium (Sigma-Aldrich) supplemented with sodium bicarbonate, antibiotic/antimycotic

and 10% of Fetal Bovine Serum (Life Technologies). Cells were cultured until confluence at 37°C, 5% CO,
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incubator, changing the medium every 2 days.

[1.3.3. Human umbilical vein endothelial cells

Human umbilical vein endothelial cells (HUVECs) are cells isolated from the endothelium of veins of the
umbilical cords. HUVECs are widely used as cell model system to the study endothelial cell function and
angiogenesis.®

HUVECs were used as a cell model in the work reported in chapter VI that comprises the assessment of the
angiogenic potential of several combinations of polyelectrolytes and PL.

Human umbilical cords obtained by caesarean section, from healthy donors, were provided by Hospital de S.
Marcos, Braga, Portugal. They were delivered in transport buffer, containing 0.14 M NaCl, 0.004 M KCl and 0.011
M glucose in 0.001M phosphate buffer at pH 7.4. HUVECs were isolated as described in the literature by Jaffe
and others®,

Biological samples were provided under a protocol approved by the Hospitals Ethical Committees and the
3B’s Research Group. Cells were expanded using M199 supplemented with 50ug/ml endothelial cell growth
supplement (ECGS, BDBiosciences), 50 ug/ml of heparin, 3.4 ul/ml Gibco® GlutaMAX™ (Life Tecnologies), 20%
fetal bovine serum (FBS). Cells were cultured at 37°C, 5%CO,, 99% humidity and medium exchanged every 2-3

days.

11.4. Materials processing

I1.4.1. Rapid Prototyping: Bioplotter™

Rapid prototyping comprises several types of techniques to automatically manufacture, layer by layer, 3D
objects according to data drawn using computer aided design softwares, such as: fused deposition modeling,
selective laser sintering, 3D printing and bioprinting. These techniques allow the preparation of complex and
geometrically controlled 3D objects which can be patient customizable by recurring to 3D data acquisition
(e.g., by micro-computerized tomography). It has been widely used to prepare constructs based on thermo-
polymers, hydrogels and cells.*"-3

3D Bioplotter™ was the equipment used to produce PCL scaffold, with struts of consecutive layers aligned by
90 degrees - Figure I1.6. This equipment has the capacity to build-up scaffolds using the widest range of
materials of any singular rapid prototyping machine, from soft hydrogels to meltable polymers, to hard

ceramics and metals. The deposition parameters used to produce the 3D structures were:
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Needle diameter = fiber diameter: 0.5 mm
Layer thickness: 0.3 mm
Strand size: 0.5 mm
Scaffold size: 2x2 cm
Needle size: 2 mm
Compressed air pressure: 4-5 MPa
Temperature set: 90°C
Head velocity: 20%-35%
Number of layer build-up: 10

CHAPTERII

Figure 11.6. Pictures regarding the preparation of prototyped 3D PCL scaffolds: left) BioplotterTM equipment used; center) PCL
scaffold 2x2 cm during deposition; right) PCL scaffolds after deposition and cutting (dimensions ~ 0.5x0.5 cm, widthxlength).

[1.4.2. Layer-by-Layer assembling

Layer-by-layer (LbL) is a simple and versatile bottom-up technology that has been widely used to produce
nanostructured films for biomedical applications with controllable surface characteristics into both 2D and 3D
structures using polymers, proteins and particles.® “° LbL technology is often based on a simple alternated
deposition of negative and positively charged polyelectrolytes - Figure I1.7.

LbL was the technology used to confer instructive cues in both 2D and 3D substrates in the works reported in

chaptersll, IV, V, VI, and VII.
Polyelectrolyte 1 Polyelectrolyte 2
o Rinsing NE N S~ _—
L — —— )

Rinsing and new cycle

Figure I1.7. Schematic representation of LbL assembling steps: i) deposition of polyelectrolyte 1; ii) rinsing to remove the weakly
bound or unbound polyelectrolyte form the surface; iii) deposition of polyelectrolyte 2 which usually has the opposite charge of
the polyelectrolyte 1; iv) rinsing and cycle repetition in order to assemble other layer.

11.4.2.1. 2D
114.2.1.1. PCL

In chapter IV, PCL surfaces were modified with several combinations of Car and Chi multilayers. A dipping LbL

robot was used and the experimental apparatus can be observed in Figure I1.8.
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PCL surfaces prepared by melt-compression molding were pre-modified with a solution of 10% (v/v) of
ethylenediamine in 2-propanol for 1 hour at 37°C in order to introduce pH responsive amine groups and
improve the binding of the first PE layer onto the surface. Then, the surfaces were extensively washed with
ultrapure water. The immersion time in the PE solutions was 10 minutes followed by 2 rinsing steps of 5

minutes each. After the LbL modification finished, the samples were washed with the respective
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buffer/washing solutions and ultrapure water under mild agitation.

Figure 11.8. Pictures regarding the modification of PCL membranes by LbL using the dipping robot: left) holders with PCL
membranes fixed; right) robot with sample-holders, and polyelectrolytes and washing solutions for the modification of several
samples.

11.4.2.1.2. 48-well Plates

In chapterV and VI, 48-well plates were modified with several combinations of polyelectrolytes and PL.

The 48-well plates were previously modified with 0.5 mL of 0.5% (w/v) PEI solution to confer a positive surface
charge. Then, the solution was removed and the wells were extensively rinsed with distilled water in order to
remove the unbound PEI. The LbL was started by the adsorption of the negative PE. In the case of Chi, an Alg
layer was first adsorbed. The adsorption times and volumes used were: 4 minutes and 0.5 mL for the
polysaccharides solutions; 0.5 mL and 10 minutes for the PL solution; intermediate rising steps x2 for 30

seconds using the respective buffers. The sequence was repeated 6 times.

11.4.2.2. 3D

3D PCL scaffolds were modified by LbL to create small complexes of polyelectrolytes which were further
shaped into fibrillar structures by freeze-drying - Figure I1.9.

This procedure was used in the work reported in chapter lll (with Alg and Chi bilayers) and in chapter VII (with
chitosan, L carrageenan and PL tetralayers).

Previously the scaffolds, prepared using the Bioplotter™, were modified with ethylenediamine 10% (v/v) in 2-
propanol for 1 hour at 37°C to introduce positive charged amine groups on the surface and improve the
binding between the first layer and the surface. This modification also increases the surface wettability, which
facilitates the flow of the solution throughout the pores, diminishing the possibility of the pores to occlude,

and the modification to not be homogeneous. Then, the scaffolds were extensively washed with ultrapure
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water. 20-40 scaffolds per condition were fixed onto the dipping LbL robot arm using nylon fibers. The volume
in each cup (60-120 mL of solution), the number of cups, and the number of cycles (5-30) were set accordingly
to what is described in the respective chapter. The deposition time in each polyelectrolyte was 4-10 minutes
for all conditions. After the LbL, the samples were washed with NaCl solution and ultrapure water under mild

agitation. To allow ice crystal growth, scaffolds were frozen at -80°C. To finish the modification, the water

CHAPTERII

crystals were removed by freeze-drying over 2-3 days.

Figure 11.9. Pictures regarding the modification of 3D PCL scaffolds by LbL (Alg and Chi) using the dipping robot, and freeze-
drying: left) holders with scaffolds in the dipping robot; right) scaffolds after LbL and freeze-drying (dimensions ~ 0.5x0.5 cm,
widthxlength).

11.5. Materials characterization methods

[1.5.1. Quartz-crystal Microbalance with Dissipation

To monitor the LbL assembling of polyelectrolytes, a quartz-crystal microbalance with dissipation was used in
the works reported in chapters IV, V and VII.

To consider the application of multilayers it is necessary to understand the way its construction and stability
are affected by different experimental conditions, namely ionic strength and pH.

The QCM-D allows one to follow, in-situ, the construction of multilayers, through the change in resonance
frequency of a quartz crystal when a certain amount of mass is deposited or removed from its surface. A quartz
crystal vibrates at a certain frequency when an electric field is applied. With mass deposition on its surface, this
vibration frequency is affected and one can relate the change in frequency with the deposited mass. For thin
and rigid films and for measurements made in air, the relation between change in frequency and change in

mass is given by Sauerbrey equation:

-2F?
AF =——2 Am,

AJp,u,

where Fq is the fundamental resonance frequency of the crystal, A is the area, pq is quartz density and yq is the
quartz elastic modulus. However, for non-rigid films or for measurements in solution, it has been
demonstrated that crystal vibration depends not only on quartz properties but also, on the properties of the
deposited material and solution. Thus, the change in frequency may not be well described by Sauerbrey

equation, making it necessary to consider a more complex methodology. The equipment used in the present
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study allows one to explore that possibility, since it measures the dissipation of energy, related with the
properties of the deposited material.

A Q-Sense E4 quartz crystal microbalance (Q-Sense AB, Sweden) with dissipation was used for in situ
monitoring of the deposition of PE/PL bilayers at the surface of 100 nm gold-coated crystals. The crystals were
first cleaned in an ultrasound bath at 30°C, and immersed successively in acetone, ethanol, and isopropanol.
Briefly, AT cut quartz crystals were excited at multiple overtones (1, 3, 5, 7, 11, and 13), which correspond to 5,
15, 25, 35, 45, 55 and 65 MHz, respectively. The PEs solutions (0.5 mg.ml™) were pumped with a constant flow
rate of 50 uL.min-1, for 10 minutes at room temperature. As an intermediate step, the respective buffer

solutions were pumped during 10 minutes to rinse the crystals.

[1.5.2. Polyelectrolytes Staining

Alcian blue and eosin Y staining can be considered specific staining for Alg and Chi, respectively, since the
structures are cell and extracellular matrix-free. Commercial solutions of Alcian blue and eosin Y were used to
stain the scaffolds by adding 1 ml of the respective solutions and kept at room temperature for 1 hour. The
excess of staining was then removed by washing with phosphate buffer saline solution (PBS). Scaffolds were
further observed under stereomicroscope. The higher the intensiveness of the color, the higher the content of

polyelectrolyte is.

Dried, modified and unmodified samples were also observed by reflected and transmitted microscope with a
480 nm light source to analyze the morphology. At this wavelength, the polyelectrolytes can be distinguished

from the pure PCL since chitosan has high fluorescence intensity.

[1.5.3. Platelet lysate adsorption

6-well plates were modified with PEI and the PEs, as described before. Two milliliters of PL 10% (v/v) or PL
100% (v/v), pH 6 and pH 7.4, were added to each well and let to adsorb for 30 minutes. The volume was
removed and stored at -20°C for further quantification. Each well was rinsed with 2 ml of the respective buffer,
which was then stored for further protein quantification.

The total protein was quantified in the following solutions: initial PL, PL before and after adsorption, and
rinsing solutions. The measurements were performed using a NanoDrop 1000 Spectrophotometer (Thermo
Scientific). The absorbance of 2 ul volume of solution was measured at the wavelength 280 nm (n=6). The
amount of PDGF (PL10%), FGFb (PL100%) and VEGF (PL100%) was quantified using ELISA kits following the
assay protocol provided with the kit. Optical density was read at 450 nm (n=6) on a multi-well microplate

reader (Synergy HT, Bio-Tek Instruments).
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CHAPTERII

[1.5.4. Atomic Force Microscope

In order to assess surface roughness, AFM measurements were performed in a MultiMode STM microscope
controlled by the NanoScope Ill from Digital Instruments system, operating in tapping mode at a frequency of

1 Hz. At least three measurements were performed in different specimens.

[1.5.5. X-ray photoelectron spectroscopy

The chemical analysis of the surfaces was performed by XPS analysis in regards to the nitrogen, sulfur, carbon
and oxygen content. XPS has a sampling depth of about 5 nm, and only detects the top layer(s) and not the
complete multilayer, which, depending on the nature of the PE’s, can have a fuzzy or more lamellar
organization.*#?

XPS analysis was performed using a Thermo Scientific K-Alpha ESCA instrument with monochromatic Al-Ka
radiation (h = 1486.92 eV) and a takeoff angle of 90° relative to the sample surface to record the C1s, O1s, S2p,
N1s and survey spectra. The measurement was carried out in constant analyzer energy (CAE) mode with a 100
eV pass energy for survey spectra and a 20 eV pass energy for high-resolution spectra. The Cls peak was
resolved into three peaks at 285.0 eV. Surface elemental composition was determined using the standard
Scofield photoemission cross sections. The atomic concentrations were determined from the XPS peak areas
using the Shirley background subtraction technique and the Scofield sensitivity factors. The ratios of
sulfur/carbon, sulfur/oxygen, oxygen/carbon and nitrogen/carbon on modified surfaces were calculated by
dividing the elemental percentages of each element. At least two measurements were performed in different

specimens.

[1.5.6. SEM-EDS

Scaffolds surface and structures morphology were observed using a Leica Cambridge S-360 scanning electron
microscope (SEM, Leica Cambridge, UK). All surfaces were precoated with a conductive layer of sputtered gold.

The SEM micrographs were taken at an accelerating voltage of 15 kV and at different magnifications.

[1.5.7. Goniometrer

Wettability can be assessed by the contact angle that a droplet of water has with the materials surface. The
static water contact angle (WCA) of the PCL samples in chapter IV was measured at room temperature using an
OCA 15plus goinometer equipment (DataPhysics Instruments, Germany). The values were obtained by the

sessile drop method. The liquid used was ultrapure water and the drop volume was 3 uL.




[1.5.8. Water uptake

To assess the ability to uptake water, scaffolds of known weight (Wi) in chapter lll were immersed in PBS
solution (pH 7.4) and incubated at 37°C under static conditions for 30, 60, 90, 120 and 450 minutes. The water
uptake percentage was calculated by the following formula:

%=Wf - Wiwix100, where, Wf is the final weight and Wi is the initial weight. To measure Wf, the swollen samples
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were weighted after the removal of excessive surface water with filter paper. Each experiment was repeated

twice, and the average value was considered to be the water uptake value.

11.5.9. Micro computerized tomography

The morphology of the multiscale scaffolds (Chapter Ill) and the distribution of the new mineral formed within
the scaffolds (Chapter VII) was analyzed by micro-computed tomography (u-CT) using a desktop p-CT scanner
(1072; SkyScan, Kontich, Belgium) at a voltage of 40 kV and a current of 248 mA, with acquisitions carried out in
high-resolution mode of 11um x/y/z. Isotropic slice data were obtained by the system and reconstructed into
2D XY slice images. Around 600 slice images per sample were compiled and subsequently employed in the
rendering of 3D XYZ images to obtain quantitative architectural parameters. A u-CT analyzer and a p-CT
volume realistic 3D Visualization software (SkyScan) was used as an image processing tool for reconstruction

and creation of 3D representation models for the observation of the distribution of the deposited apatite.

[1.5.10. Mechanical Properties

In order to verify if our methodology alters the mechanical properties of the dried scaffolds (Chapter IlI),
uniaxial compression tests were performed on the cubic scaffolds by using an Instron 4505 Universal Machine.
A crosshead speed of 2 mm.min™ was used in the compression tests. The values reported are the average of at
least five specimens per condition. The compressive modulus was determined in the linear region of the
stress-strain graph and, in the cases that the yield stress was not clear, it was calculated as the stress at the

intersection of a line drawn parallel to the linear region and intercepting the x-axis at 3 to 5% strain.

11.6. Cellular characterization methods

[1.6.1. Morphology

Cell morphology of hASCs and HUVECs was assessed in the studies reported in chapters V and VI, respectively.

11.6.1.1. Fluoresce Microscope

After the culture periods, the samples were gently rinsed twice with sterile PBS and then fixed with formalin

2.5% (v/v) for 20 minutes. Cells were permeabilized with 0.5 mL of Triton 0.2% (v/v) in PBS for 2 minutes and
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then rinsed with PBS. Samples were incubated in the dark with 100 pL of (1:100) Phalloidin-TRITC (Sigma-
Aldrich) solution for 30 minutes and then washed with PBS. For cell nuclei staining, well plates were incubated
in the dark for 5 min with 100 plL 4,6-diamino-2-phenyindole dilactate (DAPI, Sigma-Aldrich) diluted 1:1000 in

PBS. Samples were observed using an inverted Axio Observer Fluorescence Inverted Microscope (Zeiss).

CHAPTERII

11.6.1.2. Image Analysis
11.6.1.2.1. Image J

Cell length, width and mean area were measured using the Image J software version 1.48 in Chapter V. Cell
length was considered the longest distance between the tips of the filopodia. The width was measured on the
cell nucleus position and usually in a, approximately, right angle to the cell length. Cell area was calculated
dividing the total number of nucleus by the total area covered by the same cells. Cell aspect ratio was

calculated by dividing cell length per cell width.

11.6.1.2.2. Angiogenesis Analyzer

Angiogenesis Analyzer is a toolset for Image J that allows the analysis of cellular networks images and it was
used in the work reported in chapter VI to assess the angiogenic potential of the multilayers rich in PL.
Angiogenesis Analyzer is a simple tool to quantify endothelial tube formation assay images by extracting
characteristic information of the network regarding segments, nodes, area and meshes - Figure 11.10. The total
length of the tube-like structures, number of nodes and master nodes, number of meshes and master meshes
were quantified on cytoskeleton fluorescence images of HUVECs after 20 hours of incubation. A node is defined
as pixels that have at least 3 neighbors, corresponding to a bifurcation. A junction is a node or fused nodes.
The segments correspond to elements that are limited by two junctions/nodes while the branches are
elements delimited by a junction and one extremity. The master segments are considered pieces of three,
delimited by two junctions, but not exclusively implicated with one branch (master junctions). The master
junctions link at least 3 master segments. The meshes are areas enclosed by the segments or master

segments.

m ’ Node/master junction ‘

Cytoskeleton

Branches

Figure 11.10. Angiogenesis Analyzer features: Image of HUVECs cytoskeleton, before and after analysis, with the quantified
features highlighted.
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11.6.1.2.3. Cell Profiler

Cell Profiler allows the analysis of various biological features, including cell counting, size and also complex
morphological assays such as cell/organelle shape and subcellular patterns of DNA.*

The morphological changes of HUVECs when cultured for 20 hours on the multilayers, in the presence or
absence of inhibitors, was analyzed using the eccentricity, form factor and major and minor axis length
features available with Cell Profiler. Eccentricity is defined as the ratio of the distance between the foci of the
considered ellipse and its major axis length. The values vary between 0 and 1. Values equal to zero are actually
circles while ellipses with eccentricity of 1 are lines. The form factor is calculate as 4m(Cell Area)/(Cell
Perimeter)2, where 1 represent a perfect circular cell. The major and minor axis length (in pixels) correspond to
the major and minor axis of the ellipse, respectively. The images used for Cell Profiler analyses were the same

for Angiogenesis Analyzer.

Cell profiler pipeline

CellProfiler_Version,2014-07-23T17:39:57 6¢2d896

ChannelType_Cyto,Color

ImageSet_Zip_Dictionary,"[ 60 63120 ..., 111 112 109]"

Pipeline_Pipeline,"CellProfiler Pipeline: http://www.cellprofiler.org

Version:3

DateRevision:20140723173957

GitHash:6c2d896

ModuleCount:9
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Images:[module_num:1|svn_version:\'Unknown\'|variable_revision_number:2|show_window:False|:
Filterimages?:Images only

Select the rule criteria:and (extension does isimage) (directory doesnot containregexp
Metadata:[module_num:2|svn_version:\'Unknown\'|[variable_revision_number:4|show_window:Fals
Extract metadata?:No

Metadata data type:Text

Metadata types:{}

Extraction method count:1

Metadata extraction method:Extract from file/folder names

Metadata source:File name

Regular expression:A(?P<Plate>.")_(?P<Well>\x5BA-P\x5D\x5B0-9\x5D{2}) _s(?P<Site>\x5B0-
Regular expression:(?P<Date>\x5B0-9\x5D{4}_\x5B0-9\x5D{2}_\x5B0-9\x5D{2})$

Extract metadata from:All images

Select the filtering criteria:and (file does contain """")

Metadata file location:

Match file and image metadata:\x5B\x5D

Use case insensitive matching?:No
NamesAndTypes:[module_num:3|svn_version:\'Unknown\'|variable_revision_number:5|show_window
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Set intensity range from:Image metadata
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Typical diameter of objects, in pixel units (Min,Max):3,40

Discard objects outside the diameter range?:Yes

Try to merge too small objects with nearby larger objects?:No

Discard objects touching the border of the image?:Yes

Method to distinguish clumped objects:Intensity

Method to draw dividing lines between clumped objects:Intensity

Size of smoothing filter:10

Suppress local maxima that are closer than this minimum allowed distance:7.0
Speed up by using lower-resolution image to find local maxima?:Yes
Name the outline image:PrimaryOutlines

Fill holes in identified objects?:After both thresholding and declumping
Automatically calculate size of smoothing filter for declumping?:Yes
Automatically calculate minimum allowed distance between local maxima?:Yes
Retain outlines of the identified objects?:No

Automatically calculate the threshold using the Otsu method?:Yes
Enter Laplacian of Gaussian threshold:0.5

Automatically calculate the size of objects for the Laplacian of Gaussian filter?:Yes
Enter LoG filter diameter:5.0

Handling of objects if excessive number of objects identified:Continue
Maximum number of objects:500

Threshold setting version:1

Threshold strategy:Automatic

Thresholding method:Otsu

Select the smoothing method for thresholding:Automatic

Threshold smoothing scale:1.0

Threshold correction factor:1.0

Lower and upper bounds on threshold:0.0,1.0

Approximate fraction of image covered by objects?:0.01

Manual threshold:0.0

Select the measurement to threshold with:None

Select binary image:None
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Masking objects:None

Two-class or three-class thresholding?:Two classes

Minimize the weighted variance or the entropy?:Weighted variance

Assign pixels in the middle intensity class to the foreground or the background?:Foreg
Method to calculate adaptive window size:Image size

Size of adaptive window:10
IdentifySecondaryObjects:[module_num:7|svn_version:\'Unknown\'|variable_revision_number:9|
Select the input objects:Nuclei

Name the objects to be identified:cytosk

Select the method to identify the secondary objects:Propagation

Select the input image:OrigRed

Number of pixels by which to expand the primary objects:10

Regularization factor:0.01

Name the outline image:SecondaryOutlines

Retain outlines of the identified secondary objects?:No

Discard secondary objects touching the border of the image?:Yes

Discard the associated primary objects?:No

Name the new primary objects:FilteredNuclei

Retain outlines of the new primary objects?:No

Name the new primary object outlines:FilteredNucleiOutlines

Fill holes in identified objects?:Yes

Threshold setting version:1

Threshold strategy:Adaptive

Thresholding method:RobustBackground

Select the smoothing method for thresholding:Manual

Threshold smoothing scale:1.0

Threshold correction factor:0.15

Lower and upper bounds on threshold:0.15,0.3

Approximate fraction of image covered by objects?:0.01

Manual threshold:0.0

Select the measurement to threshold with:None

Select binary image:OrigRed

Masking objects:Nuclei

Two-class or three-class thresholding?:Two classes

Minimize the weighted variance or the entropy?:Weighted variance

Assign pixels in the middle intensity class to the foreground or the background?:Foreg
Method to calculate adaptive window size:Image size

Size of adaptive window:10
MeasureObjectSizeShape:[module_num:8|svn_version:\'Unknown\'|variable_revision_number:1|sh
Select objects to measure:cytosk

Calculate the Zernike features?:No
ExportToSpreadsheet:[module_num:9|svn_version:\'Unknown\'|variable_revision_number:11|show
Select the column delimiter:Comma ("","")

Add image metadata columns to your object data file?:No

Limit output to a size that is allowed in Excel?:No

Select the measurements to export:Yes

Calculate the per-image mean values for object measurements?:Yes

Calculate the per-image median values for object measurements?:No

Calculate the per-image standard deviation values for object measurements?:Yes
Output file location:Default Output Folder\x7C

Create a GenePattern GCT file?:No

Select source of sample row name:Metadata

Select the image to use as the identifier:None

Select the metadata to use as the identifier:None

Export all measurement types?:Yes

Press button to select measurements to export:cytosk\x7CLocation_Center_Y,cytosk\x7CLo
Representation of Nan/Inf:NaN

Add a prefix to file names?:No

Filename prefix\x3A:MyExpt_

Overwrite without warning?:Yes

Data to export:Do not use

Combine these object measurements with those of the previous object?:No

File name:DATA.csv

Use the object name for the file name?:Yes"
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[1.6.2. Proliferation and viability

11.6.2.1. Live/Dead Assay

Live/dead assay is used to measure cell viability. It is a two-color fluorescence assay that simultaneously
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highlights the living (green) and dead (red) cells. Briefly, the culture medium was removed and the samples
washed twice with sterile PBS for 5 minutes, then 250 mL of calcein AM solution and propidium iodide/RNAse
solution were added and samples left to incubate for 10 minutes in the incubator, protected from light. Then,
the solutions were removed and samples washed twice with sterile PBS and observed under transmitted

reflected microscope using the red and green fluorescence filters.

11.6.2.2. dsDNA quantification
In order to quantify cell attachment and proliferation, dsDNA was quantified using the Quant-iT™ PicoGreen®

dsDNA assay kit (Molecular Probes/Invitrogen) that allows the measurement of the fluorescence produced
when PicoGreen dye is excited by UV light while bound to dsDNA. After the incubation periods, the well plates
were gently rinsed once with sterile PBS. Then, 1 mL of ultra-pure sterile water added and kept at -80°C until
quantification. For the quantification, samples were defrosted at room temperature and the content was
transferred to eppendorfs. 100 pL of Tris-EDTA buffer was transferred into a white opaque 96-well plate.
Samples were vortexed and 28.8 pL of each, plus 71.2 plL of PicoGreen solution, were added to the wells. After
10 minutes of incubation in the dark, the plate was read in a microplate reader using an excitation wavelength
of 485 nm and emission wavelength of 528 nm. A standard curve was created by varying the concentration of
standard dsDNA standard from 0 to 2 mg.mL™, and triplicate dsDNA values of the samples were read off from

the standard graph. At least six specimens were measured per sample.

11.6.2.3. ALP activity

ALP is a hydrolase enzyme responsible for removing phosphate groups from many types of molecules,
including nucleotides, proteins, and alkaloids. In bone development, the enzyme participates in the regulation
of biomineralization for instance by the regulation of inorganic pyrophosphates’ levels. In vitro, alkaline
phosphatase (ALP) is highly expressed in early osteogenesis, and is also considered a universal pluripotent
marker for all types of pluripotent stem cells including embryonic stem cells, embryonic germ cells and
induced pluripotent stem cells.** % In hASCs, a significant increase in ALP activity during normal medium
conditions suggests a cell-commitment to the osteoblastic lineage or cell aging.*®

ALP activity was quantified in the same samples used for dsDNA quantification. The activity of ALP is typically
evaluated using the p-nitrophenol assay. Paranitrophenyl phosphate, which is colorless, is hydrolyzed by

alkaline phosphatase enzyme at pH 9.8 and 37°C to form free p-nitrophenol, which is yellowish. The reaction
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was stopped by addition of NaOH and the absorbance read at 405 nm. Briefly, in each well 20 pl of each
sample, previously vortexed, were mixed with 60 pl of the substrate solution which is 0.2% (w/v) p-nytrophenyl
phosphate (Sigma-Aldrich) prepared in a substrate buffer of 1 M diethanolamine (Sigma-Aldrich) at pH 9.8. The
plate was then incubated in the dark for 45 min at 37°C. After the incubation period, 80 pl stop solution, which
is composed by 2 M NaOH (Panreac) plus 0.2 mM EDTA (Sigma-Aldrich), was added to each well. Standards
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were prepared with 10 pmol mL™* p-nytrophenol (pNP, Sigma, USA) solution, to obtain a standard curve
covering the 0-0.2 M range. Triplicates of each sample, and the standard, were made. Finally, absorbance was
read at 405 nm in a microplate reader (Bio-Tek, Synergie HT) and sample concentrations in triplicate were read

off from the standard curve.

[1.6.3. Extracellular Matrix

11.6.3.1. Alizarin Red S Staining

Alizarin Red S, an anthraquinone derivative, can be used to identify calcium in tissue sections. Although the
reaction is not strictly specific for calcium, also occurring with magnesium, manganese, barium, strontium,
and iron, these elements usually do not occur in sufficient concentration to interfere with the staining. Calcium
forms an Alizarin Red S-calcium complex in a chelation process. After culture, scaffolds were rinsed thrice with
sterile PBS and cells fixed with 2.5% formalin for 30 minutes. The samples were then rinsed again with distilled
water in order to remove any residual ions and 0.5 ml of Alizarin Red S solution (2g/100 ml, pH 4.1-4.3 adjusted
with ammonium hydroxide) was added to each sample and left to react for around 5 minutes. The excess of
dye was removed with distilled water, and samples were observed under stereomicroscopy. The content of
calcium will be proportional to the red intensiveness. In order to elute the Alizarin Red S adsorbed to the
scaffolds, 400 pL of 10% (v/v) acetic acid was added to each sample and incubated at room temperature for 30
min with shaking. Samples were vortexed for 30 seconds. After complete elution, the surfaces were discarded,
and the liquid samples heated to 85°C for 10 min. The slurry was then centrifuged at 12,000g for 30 min and
400 pL of the supernatant was removed to a new microcentrifuge tube. Then 150 uL of 10% (v/v) ammonium
hydroxide was added to neutralize the acid. The absorbance of triplicates of the samples was read at 405 nm
in a microplate reader (Bio-Tek, Synergie HT). A calibration curve made of successive dilutions of an Alizarin

Red S solution with known concentration was used in order to read off the alizarin content of the samples.

11.6.3.2. Oil Red O Staining

Oilred O staining is a lysochrome used for neutral triglycerides and lipids staining with the appearance of a red
coloration. A stock solution was prepared by dissolving 300 mg of Oil Red O (Sigma, Aldrich) in 100 mL of 99%
isopropanol. The work solution, which is stable for no longer than 2 hours, was prepared by mixing 3 parts (30
mL) of the stock solution with 2 parts (20 ml) of distilled water and allowed to sit at RT for 10 min. After the

solution is filtered with filter paper, 1 mL (5 minutes) of it was added to each construct that had been fixed with
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2.5% formalin (30 min), rinsed with distilled water, and with 60% isopropanol (2-5 minutes). Samples were
rinsed with distilled water and then 0.5 mL of 100% isopropanol was added to each scaffold (10 minutes) with
shaking in order to elute the staining.

The absorbance of triplicates of the samples was read at 500 nm in a microplate reader (Bio-Tek, Synergie HT).
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1.6.3.3. SEM-EDS
The constructs were harvested after culture, rinsed with PBS, fixed with 2.5% glutaraldehyde and dehydrated

through a graded series of ethanol (50, 70, 90, 100% v/v; each one for 10 minutes and twice) and dried at room
temperature. Morphological analysis of the prepared constructs before and after cell culture was performed in
an Ultra-high resolution Field Emission Gun Scanning Electron Microscopy (FEG-SEM; NOVA 200 Nano SEM, FE|
Company). Secondary electron images were performed with an acceleration voltage of 5kV. Chemical analysis
of samples was performed by Energy Dispersive Spectroscopy (EDS), using an EDAX Si(Li) detector with an

acceleration voltage of 15 kV.

11.6.3.4. Immunocytochemistry
11.6.3.4.1. Imnmuno-localization of human Osteocalcin

After culture, samples were rinsed twice with sterile PBS and fixed with 2.5% formalin for 30 min at room
temperature (RT). First the scaffolds were stained with Alizarin Red for detection of Calcium, as described
before.

Afterwards cells were permeabilized with Triton X-100/PBS 0.2% (v/v) for 15 min at RT, proteins were blocked
with 3% (w/v) Bovine Serum Albumin (BSA)/PBS for 45 minutes. Samples were incubated overnight at 4°C with
the primary antibody anti-osteocalcin (mouse monoclonal anti-Osteocalcin, ab13418, Abcam) diluted 1:50 in
1% BSA/PBS. Afterwards, samples were rinsed with 0.025% Triton X-100/PBS, followed by 2 hours of incubation
with the secondary antibody, anti-mouse Alexa Fluor 488 (Invitrogen), with a dilution of 1:100. After the
incubation period, samples were rinsed in PBS and stained with 4,6-Diamidino-2-phenyindole dilactate (DAPI,
1:1000, D9564, Sigma-Aldrich). Scaffolds were observed under a microscope (Imager Z1m, Zeiss) and images

acquired using a digital camera (AxioCam MRmb5).

[1.6.4. Flow cytometer

Flow cytometry was performed using anti-human CD90 APC (BD Pharmingen™), anti-human CD105 FITC
(BioRad), anti-human CD73 PE (BD Pharmingen™), anti-human CD34 PE (BD Pharmingen™), anti-human CD31
APC (R&D Systems), anti-human CD45 FTIC (BD Pharmingen™).

Cells were trypsinized, counted and re-suspended in PBS with 2% (w/v) bovine serum albumin (BSA) (Sigma)
with a concentration of 2x10° cells/100ls and incubated with the antibodies at the concentration advised by

the manufacturers. After incubation for 20 min at room temperature, protected from light, cells were washed
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with PBS/BSA, re-suspended in PBS with 1% formaldehyde (Sigma) and analyzed in a BD FACSCaliburTM flow
cytometer (BD Biosciences). Cells of interest were gated in a forward vs. side scatter dot plot with a linear scale.
Isotype controls were made to discern non-specific from specific staining. A minimum of 10,000 gated events

were acquired and labeled cells were quantified.

[1.6.5. Gene expression

11.6.5.1. Real Time Polymerase Chain Reaction
The quantification of angiogenic gene expression of the HUVECs and the osteogenic, chondrogenic,

adipogenic and angiogenic gene expression of hASCs, were performed using quantitative PCR by a two-step
fluorogenic assay using the PerfeCtaTM SYBR® Green System (Quanta Biosciences) — see the target genes in
Tablell.2. and Table II.3.

The total RNA was extracted using the TRI® Reagent (Sigma-Aldrich), following the manufacture’s instruction.
Total RNA was quantified using Nanodrop® ND-100 spectrophotometer (Thermo Scientific) and first-strand
complementary DNA (cDNA) was synthetized using 1 pg RNA of each sample and the gScript™ cDNA Synthesis
Kit (Quanta Biosciences) for a 20ul reaction. The obtained cDNA was used as a template for the amplification
of the target genes using a MasterCycler EP Gradient detection System (Eppendorf) termocycler and the
PerfeCta™ SYBR® Green System kit following the manufactures’ instructions. The Livak method, 2-AACt, was
used to evaluate the relative expression of each target gene. ACt was calcuated by the difference between the
Ctvalues of the target gene and the B-actin or GAPDH endogenous housekeeping gene. AACt was obtained by
subtracting the ACt of the calibrator sample (TCPS) to the ACt of the sample. The results are represented as 2-

A5t and as gene expression relative to TCPS.

Table I1.2. Sequences and melting temperature of the angiogenic genes analyzed.

Primer sequence

Name Tm (°C)
(Forward, Reverse 5°-3°)

B-actin ACTGGAACGGTGAAGGTGAC 595
AGAGAAGTGGGGTGGCTTTT
ACAGTCAGCCGCATC

GAPDH GACAAGCTTCCCGTTCTCAG 84

Integrin B3 ACCAGTAACCTGCGGATTGG 59.4
TCCGTGACACACTCTGCTTC

Integrin av CCGATTCCAAACTGGGAGCA 59.4
GGCCACTGAAGATGGAGCAT

Integrin o5 TGGCCTTCGGTTTACAGTCC 594
GGAGAGCCGAAAGGAAACCA
GACAGATCACAGGTACAGGG

VEGFA AGAAGCAGGTGAGAGTAAGC 8.4
GAGCAAATCTGCCCTGCTCA

FGFD TCCCGCATACTCTGGAGACA 94

Angiopoietin-1 GAAGGGAACCGAGCCTATTC 58.4
GGGCACATTTGCACATACAG
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Table I1.3. Description of the target genes used in gPCR: name; lineage-related to the target gene; main functions; Forward and
Reverse primers; melting temperature used.

Gene Lineage Function Forward (5°-3°) Tm (°C)
Beta-actin Housekeeping Controls cell growth, migration, and the G-actin ~ ACTGGAACGGTGAAGGTGAC 9.5
gene pool AGAGAAGTGGGGTGGCTTTT '
poneant cparicipe . TCAGCCACTCGTCACAGC ‘
mineralization and calcium ion homeostasis.
Runx2 Osteo - earl Ez:ts-cr?attii(i tfraacrlzcrr;zzf;affecéov:/i:oasreegb{ast TTCCAGACCAGCAGLACTC 58.1
! v hanserpho CAGCGTCAACACCATCATTC ‘
differentiation
PrARy2  Acpose-late oxpresed manly i adiposs seue motre | [GCSTOMACTCTGGRAGAT
y . . yinadp ’ GCGATCTCTGTGTCAACCAT ‘
osteocytes
Itis one of the most important adipose-derived
) ) hormones that play a key role in regulating energy CTCAGGGATCTTGCATTCCC
Leptin Adipose - ate intake and expenditure, including appetiteand ~ CCATGCATTTGGCTGTTCAG o018
hunger, metabolism, and behavior.
PECAM1/ Vascular Cluster of differentiation 31 is a large portion of the AAGGCCAGATGCACATCC 579
CD31 endothelial cell intercellular junctions TTCTACCCAACATTAACTTAGCAGG ~
Produced by mature osteocytes codes Sclerostin - GTGCCAAGGTCACTTCCAGA
SOST Osteo - late proteins that inhibit further mineralization CCAGGAGTTTGTCAGCCGTA 212
col | Osteo Collagen I'is a protein that strengthens and AAGAACCCCAAGGACAAGAG 584
supports several tissue including bone GTAGGTGATGTTCTGGGAGG '
Col X Cartilage/ Found in hypertrophic chondrocytes undergoing CAGGCATAAAAGGCCCACTA 84
Osteo -middle mineralization/osteoblastic differentiation AGGACTTCCGTAGCCTGGTT ’
Adiponectin is exclusively secreted by adipose
dionectin Ad " t|sszeloiplacentaband |ft|sathsrll”honethat TGATCTCGGCTTACTGCAAC .
iponecti ipose - late  modulates a number of metabolic processes, ACAAGGTCAGGAGTTCGAGA .

including glucose regulation and fatty acid
oxidation
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CHAPTER III*

Hierarchical fibrillar scaffolds obtained by non-conventional layer-by-layer
electrostatic self-assembly

111.1. Abstract

A new approach for layer-by-layer assembling to create nano/micro fibrils or nanocoatings inside 3D scaffolds
using non-fibrils polyelectrolytes for tissue engineering applications is disclosed. This approach shows to be
promising for the development of advanced scaffolds, to improve biological performance, with controlled

nano/micro environment, and nature and architecture similar to natural extracellular matrix.

Keywords: layer-by-layer, polyelectrolyte, multiscale, scaffolds, fibrillar, coatings, hierarchical, hybrid,

alginate, chitosan.

*This chapter is based on the following publication:

Sara M. Oliveira, Tiago H. Silva, Rui L. Reis, Jodo F. Mano. Hierarchical fibrillar scaffolds obtained by non-
conventional layer-by-layer electrostatic self-assembly. Advanced Healthcare Materials. 2013
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For the regeneration of hard tissues, the combination of synthetic and natural-origin materials arises as one of
the best solutions to obtain 3D scaffolds with both adequate mechanical properties and similarly to
extracellular matrix nature and architecture.! The ability to introduce nano/micro structures inside scaffolds is
of great interest as a way to achieve those cells” environments and mimic the hierarchical organization of
natural tissues. The external scaffolds may provide the necessary mechanical integrity and the macro/micro

organization of the overall structure. The inner nano/micro environment presents anchorange points for cell
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attachment, with distinct biochemical properties for cell behavior control. With this purpose, micro/nano
fibers produced by electrospinning have been combined with rapid prototyping and fiber-bonding
techniques.? However, this processing method has been hampered by limited and heterogeneous
distributions of micro/nano fibers throughout the scaffold’s bare structure. In fact, only surface modification
was achieved. In order to prepared scaffolds with internal nano/micro-structure, electrospinning has to be
performed during the bare scaffold preparation, in a complex process that can lead to delamination of the
final structure. Freeze-drying a polymeric structure inside a previously prepared scaffold is also an alternative
to create a more native-like environment for cells; however, it is difficult to control the thickness and the
morphology of those inner structures **

Layer-by-layer (LbL) technique has been widely used to produce nanofilms for biomedical applications since
its disclosure by Decher and co-workers.® LbL is based on a simple alternating deposition of polyanions and
polycations, i.e. polyelectrolytes (PE’s). The majority of the extracellular molecules and natural-origin polymers
can be used as PE’s, interacting with complementary PEs not only by electrostatic attraction, but also through
hydrogen bonding or hydrophobic interactions. Studies regarding LbL assembly in 2D substractes have
demonstrated control over surface chemistry, roughness, stiffness and cell behaviour, by playing with the type
of PE’s and the number of bilayers.®** Modifidying 3D scaffolds with polyelectrolyte multilayers (PEMs) can
improve cell-scaffold interactions '* or those PEM’s can provide growth factors reservoirs.” Using appropriate
templates, highly porous scaffolds, entirely built by nanostructured multilayers, may also be prepared.'’

To our knowledge, the LbL technology has not yet been utilized to develop inner structures inside previously
fabricated scaffolds. In the conventional dipping LbL approaches, non-reacted or weakly bonded
polyelectrolyte should be removed throughout the washing steps in order to obtain stable PEM films and
coatings. Herein, by conjugating LbL assembly, based on incomplete washing steps to create small complexes,
with ice crystal growth and water removal by freeze-drying, it was possible to modify synthetic 3D scaffolds
with natural-origin polymers, creating hierarchical and fibrillar structures in the interior of the scaffolds.

With these structures, one can increase the available surface area for cell growth and create a biochemical and
structural environment similar to that found in the natural fibrillar extracellular matrix, while maintaining the
mechanical properties of the bare scaffold. Some works on the production of hybrid structures, combining
hydrogels or collagen, scaffolds and freeze-drying are found in the literature.'®¥ However, those studies rely on
the fibrous nature of collagen, not exhibited by most of the PE available, and such approaches produce mostly
lamellar ones. Other advantages of our approach may be pointed out: i) no employment of toxic crosslinkers

to sta- bilize the structures or improve the bonding with the scaffold; ii) virtually, the structures may be made
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using any polycation/ polyanion; iii) ability to create highly controlled delivery systems on the coatings and
fibrillar structures.

In our group, the LbL technology has been used in different tissue engineering approaches, in particular based
on the electrostatic assembly of alginate (Alg) and chitosan (Chi) PEs.222 Therefore, Chi and Alg were the pair

of PEs selected to assess our approach for the modification of poly(e-caprolactone) (PCL) scaffolds prepared
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by rapid prototyping - Figure Ill.1.a. PCL scaffolds were first fabricated using a rapid prototyping technique,
using a Bioplotter, with strut diameters of approximately 0.5 mm and 10 consecutive layers, each oriented at

90 degrees with respect to the underlying layer.

a Methodology
— ~
>PE concentration <PE concentration
< Washing time >Washing time
i >N° bilayers <N°biayers >>>Washing time
n' ‘\‘0\\ S
‘ Freezing at -80°C and |I»
freeze-drying for 2-3 days
RAPID
PROTOTYPING DIPPINGLBL +structures 0 structures
+FREEZE DRYING (nanocoating only)

b Fibrillarstructures formation mechanism n N\ Alginate M\ /\. Chitosan Q Ice crystals
Small
complexes Comprcssif)n,shcaran
formation Srenghening Fibrillar
during each structures
bilayer

Bare Scaffold

Figure Il1.1. (a) Steps for developing the hierarchical and hybrid 3D scaffolds. (b) Mechanism for the formation of the fibrillar
structures.

Morphological properties of 2D PEM’s, such as: roughness, topography and thickness, are influenced by several
build parameters, such as PE type, charge density, ionic strength, pH, temperature, number of bilayers and
washing time. When transposing the assmbling to 3D porous substrates, parameters exhibiting a higher
impact on the final structure are expected to be those interfering with the flow of the solutions throughout the
pores, such as: PE concentration, dipping velocity, number of bilayers and surface wettability. Thereby, in this
study the influence of the number of bilayers, PE concentration, washing time and the outermost layer PE type
were assessed. Briefly, a custom-made dipping robot was used to perform the LbL self-assembly by immersing
diamine-modified PCL scaffolds: (1) in Alg solution during 10 minutes, (2) in a washing solution for 5 minutes,

(3) in Chi solution for 10 minutes, and (4) in a washing solution for 5 minutes. This process was repeated until
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the 15 PE double layers were attained, after which the scaffolds were washed several times with ultrapure
water with agitation, and immediately frozen at -80 °C to let ice crystals to grow - Figure lll.1.b. The final
structure was obtained after freeze-drying, corresponding to the sample identified as 15 dL (15 double layers).
By changing one of the experimental conditions, as summarized in Table lll.1., other samples were produced:
+Conc, by increasing the concentration of the PE’s solutions; 30dL, by repeating the dipping cycle 30 times

instead of only 15; +Alg, by depositing an additional Alg layer; and Coat, by increasing dramatically the
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duration of the washing steps.

Table I11.1. Nomenclature of the samples and respective LbL building up parameters.

Sample Ne bilayers Outermost layer Washing [min] Conc. [mg ml?]
PCL - - - -
15dL 15 Chi 5 0.5
+Conc 15 Chi 5 5
30dL 30 Chi 5 0.5
+Alg 15 Alg 5 05
Coat 15 Chi 20+20 0.5

The morphology of the bare and modified scaffolds was observed by scanning electron microscopy (SEM)-
Figure lll.2. In addition, pores were observed in detail by stereomicroscopy, with respective images being
depicted as shown in Figure Il1.S1. of the Supporting Information (SI). The scaffolds were also observed also by
reflected microscopy with a 480 nm light source, since the high fluorescence intensity of Chi at this wavelength
allows its detection on the structures. Chi was detected in all scaffolds except on the bare PCL. As it can be
observed in the SEM micrographs in Figure I11.2. (longitudinal section) and in the other images (top view), the
fibrillar structures are not only present in one layer/section of the scaffold, but also on all the struts of the
scaffold, vertical and horizontal.

PCL Coat 15dL +Conc 30dL Alg

-Dried -

Alcian Blue
-Wet -

EosinY
- Wet -

200 um 200 um 200 um . 200 um

Figure 111.2. Representative images of the structures of the scaffolds (from top to bottom): SEM micrographs; images of auto-
fluorescence of chitosan under transmitted and reflected light microscope; stereomicroscope images of the Alcian blue staining;
and stereomicroscope images of the eosin Y staining.
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A distribution in xyz plans like this is not possible to obtain with hierarchical scaffolds employing
electrospinning, where the fibers are deposited in just one xy plan. For the 15dL sample, used as reference,
fibrillar structures ranging from nano to sub-micro scale were observed inside the dried scaffolds. The density
could be increased in different directions: mostly closer to the struts by increasing number of bilayers (30dL) or
uniformly inside the pores by increasing PEs concentration (+Conc). When using higher washing times, such
fibrillar structures were not observed. In these cases, the PEM were assembled only over the surface of the PCL
struts, corresponding to PE coatings (Coat). The formation of such fibrillar structures could then be attributed
to the mechanism illustrated in Figure Ill.1.b. With shorter washing steps, excess quantities of PEs remained
inside the pores, giving rise to small complexes next to the pores wall. Those complexes progressively grown
with the multilayer build-up. Freezing the structures at =80 °C triggers the formation of ice crystals that
compress, shear and stretch the LbL structures and small complexes, inducing the fibrillar-like morphology. In
the case of higher concentration (+Conc), the viscosity of the PEs solutions was increased, limiting the
efficiency of the washing step and enhancing the accumulation of remaining PEs inside the pores, which then
promoted the development of more complexes in the whole volume of the scaffold.

On the other hand, when longer washing steps (Coat) were used, no PE remained free inside the pores and
thus no PE complexes were promoted. The scaffolds were also observed by stereomicroscope, after specific
staining for each PE: Alcian blue for Alg (blue color) and eosin Y for Chi (pink, red color); which color
intensiveness increases with the polymer content-Figure Ill.2. Significant blue and pink colors were observed
on all scaffolds (except in PCL), not only on the surface but also on the fibrillar structures, thus showing the
presence of Alg and Chi on those scaffolds.

The morphology and 3D structure of the modified scaffolds were also observed by micro-computed
tomography (uCT)-see Figure II1.3. Within the limited resolution of uCT scanner it was possible to observe
some of the PE structures distributed throughout the pores of the scaffold, namely in the sample +Conc-Figure
l11.3.a down, in opposition to bare scaffold-Figure ll.3a. top, where no such structures were observed. The low
definition of the fibrillar structures in the sample +Conc is attributed to their reduced dimensions: smaller than
the resolution of the pCT scanner. In fact, SEM micrographs showed that some of those structures had
thickness smallerthan 1 um.

The effect of the assembly over other relevant properties that can affect cell behavior was also assessed,
namely: water uptake and mechanical properties. Introducing PEM coatings or fibrillar structures in PCL
scaffolds is expected to give them the ability to uptake aqueous solutions due to the increase in surface charge
density and thus hydrophilicity. The water uptake of modified scaffolds was determined as the change of the
weight upon immersion in phosphate buffer saline (PBS) solution, at 37°C - Figure I11.3.b. The presence of the
LbL structures of the sample +Conc, has increased the water uptake by 40% relatively to PCL. The water uptake
evidenced by PCL is attributed to be water retained inside the pores. The sample +Conc also showed a faster
water uptake, indicating that with this condition a higher content of Alg/Chi structures was included in the PCL

scaffolds. The analysis of the other samples has demonstrated that by controlling the concentration of the PEs
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and the number of bilayers, one may adjust the swelling ratio of the hybrid scaffolds. This may be an important
property for the preparation of ions/proteins reservoirs localized on the PEMs, to be explored in future works.

In order to verify whether the modification method impairs the mechanical properties of the scaffolds, the
dried scaffolds were assessed by uniaxial compression tests. The compressive modulus was determined from
the stress-strain data - see Figure lIl.3.c. The compressive moduli remained unchanged despite the assembly

of PEs, being approximately 24 MPa. With 30 LbL cycles (30dL), the compression modulus has significantly
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increased to 30.845.4 MPa (p<0.05). This increase is attributed to a significant accumulation of PEs and
structures mainly on the walls/structs of the PCL scaffolds, thus reinforcing the whole 3D structure. In fact,
when the density of such structures inside the pores was higher and more uniformly distributed in whole pores
volume, on +Conc sample, there was no significant increase in the compressive modulus. These observations
indicate that playing with the assembly conditions, the density and localization of the LbL structures can be

varied without compromising the original mechanical properties of the PCL scaffolds.
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Figure I11.3.(a) 3D scan of PCL (top) and +Conc (bottom) samples, obtained by puCT. (b) Water uptake behaviour as function of
the immersion time in PBS at 37°C; (c) and compressive modulus of the studied scaffolds (* indicates all samples are statistically
different from 30dL; samples with normal distribution were tested using t-test, p<0.065; n>5).

The ultimate goal of the purposed modification strategy is to improve cell seeding efficiency and cell behavior.
In order to assess the biological behavior of the LbL modified scaffolds, their cytocompatibility was firstly
evaluated, using Sa0s-2 osteoblast-like cells, envisioning a bone tissue engineering application. Cells were
cultured during 1 and 7 days for cell distribution analysis, by SEM and DAPI staining - Figure Ill.4., and
proliferation and activity assessment, by dsDNA and ALP activity quantification - Figure Ill.5. To further
characterize distribution of viable cells, live/dead assay was also performed, with results being available in the
S, Figure 11.S2.

Cell attachment and adhesion occur within the first 24 hours in culture and are dictated by several surface

properties including roughness, surface chemical groups, surface wettability, topography, protein adsorption,
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medium conditions and cell type.® Rapid prototyped scaffolds have highly controlled and reproducible
architectures, but those 3D structures are commonly characterized by big open pores and smooth surfaces
that reduce cell seeding efficiency.

The introduction of Alg+Chi structures on the PCL prototyped scaffolds acted as cell entrapment networks
where SaOs-2 cells were able to adhere, thus increasing cell attachment and cell seeding efficiency,

particularly on sample +Conc, as can be seen by DAPI staining-Figure Ill.4.a 1day. Those findings are supported
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by SEM images, showing cell attachment in fibrillar structures (Figure Ill.4.b) and dsDNA quantification results

(Figure Il.5.a), showing higher dsDNA content on the scaffolds with fibrillar structures distributed in whole pore

volume (+Conc) than on the ones where those fibrillar structures are more close to the walls (Coat, 15dL, 30dL,

Alg samples).

a PCL Coat 15dL +Conc 30dL Alg

Figure I11.4. (a) Scaffold longitudinal central section images of the cell nucleus stained with DAPI after 1 and 7 days in culture
(Scale bar: 200 um); (b) SEM micrographs showing SaOs-2 cell morphology and adhesion onto the surfaces or onto the fibrillar
structures after 1 and 7 days in culture (Scale bar: 50 pm, where not indicated).

Alg lacks cell-adhesive ligands and support low protein adsorption which are important to promote and
regulate cellular interactions 225, which justifies the lowest dsDNA content observed for Alg sample (Alg as the
outermost layer). The cationic nature of Chi allows electrostatic interactions with anionic glycosaminoglycans
(GAGs) and proteoglycans. % 2 Moreover, Chi amine groups are known to increase the adsorption of proteins
onto the PEM, creating more adhesive points for cells.?® However, when assembled with Alg, cells have shown a
tendency to form aggregates (Figure I11.4.b 1 day) where the inner cells have lost viability (Figure 111.S2. of the SI)
and further come out of the scaffold after 7 days in culture (Figure Ill.4.b 7 days). The loss of cells upon
formation of aggregates as a consequence of the low cell-adhesive groups on the Alg and Chi has made
statistically undetectable cell proliferation on the fibrillar scaffolds (Figure Ill.5.a). In future, PE’s able to

enhance cell adhesion will be used to optimize the biological performance of the scaffolds. Nevertheless, in
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the majority of the conditions, SaOs-2 cells were able to colonize whole longitudinal section, being present not

only on the walls of the scaffolds but also in the fibrillar structures, as shown in Figure l11.4.

— Relatively to tissue culture polystyrene, in both modified and unmodified scaffolds, ALP activity was not
o
E altered after 1 day in culture, with expection of +Conc and Alg that showed oposite trends. With the culture
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Figure I11.5. (a) dsDNA content and (b) ALP activity of SaOs-2 per unit of dsDNA after 1 and 7 days in culture. All significant
differences are indicated: ¢ - different from 15dL, @ - different from 30dL, 1 - different from PCL, IT - different from Coat, * -
different from +Conc, # - different from Alg (non-parametric Kruskal-Wallis and Dunn’s post-hoc test were used, p <0.05; n > 6).

The ability of some nanostructures to enhance ALP activity has been pointed out before, namely with carbon
nanotubes® and PCL nanofiber meshes.3’This suggests that the fibrillar structures can improve cell seeding
and may also promote SaOs-2 activity and maturation as compared to 2D cultures.

In conclusion, the present work has revealed a new methodology to create nano/micro fibrillar structures
composed of Alg and Chi inside 3D scaffolds, which may be extended to other types of PEs. By controlling the
assembling parameters, namely washing time and PEs concentration, the density and distribution of these
structures can be controlled. Although there is a lack of adhesive sites on Alg/Chi structures, which can be
overcome with the selection of other PEs, SaOs-2 cells seeding efficiency has been improved in sample +Conc.
Moreover, SaOs-2 were able to colonize the 3D scaffolds, including the introduced fibrillar structures, exhibiting
also increased ALP activity in day 1. Thus, the introduction of such fibrillar features promises to play a role on

the development of a new generation of hybrid scaffolds for tissue-engineering applications.

111.2. Experimental Section

Materials: PCL (Mw 70,000 to 90,000), Chi (medium Mw), ethylenediamine and sodium alginate (250 cP, 2%), 2-
propanol, NaHO; DMEM, FBS, ATB, trypsin-EDTA and PBS were purchased from Sigma-Aldrich.
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Fabrication of PCL scaffolds: PCL granules were inserted in the BioplotterTM cartridge and heated up to 90°C.
Material was extruded by a 22G hypodermic needle with a strand size of 0.5 mm and layer thickness of 0.3 mm
with struts aligned by 90° in 10 consecutive layers.

Introduction of fibrillar structures: Scaffolds were cut with 0.5%0.5 cm (widthxlength) and modified with 10%
ethylenediamine in 2-propanol during 1 hour and 37°C. A custom-made robot was used to perform LbL
assembly by immersing scaffolds first on alginate solution during 10 minutes, followed by the NaCl washing
solution during 5 minutes, chitosan solution during 10 minutes and again washing solution during 5 minutes.
This immersion sequence was repeated until completing 15 cycles - 15dL samples. Using different washing
time, polyelectrolyte solution concentration and number of cycles, new groups of samples were obtained,
according to Table 1. After the LbL, scaffolds were washed under mild agitation in NaCl solution and ultrapure
water, and then, frozen at -80°C. Final step consisted on the water removal by freeze-drying.

Characterization: Scaffolds were characterized by the observation of the polyelectrolytes after staining, uCT,
water uptake, and compression modulus. The water uptake percentage was calculated by the differences of
weight between the dried and the wet scaffolds. Instron 4505 Universal Machine was used with a crosshead
speed of 2 mm min-1in the compression testing. The compressive modulus was determined in the most linear
region of the stress-strain graph and in the cases that the yield stress was not clear it was calculated as the
stress at the intersection of a line drawn parallel to the linear region and intercepting the x-axis at 3 to 5%
strain. Scaffolds were observed under stereomicroscope after staining with Eosin Y (staining for chitosan) and
Alcian Blue (staining for alginate) and under a light source of 480 nm under to observe the auto-fluorescent
chitosan-based structures.

Cytocompatibility assessment: SaOs-2 were seeded on the developed scaffolds with a cellular density of
300,000 10 pL-1 during 2.70 hours and then 1mL of DMEM containing FBS. After 1 and 7 days in culture, cells
were fixed using 2.5 % formalin. Then, a number of samples were stained with DAPI (1 mg/ml) and observed
under the reflected transmitted microscope with a light source of 358 nm. Scaffolds with non-fixed cells were
used to perform live/dead assay. dsDNA quantification was performed as indicated by the product provider
(Quant-iT™ PicoGreen®; Invitrogen). The ALP was evaluated using p-nitrophenol assay. Paranitrophenyl
phosphate, which is colourless, is hydrolysed by alkaline phosphatase at pH 9.8 and 37°C to form free p-
nitrophenol, which is coloured yellow. The reaction is stopped by addition of NaHO and the absorbance read

at 405 nm. For SEM observation under Leica Cambridge microscope, cells were fixed with
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111.4. Supporting Information

[11.4.1. Materials

Chitosan (Chi) bought from Sigma Aldrich was purified by a precipitation method. Briefly, Chi powder was
dissolved in 2% (v/v) of acetic acid in a concentration of 1% (w/v). The solution was maintained under stirring

overnight at room temperature. The impurities were removed by three/four filtration cycles. Then, Chi was
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precipitated using 1M NaOH while stirring. Final steps consisted on washing Chi with distilled water till reach a
neutral pH and remove the excess of water washig with alcoholic solution. Chi was freeze-dried during 3 days
and finally grinded. Poly(e-caprolactone), Sodium alginate and ethylenediamine were obtained from Sigma

Aldrich.

[11.4.2. Methods

111.4.2.1. PCL scaffolds by Bioplotter
The equipment used to produce PCL scaffold was the 3D Bioplotter™. This equipment has the capacity of

build-up scaffolds using the widest range of materials of any singular rapid prototyping machine, from soft
hydrogels over polymer melts up to hard ceramics and metals. Poly(e-caprolactone) was bought from Sigma
(PCL; Ref: 440744) with an average molecular number between 70000 and 90000. After optimization, the best

deposition parameters obtained which were used to produce the 3D structures for this work were:

e Needle diameter = fiber diameter: 0.5 mm
e lLayerthickness: 0.3 mm

e Strandsize:0.5mm

* Scaffold size: 2x2 cm

* Needlesize:2 mm

e Compressed air pressure: 4-5 MPa

e Temperature set at: 90°C

* Head velocity: 20%-35%

*  Number of layer build-up: 10

111.4.2.2. Assembly of polyelectrolyte multilayers and constructs in PCL porous structure
Before starting the modification with polyelectrolytes, the scaffolds of Coat, +dL, +Conc, 15dL, +Alg and -Vel

scaffolds were pre-modified with ethylenediamine 10% (v/v) in 2-propanol during 1 hour at 37°C to introduce
positive charged amine groups on the surface and improve the binding between the first layer and the surface.
This modification also increases the surface wettability, which facilitates the flow of the solution throughout
the pores, diminishing the possibility of the pores got occluded, therefore, making the modification more
homogeneous. Then, the scaffolds were intensively washed several times with ultrapure water and 0.5 M NaCl
pH 5.5. For the layer-by-layer (LbL) modification a homemade dipping robot was used. Approximately 20

scaffolds per condition were fixed onto the robot arm using nylon fibers. The time in each cup (40 ml of
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solution), the number of cups, and the number of cycles were set according to what is described in Table 1.
The deposition time in each polyelectrolyte was 10 minutes for all conditions. After the LbL, the samples were
washed with NaCl solution and ultrapure water under mild agitation. To let ice crystals growth, scaffolds were

frozen at-80°C. To finish the modification, the water crystals were removed by freeze-drying during 2-3 days.

Samples were sterilized using ethylene oxide to preliminary cell culture tests.

[11.4.3. Characterization

111.4.3.1. Polyelectrolyte staining

Alcian blue and eosin Y staining can be considered specific staining to alginate and chitosan, respectively once
the structures are cell and extracellular matrix-free. Commercial solutions of alcian blue and eosin Y were used
to stain the scaffolds by adding 1 ml of the respective solutions and kept at room temperature for 1 hour. The
excess of staining was then removed by washing with phosphate buffer saline solution (PBS) and kept in PBS.
Scaffolds were further observed under stereomicroscope. The higher the intensiveness of the color, the higher
the content of polyelectrolyte is.

Dried, modified and unmodified samples were observed by reflected and transmitted microscope with a 480
nm light source to analyze the morphology. At this wavelength, the polyelectrolytes can be distinguished from

the pure PCL once chitosan has high fluorescence intensity.

111.4.3.2. SEM

Scaffolds surface and structures morphology were observed using a Leica Cambridge S-360 scanning electron
microscope (SEM, Leica Cambridge, UK). All surfaces were precoated with a conductive layer of sputtered gold.

The SEM micrographs were taken at an accelerating voltage of 15 kV and at different magnifications

111.4.3.3. Water uptake

To assess the ability to uptake water, scaffolds of known weight (Wi) were immersed in PBS solution (pH 7.4)
and incubated at 37°C under static conditions. The samples were left for 30, 60, 90, 120 and 450 minutes. The
water uptake percentage was calculated by the following formula:
%=Wf - Wiwix100, where, Wf is the final weight and Wi is the initial weight. To measure Wf, the swollen samples
were weighted after the removal of excessive surface water with filter paper. Each experiment was repeated

twice, and the average value was considered to be the water uptake value.
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111.4.3.4. micro-CT

The architecture and porosity of the tubular scaffolds were analyzed by micro-computed tomography (u-CT)
using a desktop p-CT scanner (1072; SkyScan, Kontich, Belgium) at voltage of 40 kV, current of 248 mA and in
high resolution mode of 11 um x/y/z. Isotropic slice data were obtained by the system and reconstructed into
2D XY slice images. Around 600 slice images per sample were compiled and subsequently employed in the

rendering of 3D XYZ images. A p-CT analyzer and a p-CT volume realistic 3D Visualization software (SkyScan)
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was used as an image processing tool for reconstruction and creation=observation of 3D scaffold

representations.

111.4.3.5. Mechanical Properties

In order to verify if our methodology alters the mechanical properties of the dried scaffolds, uniaxial
compression testes where performed on the cubic scaffolds by Instron 4505 Universal Machine. A crosshead
speed of 2 mm/min was used in the compression tests. The values reported are the average of at least five
specimens per condition. The compressive modulus was determined in the most linear region of the stress-
strain graph and in the cases that the yield stress was not clear it was calculated as the stress at the

intersection of a line drawn parallel to the linear region and intercepting the x-axis at 3 to 5% strain.

[11.4.4. Cell behavior characterization

I11.4.4.1. Cell culture and seeding

The cytocompatibility of the developed scaffolds was evaluated using SaOs-2 cell lines, envisioning a bone
tissue engineering application. Sa0s-2 is a human primary osteoscarcoma cell line which was obtained from
European Collection of Cell Cultures (ECACC) and is able to mimic the different stages of bone regeneration
under specific stimulus. Cells were grown in Dulbecco’s Modified Eagle’s medium low glucose (DMEM, Sigma-
Aldrich) with phenol red and supplemented with 10% heat inactivated fetal and 1% antibiotic-antimycotic
solution (AT) in a humidified atmosphere with 5% CO2 at 37°C. For expansion, confluent cells cultures were
split 1:3 to 1:6 using 0.25% trypsin/EDTA. For cell seeding, samples were sterilized with ethylene oxide. Samples
were immersed in DMEM containing FBS during 2 hours in order to allow the structures swelling and protein
absorption. Cells were harvested by trypsinization and filter with cell strainer 100 pm to remove possible cell
aggregates. The medium was removed and a drop of 10 pl of cell suspension containing 300,000 cells dripped
onto the top of the scaffolds. The samples were incubated during 2.7 hours at 37°C with 5% of CO2 to allow cell
attachment. After this period 1 ml of DMEM containing FBS was added to each specimen. The samples were
rinsed twice with sterile PBS and then fixed with formalin 2.5% (v/v) (for DAPI) or glutaraldehyde 2.5% (v/v) (for
SEM), and washed extensively with PBS after these incubation. After 1 and 7 days in culture, the samples for

SEM observation were dehydrated through a graded series of ethanol (50, 70, 90, 100 % v/v; each one during 10
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minutes and twice) and dried at room temperature. The other part was stained with 4,6-diamidino-2-
phenylindole (DAPI; 1 mg/ml ) and incubated in the dark. DAPI is a fluorescent stain that binds strongly to
dsDNA. Then, after 15 minutes, staining was removed and the samples were washed twice with PBS. A
reflected/transmitted light microscope (wavelengths: excitation 358 nm and emission 460 nm) was used to

visualize the nucleus of the cells.
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111.4.4.2. dsDNA quantification

dsDNA content was quantified using the Quant-iT™ PicoGreen® dsDNA assay kit (Molecular Probes/Invitrogen)
that allows the measurement of the fluorescence produced when PicoGreen dye is excited by UV light while
bound to dsDNA. After incubation periods of 1 and 7 days, samples were rinsed twice with sterile PBS and
transferred to small tubes, where 1 mL of ultra-pure sterile water was added. All samples were directly
transferred to storage at -80°C and kept until quantification. For the quantification, samples were defrosted at
room temperature and then sonicated during 30 minutes. 100 mL of Tris—EDTA buffer were transferred into a
white opaque 96-well plate. Samples were vortexed and 28.8 mL of each plus 71.2 mL of PicoGreen solution
were added to the wells. After 10 minutes of incubation in the dark, the plate was read on a microplate reader
using an excitation wavelength of 485 nm and emission wavelength of 528 nm. A standard curve was created
by varying the concentration of dsDNA standard from 0 to 2 mg/mL, and the DNA values of the samples were

read off from the standard graph.

111.4.4.3. ALP activity quantification

Alkaline Phosphatae (ALP) is the most frequently used biochemical earlier marker of osteoblastic bone
formation. ALP activity was quantified in the same samples used for dsDNA quantification. The activity of ALP is
evaluated using p-nitrophenol assay. Paranitrophenyl phosphate, which is colorless, is hydrolysed by alkaline
phosphatase at pH 9.8 and 37°C to form free para-nitrophenol, which is colored yellow. The reaction is
stopped by addition of NaOH and the absorbance read at 405 nm. Briefly, in each well of a 96-well plate, 20 pl
of each sample previously vortexed, were mixed with 60 pl substrate solution and 0.2% wt/v p-nytrophenyl
phosphate (Sigma-Aldrich), in a substrate buffer of 1 M diethanolamine (Sigma-Aldrich) at pH 9.8. The plate
was then incubated in the dark for 45 min at 37°C. After the incubation period, 80 pl stop solution with is
composed by 2 M NaOH (Panreac) plus 0.2 mM EDTA (Sigma-Aldrich), was added to each well. Standards were
prepared with 10 uM/ml p-nytrophenol (pNP, Sigma, USA) solution, to obtain a standard curve covering the
range 0-0.3 uM/ml. Triplicates of each sample and standard were made. Finally, absorbance was read at 405
nm in a microplate reader (Bio-Tek, Synergie HT) and sample concentrations were read off from the standard
curve. The ALP concentrations were normalized against the dsDNA concentrations of the same samples to

determine the ALP activity.
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111.4.4.4. Live/dead assay

Live/dead assay is used to measure cell viability. It is a two-color fluorescence assay that simultaneously
highlights the living (green) and dead (red) cells. Briefly, the culture medium was removed and the samples
washed twice with PBS for 5 minutes, then 250 mL of calcein AM solution and propidium iodide/RNAse
solution was added and incubated for 10 minutes in the cell incubator protected from light, after 1 and 7 days
in culture. Then, the solutions were removed and samples washed twice with sterile PBS and observed under

transmitted reflected microscope using the red and green fluorescence filters.

I11.4.4.5. Scanning electron microscopy observation

The samples with cellular material, after being washed twice with sterile PBS, were fixed with 2.5%
glutaraldehyde (Sigma, USA) for 1 h and at 4°C, to evaluate the cell morphology and distribution at the surface.
Then, they were dehydrated through a graded series of ethanol (50, 70, 90 and 100%, v/v), each during 15
minutes and dried at room temperature. The surface morphology of the samples was observed using a Leica
Cambridge S-360 scanning electron microscope (SEM, Leica Cambridge, UK). All surfaces were precoated with
a conductive layer of sputtered gold. The SEM micrographs were taken at an accelerating voltage of 15 kV and

at different magnifications




[11.4.5. Supplementary figures

+Conc 30dL

Alg

Figure I11.S1. Photographs obtained by stereomicroscopy of the top view plan and pore magnification. Images
obtained using green fluorescence microscope of the magnified pores. Scale bar: 50 ym.
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Figure 111.S2. Live/dead assay images performed to +Conc sample after 1 and 7 days in culture. Scale bar: 200 um.
Inset bar scale: 50 um
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CHAPTER IV*

Nanocoatings containing sulfated polysaccharides prepared by Layer-by-Layer as
models to study cell-materials interactions

Al d431dVHD

IV.1. Abstract

The understanding of both cell-extracellular matrix (ECM) and cell-materials interactions is crucial for the
success of implantable biomaterials including tissue engineering devices. ECM is rich in sulfated and aminated
glycosaminoglycans and proteoglycans. In this way, the development of synthetic models containing those
chemical groups is a major interest. Thin coatings of polysaccharides with controlled sulfur and nitrogen
content were developed by Layer-by-Layer assembly. In particular, the multilayers were prepared by
assembling chitosan with k-, - and A-carrageenan (increasing sulfur content). The nanostructured multilayers
where characterized by quartz crystal microbalance with dissipation (QCM-D), atomic force microscopy (AFM),
scanning electron microscopy (SEM), water contact angle, x-ray photoelectron spectroscopy (XPS) and used as
models to study the effect of the sulfate groups over the behaviour of osteoblast-like cells. The biomimetic
coatings increased ALP activity and proliferation comparing with unmodified polycaprolactone surfaces.
Biomineralization on 1-carrageenan coatings was significantly higher than with other coatings, suggesting that
the sulfate groups may interact positively with molecules involved in the osteoblastic activity, which depended
on the sulfur and amine content of the surface. The developed nanocoatings can constitute an interesting
model to understand the biological influence of the sulfate and amine groups existing on the surface of

biomaterials.

Keywords: layer-by-layer, cell-materials interactions, cell behavior, sulfate, surface properties, bio-inspired

surfaces, model study.

*This chapter is based on the following publication:

Sara M. Oliveira, Tiago H. Silva, Rui L. Reis, Jodo F. Mano. Nanocoatings containing sulfated polysaccharides
prepared by Layer-by-Layer as models to study cell-materials interactions, Journal of Materials Chemistry B,
2013.
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IV.2. Introduction

Bone is a hierarchical composite material composed mainly by three types of cells - osteoblasts, osteoclasts
and osteocytes, plus extracellular matrix (ECM) and vasculature.:? Normal ECM is composed by 50 to 70% of a
mineral part of calcium phosphates ([Caio(PO4)s(OH)-]), 20 to 40% of organic matrix, 5 to 10% of water, and <

3% of lipids.*? The organic and regulatory part is rich in glycosaminoglycans (GAG’s), sialoproteins, bone “gla”
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proteins, and growth factors (GF’s), being approximately 90% of the protein content collagen type 112 GAG’s
are much more functional than just being cell supportive matrices: they form a functional network,
participating for instance in the regulation of attachment, mineralization initiation or inhibition processes.**
Most of polysaccharides in the human body are sulfated, with variable chain length and different number and
position of sulfate groups per disaccharide.®> Those are linked to core proteins in its majority, forming
proteoglycans (PG’s).> These ECM molecules are highly negative charged and rich in functional group such as -
COOH, -NH,, and -SOsH. GAG’s and PG’s provide highly hydrated gels with varying pore size and charge density
where cells are located, serving as selective sieves to regulate ions, molecules, and cell traffic and participation
in crucial signalling pathways®. Sulfated GAG’s such as chondroitin sulfate or dermatan sulfate have high
binding affinity to GF’s by the -SOsH groups (sulfate groups), capturing them and increasing their local
concentration.® " Non-sulfated GAG’s, namely hyaluronan, can bind to cell surface markers being also capable
of modulating cell behaviour.”®

Many strategies in tissue engineering (TE) are based in recapitulating the general instructive characteristics of
the ECM elements into biomaterials supports. Natural origin materials have been in the top interest materials
in TE area for the development of cell supportive materials due to the high chemical ECM similarity,
biodegradation, and the presence of more cell recognition sites.® Among those, marine-origin polymers
represent both economic and environmental benefits, besides the opportunity to obtain natural materials
with novel properties.’® In particular, chitosan (Chi) and carrageenans (Car’s) have been proposed for the
preparation of different polymeric matrices to act as cell supportive materials, namely as TE scaffolds.**3 Chi
is a linear cationic polysaccharide compose of glucosamine and 3-(1-4)-linked D-glucosamine and N-acetyl-D-
glucosamine with different proportions (but predominance of the deacetylated monomer) and sequence®,
obtained by the deacetylation of chitin extracted from the exoskeleton of crustaceans, fungi cellular wall,
cephalopods endoskeletons or insects’ cuticles (Figure IV.1a).*> Car’'s are a family of anionic sulfated
polysaccharides isolated from different species of red algae, which vary on the sulfation degree and on the
molecular position of the -SOsH groups - Figure IV.1b,c,d show the molecular structure of some the
commercially relevant Car’s with the sulfate groups highlighted in blue. The backbone structure consists on
repeating disaccharide unit (1->4)-B-D-galactopyranosyl-(1-2>3)-a-D-galactopyranosyl having also 3,6-
anydrogalactose residues.’® These sulfated polymers can be found in several products in food and pharmacy
industry. In the field of TE, kappa (k; commonly extracted from Kappaphycus alvarezii) and iota (i; from
Eucheuma denticullatum) Car’'s have been proposed for develop cytocompatible hydrogels for bone and

cartilage *'*°. The Car’s with higher sulfation degree, as lambda (A; extracted from different species of Gigartina
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and Chondrus genera), have been not so much used due to the association with the osteoarthritis positive
control model: a dose-dependent inflammatory response is triggered when 1-2% (w/v) of A-Car gels are
injected into the knee.?® Nevertheless, such inflammatory response was not observed with k-Car hydrogels %,
which supports the idea that inflammatory response caused by Car is highly dependent on parameters such as

sulfation degree and total content.

Al d431dVHD

Surface properties of 2D or 3D substrates are of major importance in the TE field.?> 2 In particular, there has
been some works where sulfonic/sulfate groups have been introduced in a controlled manner onto surfaces,
which is relevant to study materials-cells interactions. Some of those studies have focused on: i) the
improvement of surface bioactivity for apatite formation in simulated physiological environments? | ii) the
effect of the chemical landscape on cell attachment? 2%, and v) the interaction with GF’s”. Surfaces have been
functionalized with sulfonic/sulfate groups by covalent coupling?, graft polymerization 2° or as self-assembled
monolayer.?® Layer-by-layer (LbL) is a simple and versatile technology that has been widely used to produce
nanostructured films for biomedical applications with controllable surface characteristics.?” It is often based
on a simple alternated deposition of negative and positively charged polyelectrolytes (PE’s). In our research
group, LbL technology has been used to modify both 2D?%% and 3D surfaces®® 3 using natural-based PE’s.

Herein, we propose well defined models to study the effect of sulfate groups on cell behaviour based on LbL
assembling of marine-origin charged polysaccharides, namely Chi and distinct macromolecules of the Car’s

family - see Figure IV.1.
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Figure IV.1. Molecular structures of the polysaccharides (ionized form) used in this work: (a) Chi, (b) k-Car, (c) I-Car, (d) A-Car.

The polyanions used constitute a simple model where one can have different and controlled number of sulfate
groups per disaccharide (1 to 3), acting as a valuable systems to study cell-ECM/biomaterials interactions in
vitro. Despite the possible inflammatory response associated with Car, Chi and its derivatives are known to
have anti-inflammatory properties®. In this way, there may be a balance between those intrinsic anti and
inflammatory features, which together with the reduced polymer quantities used in LbL methodology, may
turn these systems into interesting models for in vitro/in vivo inflammatory and tissue regeneration studies.

The first section of this work comprises the study of the LbL assembling of Chi with the three types of Car’s. The
second section evaluates the biological response of osteoblast-like cells on the multilayers containing Car’s

with different sulfation degree.
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IV.3. Experimental Details

[V.3.1. Materials

Medium molecular weight chitosan (Chi) bought from Sigma Aldrich (MKBB0566) was purified by a
precipitation method. Briefly, Chi powder was first dissolved in 2% (v/v) of acetic acid with a concentration of

1% (w/v). The solution was maintained under stirring overnight at room temperature. The impurities were
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removed by four filtration cycles. Then, Chi was precipitated using 1M NaOH while stirring. Final steps
consisted on washing Chi with distilled water until reaching a neutral pH and on the removal of all the excess
of water, washing with increasing concentrations of ethanol solutions (20-100% v/v). Chi was freeze-dried
during 3 days and finally grinded. Poly(e-caprolactone) (PCL, Sigma-Aldrich 440744), k- (Sigma-Aldrich, 22048),
- (Fluka, 22045), A- Car (Sigma-Aldrich, 22049) and ethylenediamine were used as received.

IV.3.2. QCM-D assembling study

A Q-Sense E4 quartz crystal microbalance with dissipation monitoring system (QCM-D, Q-Sense AB, Sweden)
was used for monitoring in situ the deposition of Chi/Car bilayers at the surface of gold-coated crystals. Very
briefly, a AT cut quartz crystal is excited at its fundamental frequency (5 MHz) and at several overtones: 25, 35,
and 45 MHz (fifth, seventh, and ninth overtones, respectively). When a thin film is deposited onto the sensor
crystal the frequency decreases. If the film is thin and rigid the decrease in frequency (Af) is proportional to the
mass of the film. However, when using polymers, the adsorbed film is not rigid and this relation is not valid: the
film begins dissipating energy and exhibiting the typical viscoelastic behaviour, which is evident by the change
in the dissipation (AD).*

The crystals were first cleaned in an ultrasound bath at 30°C, and immersed successively in acetone, ethanol,
and isopropanol. Adsorption took place at 25°C and at a constant flow rate of 50 ml/min. First the Chi solution
was pumped for 10 minutes, and the weakly bound polyelectrolyte removed by pumping washing solution
(i.e., the same buffer solutions of the PE). After this, the Car solution was pumped for 10 minutes, followed by
the washing solution for more 10 minutes; this cycle repeated at least 5 times. The assembling of Chi/Car films
was studied varying the concentrations of NaCl (from 0 to 1 M), the pH (4.5 and 5.5) and the type of Car’s. Data
was modelled using Voigt model and Q-Tools software (Q sense) in order to estimate the film growth type and

the PEM thickness growth with the number of deposition steps.

IV.3.3. Samples preparation and modification with PEM’s

PCL surfaces prepared by melt-compression moulding were pre-modified with a solution of 10% (v/v) of
ethylenediamine in 2-propanol during 1 hour at 37°C in order to introduce pH responsive amine groups and
improve the binding of the first PE layer onto the surface. Then, the surfaces were intensively washed with

ultrapure water. These films were coated with the LbL assembled nanocoatings - Table IV.1. depicts the
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identification of the different multilayers prepared, according to the number of layers, the outermost layer and
the type of Car. All PE solutions were prepared in 0.1 M acetate buffer solution with pH =5.5 and 0.04 M NaCl.
The immersion time in the PE solutions was 10 minutes followed by 2 rising steps of 5 minutes each.

After finished the LbL modification, the samples were washed with the respective buffer/washing solutions and
ultrapure water under mild agitation. After drying the samples were sterilized using ethylene oxide composed

by 88% CO, and 12% ethylene oxide at a temperature of 45 °C + 3°C, pressure of 180 + 3 kPa, and a humidity of
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55+ 10 % HR during 10 hours.

Table IV.1. Samples prepared using LbL

Sample Car Nelayers Out. layer
PCL - - -
(k-Car/Chi)ss K 11 Car
(k-Car/Chi)ios K 21 Car
(k-Car/Chi)e K 12 Chi
(vCar/Chi)ss 1 11 Car
(A-Car/Chi)ss by 11 Car

IV.3.4. Surfaces characterization

IV.3.4.1. Scanning electron microscopy (SEM)

The surface morphology of the samples was observed using a Leica Cambridge S-360 scanning electron
microscope (SEM, Leica Cambridge, UK). All surfaces were precoated with a conductive layer of sputtered gold.

The SEM micrographs were taken at an accelerating voltage of 15 kV and at different magnifications.

1V.3.4.2. Atomic Force Microscopy (AFM)

AFM measurements were performed in a MultiMode STM microscope controlled by the NanoScope Il from
Digital Instruments system, operating in tapping mode at a frequency of 1 Hz. At least three measurements

were performed in different specimens.

1V.3.4.3. Contact Angle Measurement

The static water contact angle (WCA) of the samples was measured at room temperature using a OCA 15plus
goinometer equipment (DataPhysics Instruments, Germany). The values were obtained by the sessile drop
method. The used liquid was ultra pure water and the drop volume was 3 plL. At least five measurements were

carried out for each sample.

1V.3.4.4. X-ray photoelectron microscopy (XPS)

XPS analysis was performed using a Thermo Scientific K-Alpha ESCA instrument with monochromatic Al-Ka

radiation (h = 1486.92 eV) and a takeoff angle of 90° relative to the sample surface to record the C1s, O1s, S2p,
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N1s and survey spectra. The measurement was carried out in constant analyzer energy (CAE) mode with a 100
eV pass energy for survey spectra and a 20 eV pass energy for high-resolution spectra. The Cls peak was
resolved into three peaks at 285.0 eV. Surface elemental composition was determined using the standard
Scofield photoemission cross sections. The atomic concentrations were determined from the XPS peak areas

using the Shirley background subtraction technique and the Scofield sensitivity factors. The ratios of
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sulfur/carbon, sulfur/oxygen, oxygen/carbon and nitrogen/carbon on modified surfaces were calculated by
dividing the elemental percentages of each element. At least two measurements were performed in different

specimens.

IV.3.5. Cell behavior study

1V.3.5.1. Cell culture and seeding

Cell studies were performed using SaOs-2 cells, a human primary osteosarcoma cell line obtained from the
European Collection of Cell Cultures (ECACC). Cells were grown in Dulbecco’s Modified Eagle’s medium low
glucose (DMEM, Sigma-Aldrich) with phenol red and supplemented with 10% heat inactivated fetal bovine
serum (FBS, Alfagene) and 1% antibiotic-antimycotic solution (AT, Alfagene) in a humidified atmosphere with
5% CO, at 37°C. For expansion, confluent cell cultures were split in a ration of 1/3 to 1/6 using 0.25%
trypsin/EDTA. For cell seeding, samples were sterilized with ethylene oxide. SaOs-2 was used in passages
between 20 and 24.

To proceed with the cell seeding, cells were harvested by trypsinization and filtered with a cell strainer with 100
um of pore size to remove possible cell aggregates. Two cellular suspensions with a cellular density of 0.4x10°
cells/ml were prepared by cell trypsinization and couting: (i) in basal DMEM - containing 10% FBS and 1% AT;
(i) in osteogenic DMEM - containing 10% FBS, 1% AT and osteogenic supplements (50 pg/ml ascorbic acid, 10°®
M dexamethasone, 10 mM B-glycerophosphate). A volume of 10 pl of cell suspension containing 4,000 cells was
dripped onto the surfaces and samples let to incubate during 2.7 hours at 37°C with 5% of CO, for cell
attachment. After the incubation period, 1 ml of the respective culture media was added and samples

incubated for 1 or 28 days. Culture media was changed each 2-3 days.

1V.3.5.2. Cell morphology observation.

After 1 day in culture, samples were rinsed thrice with sterile PBS and then fixed with formalin 2.5% (v/v) for
cytoskeleton staining and nucleus, with phalloidin-tetramethylrhodamine B isothiocyanate (Phalloidin-TRITC,
Sigma-Aldrich) and 4,6-diamino-2-phenyindole dilactate (DAPI, Sigma-Aldrich), respectively; or glutaraldehyde
2.5% (v/v), for scanning electron microscopy (SEM) observation, during 30 minutes, at room temperature and
then extensive and carefully washed with PBS. Samples for SEM observation were dehydrated through a
graded series of ethanol (50, 70, 90, 100 % v/v; each one during 10 minutes and twice) and dried at room

temperature. Cell morphology was observed using a Leica Cambridge S-360 scanning electron microscope
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(SEM, Leica Cambridge, UK). All surfaces were precoated with a conductive layer of sputtered gold. The SEM
micrographs were taken at an accelerating voltage of 15 kV and at different magnifications.

For Phalloidin-TRITC/DAPI staining, cells were first permeabilized adding ImL of Trinton 0.2% (v/v) in PBS
during 2 minutes and then washed thrice with PBS. Samples were incubated in the dark with 120 ul of
Phalloidin-TRITC solutions for 30 minutes and then washed with PBS. Samples were observed using a Imager

Z1 fluorescence microscope (Zeiss) and photographed using an Axio Cam MRm (Zeiss).
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1V.3.5.3. dsDNA quantification.

In order to quantify cell attachment after 1 day, and cell proliferation after 28 days in culture, dsDNA was
quantified using the Quant-iT™ PicoGreen® dsDNA assay kit (Molecular Probes/Invitrogen) that allows the
measurement of the fluorescence produced when PicoGreen dye is excited by UV light while bound to dsDNA.
After incubation periods of 1 and 28 days, the samples were rinsed thrice with sterile PBS and transferred to
small tubes, where 1 mL of ultra-pure sterile water was added. All samples were directly transferred to storage
at-80°C and kept until quantification. For the quantification, samples were defrosted at room temperature and
then sonicated during 10+10 minutes. 100 mL of Tris—-EDTA buffer were transferred into a white opaque 96-well
plate. Samples were vortexed and 28.8 mL of each plus 71.2 mL of PicoGreen solution were added to the wells.
After 10 minutes of incubation in the dark, the plate was read on a microplate reader using an excitation
wavelength of 485 nm and emission wavelength of 528 nm. A standard curve was created by varying the
concentration of standard dsDNA standard from 0 to 2 mg mL*, and triplicates dsDNA values of the samples
were read off from the standard graph. At least six specimens were measured per each sample. The

experiment was repeated once.

1V.3.5.4. Alkaline phosphatase quantification.

Alkaline phosphatase (ALP) is the most frequently used biochemical earlier marker of osteoblastic bone
formation. ALP is a hydrolase enzyme responsible for removing phosphate groups from many types of
molecules, including nucleotides, proteins, and alkaloids. In bone development, the enzyme participates in
the regulation of biomineralization for instance by the regulation of inorganic pyrophosphates’ levels. ALP
activity was quantified in the same samples used for dsDNA quantification. The activity of ALP is evaluated
using p-nitrophenol assay. Paranitrophenyl phosphate, which is colourless, is hydrolysed by alkaline
phosphatase enzyme at pH 9.8 and 37°C to form free p-nitrophenol, which is coloured yellow. The reaction is
stopped by addition of NaOH and the absorbance read at 405 nm. Briefly, in each well of a 96-well plate, 20 pl
of each sample previously vortexed, were mixed with 60 pl of the substrate solution which is 0.2% wt/v p-
nytrophenyl phosphate (Sigma-Aldrich) prepared in a substrate buffer of 1 M diethanolamine (Sigma-Aldrich)
at pH 9.8. The plate was then incubated in the dark for 45 min at 37°C. After the incubation period, 80 pl stop
solution, which is composed by 2 M NaOH (Panreac) plus 0.2 mM EDTA (Sigma-Aldrich), was added to each

well. Standards were prepared with 10 pmol/ml p-nytrophenol (pNP, Sigma, USA) solution, to obtain a
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standard curve covering the range 0-0.2 M. Triplicates of each sample and standard were made. Finally,
absorbance was read at 405 nm in a microplate reader (Bio-Tek, Synergie HT) and sample concentrations in
triplicate were read off from the standard curve. The ALP concentrations were normalized against the dsDNA

concentrations of the same samples to determine the ALP activity.

CHAPTERIV

1V.3.5.5. Alizarin Red S staining for indirect calcium quantification.
Alizarin Red S (ARS), an anthraquinone derivative, can be used to identify calcium in tissue sections. Although

the reaction is not strictly specific for calcium, but also occurring with magnesium, manganese, barium,
strontium, and iron, these elements usually do not occur in sufficient concentration to interfere with the
staining. Calcium forms an ARS-calcium complex in a chelation process. After 28 days in culture, samples were
washed thrice with sterile PBS and cells fixed with 2.5% formalin during 30 minutes. The samples were then
washed with distilled water in order to remove any residual ions and 0.5 ml of alizarin red S solution (2g/100
ml, pH 4.1-4.3 adjusted with ammonium hydroxide) was added to each sample and let to react for around 5
minutes. The excess of dye was removed with distilled water, samples were observed under stereomicroscopy
and pictures were taken.

The content of calcium will be proportional to the red intensiveness. In order to elute the ARS adsorbed to the
surfaces, 400 pL of 10% (v/v) of acetic acid was added to each sample and incubated at room temperature for
30 min with shaking. Samples were vortexed for 30 seconds. After complete elution, the surfaces were
discarded, and the liquid samples heated to 85 °C for 10 min. Then, the samples were transferred to ice for 5
min. The slurry was then centrifuged at 12,000g for 30 min and 400 pL of the supernatant was removed to a
new microcentrifuge tube. Then 150 pL of 10% (v/v) ammonium hydroxide was added to neutralize the acid.
The absorbance of triplicates of the samples was read at 405 nm in a microplate reader (Bio-Tek, Synergie HT).
A calibration curve made of successive dilutions of Alizarin Red S solution with known concentration was used

in order to read off the alizarin content of the samples.

1V.3.5.6. EDS-SEM analysis of calcium and phosphate deposits.

Morphological analysis was realized in an Ultra-high resolution Field Emission Gun Scanning Electron
Microscopy (FEG-SEM), NOVA 200 Nano SEM, FEI Company. Secondary electron images were performed with
an acceleration voltage of 5kV. Chemical analyses of samples were performed by Energy Dispersive

Spectroscopy (EDS), using an EDAX Si(Li) detector with an acceleration voltage of 15 kV.

IV.3.6. Statistical Analysis

All dsDNA and ALP data were statistically analysed using non-parametric test once Shapiro-Wilk test indicated
that data did not have a normal distribution. Kruskal-wallis test was performed considering p<0.05 and with

the sample size n=6. The Dunn’s test was used as a post-hoc test.
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IV.4. Results and Discussion

IV.4.1. LbL assembling

In order to select the optimal LbL assembling conditions, Car’s and Chi polyelectrolyte multilayers (PEM’s) with
at least 10 layers were monitored in-situ using QCM-D. The PE’s assembling can be influenced by several
physico-chemical conditions including: PE nature and concentration, ionic strength, pH, salt type and
concentration, PE charge density, deposition time and rinsing step.®* Those conditions influence the
electrostatic interactions and solution vs. surface affinity that rules the assembly process, affecting the final
properties of the assembled PEM’s.

In this work, the parameters analysed in more detail were: salt concentration, PE charge density (by playing
with pH and using Car’s with different number of charged groups per repeating unit) and number of layers.
Figure IV.2. shows the monitored frequency and dissipation energy shifts during the injection of the PE’s
solutions in the system and subsequent deposition onto the quartz crystals.

The decrease in frequency is attributed to the deposition of material and the increase in dissipation to the
formation of a viscoelastic film onto the surface of the quartz crystal. The effect of NaCl concentration on the
build-up of 1-Car/Chi PEM’s was tested within the range 0 to 1 M, at pH 5.5 (Figure IV.2.a). NaCl concentration
strongly influenced the frequency shifts.

The both extreme salt concentrations tested led to both lower frequency decreases and lower dissipation
increases, thus leading to less material being deposited and more rigid films (dissipation variations are smaller
in those conditions). When the salt concentration is lower, the PE molecular chains tend to adopt a more
extended conformation due to the electrostatic repulsion between charged groups in the chains. In that
situation more rigid films are formed, with lower amounts of water, and thus involving less adsorbed mass.
However, when the salt concentration is higher, the presence of small ions will have a charge shielding effect
over the charged PE groups. In that case, the effective PE charge density is reduced and less quantity of
materials is deposited. For intermediate concentration of salt one could observe a maximum in the total
frequency variation. For the particular conditions used, the higher frequency variation is observed with 0.04 M
NaCl. In order to infer the thickness of the PEM’s from the frequency and dissipation values, a Voigt model was
employed to fit the data (Figure IV.3.). For the -Car PEM’s, an exponential film growth was observed in the
presence of 0.04 M NaCl, while with all the other concentrations the film thickness tendency to growth with the
number of layer is linear - Figure IV.3.c. The different NaCl concentrations lead to different PEM thickness upon
10 layers, being the film thickness higher when in presence of 0.04 M NaCl and approximately 80 nm, whereas

varied between 40 and 65 nm in the others - Figure IV.3.a.
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Figure IV.2. QCM-D results obtained during the construction of the Car’s/Chi films in terms of normalized shifts in frequency (Af
/v) and dissipation (AD/v ) obtained at the third overtone of: (a) 1-Car/Chi films constructed at pH 5.5 with varied NaCl
concentration (0 to 1 M); (b) k, 1 and A-Car/Chi films build up at pH 4.5 in 0.04M NaCl; (c) k-, 1- and A-Car/Chin films build up at pH
5.5in 0.04M NaCl .

K-, - and A-Car assembling with Chi was also assessed at different pHs (4.5, 5.5) in the presence of 0.04 M NaCl
(Fig.ure IV.2.b,c). The variation of pH is expected to affect mainly the charge density of Chi, which amine group
has a pKa of approximately 6.3 *>: the sulfate groups in Car’s, being formally derived from a strong acid such as
sulfuric acid, are fully ionized under the studied conditions. Additionally, the variation of pH may affect also the
polymer conformation, as reported before on chitosan and carrageenan complexes.® 3" The data of the
assembling performed at pH 4.5 (Figure IV.2.b) suggested a stronger influence of the Car type on the multilayer
construction than at pH 5.5. In fact, when comparing the values of film thickness upon 10 layers (Figure IV.3.b),
the value of k-Car PEM at pH 4.5 was much higher than in the other PEM’s, being approximately 90 nm against
~55 nm for both - and A-Car PEM’s. Chi amine groups are almost completely (~99%) protonated at pH 4.5;
thus, being the pH 5.5 more close to the pKa one can expect a lower protonation fraction (~90%) and then a
different charge compensation during LbL. In fact, such influence is observed with - and A-Car: higher
thickness at pH 5.5 due to the higher quantity of chitosan needed to compensate its higher charge density (2
sulfate groups and 3 sulfate groups per repeating unit, respectively). However, with k-Car such tendency was
not observed, with thickness being slightly higher than with the other Car types at pH 4.5, and decreasing with

the increase of the pH, though reaching similar value to the other PEM’s. In this case, the intrinsic chemical
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properties of the polymer, determined by the different interactions of the Car’s with sodium ions and chitosan
may be the leading effect: k-Car showed the more viscous behaviour of the respective films with highest values
of energy dissipation (AD). Such viscous behaviour will be promoted by the higher amount of water inside the
film, causing a higher film thickness. At pH 5.5, the thickness is about 70 nm independently on the Car. Chi

amines are slightly less protonated and there would be more interpenetration among polymer layers,
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vanishing the effect of the different charge densities of the Car types. Such effect is only predicted for
multilayers with higher number of layers (Figure IV.3.d), where an increase in thickness with the increase of
sulfate groups per Car repeating unit is foreseen, due to the increasing amount of chitosan needed for charge
compensation.

For the following studies, multilayers prepared from PE’s solutions with pH 5.5 and 0.04 M NaCl were selected
since they were the ones exhibiting less effect on the thickness when varying the Car type and thus where the

effect of the different number of sulphate groups on surface properties of multilayers can be better unravel.
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Figure IV.3. Estimation of the thickness of the PEM’s using the Voigt model taking into account the results of Figure IV.2.
Total thickness calculated for Car/Chi multilayers containing 10 layers, with Car as outermost layer: (a) variation of the
film thickness varying the NaCl concentration of 1 Car/Chi PEM’s constructed at pH 5.5; (b) variation of film thickness when
built in the presence of 40 mM NaCl according to the pH and the Car type. (c) Fitting of the data modelled using the Voigt
model for -Car/Chi system at pH 5.5 when using different NaCl concentrations. (d) Fitting of the data modelled using the
Voigt model for k-, 1-, A- Car/Chi systems at pH 5.5 in the presence of 40 mM NaCl.

IV.4.2. Surfaces characterization

Surface properties, such as surface chemistry, roughness and wettability can influence cell behaviour.? Thus,
when using Chi and Car multilayers as models to study the influence of sulfate groups on cell behaviour, such

surface properties were also analyzed. PCL membranes produced by melt-compression molding were
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modified with distinct Chi/Car nanocoatings. The surface topography, roughness, wettability were first
analysed - see Figure IV.4. and Table IV.2. The analysis of the images of the nanocoated surfaces obtained by
SEM and AFM (Figure IV.4.a, b) indicates that the ones containing k- and A-Car with 11 layers had similar
average roughness, in the range of 8.5-10 nm (Table IV.2.). With an additional chitosan layer the roughness
increased by 2 nm. By doubling the number of layers, the roughness increased 4 times. 1-Car containing PEM’s
exhibit rougher surfaces than the corresponding PEM’s with the other Car’s. Such differences could be
attributed to changes in polymer conformation. In fact, it is known that k-, - and A-Car in solution assume

different interactions with ions, resulting in different conformations that leads to different gelling behaviour.*®

38

Table IV.2. Root mean square (Rq), average roughness (Ra) of the surfaces (n=3) and water contact angle (WCA, n=5, 3uL drop

volume).
PCL (x car/chi)s.s (x car/chi)s (x car/chi)ws (1car/chi)ss (A car/chi)s.s
Rq (nm) 9.09 +£0.86 11.43+1.92 14.29+2.51 68.16 +3.83 19.58 +2.08 13.58+0.42
Ra (nm) 6.10+0.74 856+ 1.75 10.03+1.51 46.50 + 3.44 13.56+1.42 9.90+0.32
WCA (°) T7.77+4.33 22.10+1.46 17.98+3.02 19.02+1.602 19.98+2.15 20.53+1.84

The chemical analysis of the surfaces was performed by XPS analysis in regard to the nitrogen, sulfur, carbon
and oxygen content - see Figure IV.5.

With increasing of the sulfate groups, the sulfur content increased, as it can be observed in the survey
spectra and by the elements percentage (Figure IV.5.a,b). The same trend was not observed for nitrogen,
i.e., the Chi absorption seemed to not increase with the increase of number of sulfate groups of the Car’s,
with A-Car PEM exhibiting the lowest nitrogen percentage: 1 > k > A. However, it must be taken into
consideration that XPS has a sampling depth of about 5 nm.* Thus, it will only analyse the top layer(s)
and not the complete multilayer which, dependently on the nature of the PE’s can have a more fuzzy or
lamellar organization.® In this case, the higher charge density of A-Car leads to polymer chains with a
more linear conformation and thus more lamellar nanostructures are obtained. Thus, XPS is sampling
mostly the outermost A-Car layer and a higher S/N ratio is observed (Figure IV.5.c) since relatively less N
(less Chi) is detected. With k- and -Car, with less charge density, more random coil polymers are allowed
and more fuzzy films are obtained. Consequently, XPS is sampling both Car and Chi and equivalent S/N
ratios (Figure IV.5.c) are observed. This fuzzy behaviour has been already discussed above to justify the

equivalent thickness observed with all Car at pH 5.5 and these XPS results support such interpretation.
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Figure IV.4. AFM images (5x5 ym? area) of the unmodified PCL and modified PCL surfaces with different Car/Chi PEM.

Considering all the physico-chemical characterization performed, Figure IV.5.d summarizes the main
differences on the developed Car/Chi PEM’s regarding surface amine and sulfur content, and PEM
density/organization according to the Car type.

The wettability of the PEM’s was determined by measuring the water contact angle (WCA) on the top of the PCL
and PCL-PEM-modified surfaces - Table IV.2. PCL surfaces were moderately hydrophobic, with WCA of 77.8 +
4.3°, but the subsequent assembly of PEM’s result in hydrophilic surfaces with the PEM modification, reaching
WCA ranging between 18.0 + 3.0° and 22.1 + 1.6°. The different assembled PEM’s exhibited similar WCA.
Therefore, among the PEM coated surfaces, WCA is not expected to affect significantly any difference observed

in cell behaviour that will be discussed in the next section.

IV.4.3. Cell behavior

Sulfate groups are known to bind to calcium ions and to be effective for inducing apatite nucleation and
growth in simulated body fluid media.*> % Nakata Rio et al., has shown that A-Car hydrogels have a higher
ability to promote apatite formation that k-Car, both prepared by ionic crosslinking with CaCl,. Due to higher
sulfur content in A-Car hydrogels, the amount of Ca?" ions was also higher, giving rise to a larger release of this

ion into the SBF, contributing for a faster apatite formation. It would be interesting to verify if with more
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sulfated materials one would obtain higher apatite formation by cellular mediated mineralization. One expects

that LbL nanocoatings with higher sulfur content would induce higher cell biomineralization than the

— unmodified surfaces, under osteogenic conditions. The SaOs-2 osteoblast-like cell line was selected to
m .
Ll perform this study.
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Figure IV.5. (a) Survey Spectra of S2p3/2, Cls, N1s and Ols obtained by XPS analysis. (b) Elemental percentage of Sulfur,
nitrogen, oxygen and carbon of the same surfaces. (c) S/C, S/N, S/O and O/C surface ratios calculated using the elemental
percentage measured by XPS. (d) Suggested model for the Car’s/Chi PEM evidencing the influence of Car type on the amount of
adsorbed Chi.

These cells have been used as model of osteoblastic activity once they exhibit the entire differentiation
sequence of the osteoblastic cells: from proliferation to mineral nodules formation, matrix mineralization and
differentiation into osteocytes.”® * In tissue culture polystyrene and in basal media, SaOs-2 cells have basal
ALP activity and basal extracellular matrix mineralization. In osteoconductive medium (including ascorbic acid

and B-glycerophosphate) the cell line shows only a slightly increase on the production of mineralized
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collagenous matrix. Since proliferative state does not stop, mineralization considerably increases in cellular
passages higher that 50 due to instabilities in long-term cultures. For full differentiation and biomineralization,
dexamethasone-mediated induction of Sa0Os-2 is necessary.*>*

Firstly it was studied how the PEM’s could influence SaOs-2 morphology upon 24 hours of culture in both basal

and osteogenic media in the presence of serum - see Figure IV.6.

a) PCL (x car/chi) (% car/chi), (xcar/chi) o4 (vcar/chi)g (A car/chi)
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Figure IV.6. (a) SEM micrographs showing cell morphology after cultured on the samples during 24 hours in basal and
ostegenic medla. (b) Imagens of DAPI and phalloidin-rhodamine staining highlighting cell nucleus and cytoskeleton of SaOs-2
cells after 24 hours in culture in basal and osteogenic media.

In basal media, cells became more roundish and the cytoskeleton less spread in the PEM’s containing k-Car,
being even more pronounced with Chi as outermost layer or increasing the number of layers from 11 to 21. In
the case of 1-Car, where both the content of amine and sulfate groups was higher (comparing to k-Car 11 layers
sample) cell morphology presented trapezoidal-like shape. In A-Car PEM’s that present higher percentage of
sulfur on the surface butlower nitrogen content (higher S/N ratio), cells were less elongated and trapezoidal-
like.

Sa0s-2 cell attachment and activity were quantified on the studied coatings and in PCL, after 1 and 28 days in
culture, in both basal and osteogenic media - see Figure IV.7. Cell attachment and proliferation were assessed
by dsDNA quantification. In basal media, dsDNA values were significantly higher on PCL and 1-Car, than in all
other sample, for 1 day of culture (Figure IV.7.a). k-Car with 11 layers which had similar S/N ratio to 1-Car PEM,
even though had less sulfate and amine groups on the contacting face, possible had lead to a different protein

adsorption in terms of conformation, concentration and type, affecting strongly cell adhesion.
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Figure IV.7. dsDNA quantification and ALP activity of SaOs-2 cells after 1 - (a) and (b), and 28 days - (c) and (d), in culture in
basal and osteogenic media, respectively. All data was analysed using the non-parametric Kruskal-wallis test and Dunn’s post-
hoc test and all the significances are identified: bars (the samples are different), 0 (different from PCL), k (different from -
Car/Chiss), 2k (different from -Car/Chiins), chi (different from k-Car/Chie), i (different from 1-Car/Chiss), L (different from A-
Car/Chiss) (p<0.05; n=6).

In the presence of the osteogenic factors, cells became more stretched on PCL, slightly more in A-Car, much
less cells in -Car and with the same morphology in the others, as compared with the respective ones in basal
medium (Figure IV.6.). In general the amount of cells attached was not statistically influenced by the addition
of osteogenic factors with exception of the PEM containing - and A-Car (Figure IV.7.a). Therefore, the surface
chemistries have led to different surface interaction with the serum protein and the osteogenic factors,
interfering with the cell attachment process. Moreover, in some cases the osteogenic factors could actually
improved cell attachment. In the case of 1-Car PEM, the effect was negative and cell attachment was
significantly lower in the osteogenic medium, but an opposite effect was observed in the A-Car PEM.

Figure IV.7.b shows the ALP activity quantification. Contrarily to dsDNA content, ALP activity decreased
significantly with the addition of osteogenic factors in A-Car containing PEM’s; the opposite effect took place in
the 1-Car PEM. Cell number and activity are different properties: SaOs-2 cells have revealed to be more active
on the PEM’s where cell attachment was significantly lower, though with increased ALP activity in basal media,
comparing with normal basal Sa0Os-2 activity on tissue culture polystyrene (usually lower that 1 mmol ALP/ug

dsDNA®).
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Cell attachment and proliferation are two different phenomena, and 28 days was the selected time point to
both assess proliferation and biomineralization. More tests were performed for 28 days of culture to assess
information about cell proliferation (Figure IV.7.c), activity (Figure IV.7.d). Considering dsDNA content at 1 day
(Figure IV.7.a) and 28 days (Figure IV.7.c), the increase of cell number was: 13-fold in PCL surfaces, 86-fold in (k-
Car/Chi)ss, 87-fold in (k-Car/Chi)ios, 74-fold in (k-Car/Chi)s, 13-fold (1-Car/Chi)ss and 254-fold in (A-Car/Chi)ss.
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This suggested that higher S/N, S/C or S/O ratios may promote cell proliferation. In osteogenic media, cell
proliferation is not so evident once intracellular processes are focusing biomineralization: for the same
sequence the dsDNA fold increase was: 4, 9, 6, 6, 13 and 4. Figure IV.7.d shows that after 28 days in culture, ALP
activity of the cells in osteogenic media reached the basal value (around 0.4 mmol ALP/ug dsDNA). In most of
the PEM’s in basal medium, ALP content was significantly higher and significantly different from PCL whose
values remained basal. These results revealed the ability of those PEM’s to up-regulate ALP activity of SaOs-2
cells.

The amount of calcium and phosphorous on the surfaces may be indication of the mineralization rate or even
mineralization quality. After 28 days in culture, it was evaluated regarding the content of calcium mineral on
the surfaces by Alizarin Red S staining (ARS) - see Figure IV.8. ARS binds to calcium deposited on the surface
resulted from mineralization being its concentration in solution upon dissolution of the inorganic layer
proportional to the concentration of calcium. Photographs were taken to the surfaces after staining with ARS,
and different colour intensiveness could be seen. The presence of mineralization crystals was also confirmed
by SEM - Figure IV.8.a. ARS quantification, resultant from dye elution, is shown in Figure IV.8.a, b for the
different surfaces culture without and with cells, respectively, for 28 days in basal and osteogenic media.
Elemental surface analysis was performed by EDS analysis onto the surfaces cultured during 28 days in order
to quantify calcium and phosphorous - see Figure IV.8.b,c (left Y) and Figure IV.9. Ca and P were scarse or
undetected in the samples cultured in basal media. Therefore, only the spectra for osteogenic media in
presence and absence of cells are included herein - Figure IV.9.a,b. To verify the possibility of acellular
calcification be caused by the materials on the surface, e.g., nucleation of calcium mediated by the sulfate
groups, ARS content was quantified and the surfaces were characterized by EDS in the absence of Sa0Os-2 cells
- see Figure IV.8.c, Figure IV.9.b.

From the comparison with the results on uncoated PCL, calcium deposition on the acellular surfaces increased
slightly by the presence of the PEM’s in a non significant range. When cells are cultured onto the surfaces in
basal medium, the content of calcium remained very low, independently on the Car type. On the other hand, in
osteogenic media, phosphorous and calcium content on the surfaces was much higher than in basal media,
being visible the tendency for the amount of calcium be higher than in unmodified PCL. Among those, (I-
Car/Chi)ss coatings induced a significantly higher biomineralization with the presence of cells, that can be
confirm by the ARS intensiveness, content and EDS spectra. The inset of Figure IV.8.c shows that the acellular

mineralization in the same PEM is much less pronounced.
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Figure IV.8. (a) Top and middle - photographs of the cellular samples in basal and osteogenic media, respectively, after 28 day
in culture. Bottom - SEM micrographs showing the calcium phosphate crystals with the typical cauliflower morphology resultant
from the biomineralization in osteogenic medium after 28 days in culture. (b) left Y - ARS staining concentration after 28 days in
culture of Sa0s-2 cells in absence and presence of osteogenic inducers (total ARS of the cellular samples subtracted with the
total ARS of the acellular ones); Right Y - calcium atomic percentage detected by EDS (squares), phosphorous surface percentage
detected by EDS (circles). (c) left Y - ARS staining concentration after 28 days in culture without cells in absence and presence of
osteogenic inducers (total ARS of the cellular samples subtracted with the total ARS of the acellular ones); Right Y - calcium
atomic percentage detected by EDS (squares), phosphorous surface percentage detected by EDS (circles). Inset: photograph of a
(1-Car/Chi)ss stained surface with ARS which were cultured during 28 days in osteogenic media in absence of cells.

EDS results permitted to estimate the Ca/P of the precipitates - see Figure IV.9.c. The apatite crystals had a
Ca/P ratio between 1.4 and 1.6 with those deposited onto PCL surfaces among the ones with the smallest
values. The crystals presented the typical cauliflower morphology with Ca/P ratios close to the expected
stoichiometric value of 1.67 for hydroxyapatite. The observed differences could be due to sulfate groups of Car
that may have attracted and bound more

Several GF’s of interest in TE and regenerative medicine present a heparin binding affinity. Sulfation is a
common characteristic between heparins and Car’s whose sulfate groups have high affinity to GF’s turning
these materials very good candidates in this field. Car’s have high and different affinities for different GF’s.*®
Sulfate groups are known to interfere with GF’s that participate in the regulation of osteoblastic lineage, such
as bFGF, TGF B1, BMP-2 (Bone morphogenic protein-2) and 3, IGF-II, for example.*® When Car’s are in the cell

media mixed with the GF’s, they antagonise and inhibit the activity of those GF’s over the cells, probably by
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capturing and reducing the interaction with cells.*>“" Hausser and Brenner have reported that the treatment
of Sa0s-2 cultures with different concentrations of heparin have a non-monotomic effect on the matrix
production and biomineralization, being stimulatory at low concentration (5-500 ng/ml) and inhibitory at high
concentration (=5ug/ml) 46. Literature results indicated that the inhibitory/stimulatory effect is concentration-
depend, which means that both extreme concentration represent different scenarios of availability and

conformation of the GFs when presented to the cells.
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Figure 1V.9. (a) EDS spectra of the surfaces of PCL unmodified and modified with the Car PEM’s which were in culture with
Sa0s-2 in osteogenic media during 28 days. (b) Same surfaces of (a) which were in osteogenic media, changed with the same
frequency but in the absence of cells. (c) Ca/P ratio of the samples, calculated from the elemental percentages of (a).

Basing on the evidences from the literature, one believes that in the present work, the PCL surfaces modified
with PE’s may have the ability interact with GF’s that cell may be producing or that are present in the medium
serum. In fact, SaOs-2 cells secrete several proteins and GF’s such as collagen type |, osteocalcin, decorin, BMP-
2 and BMP-4, bFGF, TGF-B;, among others, even in basal medium *%. Therefore, all those observation made to
expect that the Car’'s PEM’s could work as bioactive capturing system, creating a favourable environment for
improving the biomineralization process. In general, some PEM’s studied in this work induced higher ALP
activity after 1 day in culture, and higher mineral deposition by dexamethasone stimulus and higher
proliferation after 28 days in culture, than the unmodified PCL surfaces. After 28 days, even in basal media
some PEM (e.g., -Car PEM’s) showed up-regulated ALP activity.

In osteogenic media, -Car PEM’s allowed a significantly higher biomineralization than all the other tested
conditions. Cells played an important role in the biomineralization process as compared with the acellular
mineralization on the 1-Car PEM’s after 28 days in culture. Even not being the PEM with higher surface sulfur
content, 1-Car PEM had the highest content of amine and oxygen together with a high density of the sulfate
groups, which may lead to different interaction with proteins/GFs, besides Ca and P, improving the
biomineralization even more than in the cases of k- and A-Car PEM’s.

These results underline how important the density/conformation of amine and sulfate groups can be

regarding cell behaviour.
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IV.5. Conclusions

Herein nanostructured filmes composed of sulfate and aminated polysaccharides, namely, Car’s and Chi with
bioactive potential were reported. These coatings are interesting in a point of view of studying cell-materials
interactions once they have high and controlled content of chemical groups (amine and sulfate) that are
present in the cell extracellular matrix.

Layer-by-Layer assembling of k-, - and A-Car with Chi was monitored using QCM-D which has proven that films
with distinct sulfation content can be constructed and that the final properties depend on parameters such as
salt content, pH and Car type.

The nature of the obtained PEM’s affects cell morphology and attachment, and may improve proliferation, ALP
activity and mineralization when compared with the non-modified PCL surfaces. Biomineralization is
significantly higher on -Car PEM’s which is the nanocoating more rich in oxygen and amine together with high
content of sulfur. This PEM may have higher affinity to bioactive molecules from the culture media and not just
by capture of B-glycerophosphate and calcium ions, improving even more the calcium and phosphate content
on the mineralized surfaces.

This works highlights the importance of the density/conformation of the sulfate and amine groups regarding
cell behaviour and demonstrates that LbL may be used to fabricate model coatings valuable for several in vitro

studies regarding cell-materials interactions.

IV.6. Acknowledgments

This work was partially supported by the European Union/ EFDR through the POCTEP project
0330_IBEROMARE_1_P. Portuguese Foundation for Science and Technology is gratefully acknowledged for
fellowships of S.M.O. (SFRH/BD/70107/2010) and T.H.S. (SFRH/BPD/34704/2007).




IV.7. References

1. J.R. Porter, T. T. Ruckh and K. C. Popat, Bone Tissue Engineering: A Review in Bone Biomimetics and
Drug Delivery Strategies, Biotechnol Progr, 2009, 25, 1539-1560. g
2. B. Clarke, Normal Bone Anatomy and Physiology, Clin J Am Soc Nephro, 2008, 3, S131-S139. >
3. J. E. Aubin, Regulation of osteoblast formation and function, Reviews in endocrine & metabolic B
disorders, 2001, 2, 81-94. :
4. J. B. Lian and G. S. Stein, Concepts of osteoblast growth and differentiation: basis for modulation of o)
bone cell development and tissue formation, Crit Rev Oral Biol M, 1992, 3, 269-305. E
5. J. L. Arias, A. Neira-Carrillo, J. I. Arias, C. Escobar, M. Bodero, M. David and M. S. Fernandez, Sulfated

polymers in biological mineralization: a plausible source for bio-inspired engineering, J Mater Chem,
2004, 14, 2154-2160.

6. R. O. Hynes, The extracellular matrix: not just pretty fibrils, Science, 2009, 326, 1216-1219.

7. T. Miyazaki, S. Miyauchi, A. Tawada, T. Anada, S. Matsuzaka and O. Suzuki, Oversulfated chondroitin
sulfate-E binds to BMP-4 and enhances osteoblast differentiation, J Cell Physiol, 2008, 217, 769-777.

8. S. Mathews, S. A. Mathew, P. K. Gupta, R. Bhonde and S. Totey, Glycosaminoglycans enhance

osteoblast differentiation of bone marrow derived human mesenchymal stem cells, J Tissue Eng
Regen M, 2012, 1-10.

9. J. Mano, G. Silva, H. Azevedo, P. Malafaya, R. Sousa, S. Silva, L. Boesel, J. Oliveira, T. Santos and A.
Marques, Natural origin biodegradable systems in tissue engineering and regenerative medicine:
present status and some moving trends, J R Soc Interface, 2007, 4, 999-1030.

10. T.H. Silva, A. Alves, B. M. Ferreira, J. M. Oliveira, L. L. Reys, R. J. F. Ferreira, R. A. Sousa, S. S. Silva, J. F.
Mano and R. L. Reis, Materials of marine origin: a review on polymers and ceramics of biomedical
interest, Int Mater Rev, 2012, 57, 276-307.

11. A. Di Martino, M. Sittinger and M. V. Risbud, Chitosan: A versatile biopolymer for orthopaedic tissue-
engineering, Biomaterials, 2005, 26, 5983-5990.

12. J. M. Oliveira, M. T. Rodrigues, S. S. Silva, P. B. Malafaya, M. E. Gomes, C. A. Viegas, I. R. Dias, J. T.
Azevedo, J. F. Mano and R. L. Reis, Novel hydroxyapatite/chitosan bilayered scaffold for osteochondral
tissue-engineering applications: Scaffold design and its performance when seeded with goat bone
marrow stromal cells, Biomaterials, 2006, 27, 6123-6137.

13. N. M. Alves and J. F. Mano, Chitosan derivatives obtained by chemical modifications for biomedical
and environmental applications, Int J Biol Macromol, 2008, 43, 401-414.

14. K. Kurita, Chemistry and application of chitin and chitosan, Polym Degrad Stabil, 1998, 59, 117-120.

15. M. N.V.R. Kumar, A review of chitin and chitosan applications, React Funct Polym, 2000, 46, 1-27.

16. V.L.Campo, D. F. Kawano, D. B. da Silva and I. Carvalho, Carrageenans: Biological properties, chemical

modifications and structural analysis - A review, Carbohyd Polym, 2009, 77, 167-180.

17. E. G. Popa, M. T. Rodrigues, D. F. Coutinho, M. B. Oliveira, J. F. Mano, R. L. Reis and M. E. Gomes,
Cryopreservation of cell laden natural origin hydrogels for cartilage regeneration strategies, Soft
Matter, 2013, 9, 875-885.

18. V. E. Santo, A. M. Frias, M. Carida, R. Cancedda, M. E. Gomes, J. F. Mano and R. L. Reis, Carrageenan-
Based Hydrogels for the Controlled Delivery of PDGF-BB in Bone Tissue Engineering Applications,
Biomacromolecules, 2009, 10, 1392-1401.

19. P.M. Rocha, V. E. Santo, M. E. Gomes, R. L. Reis and J. F. Mano, Encapsulation of adipose-derived stem
cells and transforming growth factor-beta 1 in carrageenan-based hydrogels for cartilage tissue
engineering, J Bioact Compat Pol, 2011, 26, 493-507.

20. C. J. Morris, in Inflammation Protocols, 2003, vol. 225, pp. 115-121.

21. E. G. Popa, P. Carvalho, A. Dias, V. E. Santo, A. Frias, A. Marques, I. R. Dias, C. A. Viegas, M. E. Gomes and
R. Reis, In vitro and in vivo biocompatibility evaluation of k-carrageenan hydrogels aimed at
applications in regenerative medicine, 2011.

22. N. M. Alves, I. H. Pashkuleva, R. L. Reis and J. F. Mano, Controlling Cell Behavior Through the Design of
Polymer Surfaces, Small, 2010, 6, 2208-2220.

23. S. M. Oliveira, N. M. Alves and J. F. Mano, Cell interactions with superhydrophilic and
superhydrophobic surfaces, J Adhes Sci Technol, 2012, 1-21.

100N



CHAPTERIV

24,

25.

26.

217.

28.

29.

30.

31

32.

33.

34.

35.

36.

37.

38.

39.
40.

41.

42.

43.

44,

45.
46.

l. B. Leonor, H. M. Kim, F. Balas, M. Kawashita, R. L. Reis, T. Kokubo and T. Nakamura, Surface potential
change in bioactive polymer during the process of biomimetic apatite formation in a simulated body
fluid, J Mater Chem, 2007, 17, 4057-4063.

P. M. Lopez-Perez, A. P. Marques, R. M. P. da Silva, I. Pashkuleva and R. L. Reis, Effect of chitosan
membrane surface modification via plasma induced polymerization on the adhesion of osteoblast-
like cells, J Mater Chem, 2007, 17, 4064-4071.

D. S. da Costa, R. A. Pires, A. M. Frias, R. L. Reis and I. Pashkuleva, Sulfonic groups induce formation of
filopodia in mesenchymal stem cells, J Mater Chem, 2012, 22, 7172-7178.

T. Boudou, T. Crouzier, K. F. Ren, G. Blin and C. Picart, Multiple Functionalities of Polyelectrolyte
Multilayer Films: New Biomedical Applications, Adv Mater, 2010, 22, 441-467.

N. M. Alves, C. Picart and J. F. Mano, Self Assembling and Crosslinking of Polyelectrolyte Multilayer
Films of Chitosan and Alginate Studied by QCM and IR Spectroscopy, Macromol Biosci, 2009, 9, 776-
785.

R. R. Costa, C. A. Custodio, F. J. Arias, J. C. Rodriguez-Cabello and J. F. Mano, Layer-by-Layer Assembly
of Chitosan and Recombinant Biopolymers into Biomimetic Coatings with Multiple Stimuli-
Responsive Properties, Small, 2011, 7, 2640-2649.

P. Sher, C. A. Custodio and J. F. Mano, Layer-By-Layer Technique for Producing Porous Nanostructured
3D Constructs Using Moldable Freeform Assembly of Spherical Templates, Small, 2010, 6, 2644-2648.

S. M. Oliveira, T. H. Silva, R. L. Reis and J. F. Mano, Hierarchical Fibrillar Scaffolds Obtained by Non-
conventional Layer-By-Layer Electrostatic Self-Assembly, Advanced Healthcare Materials, 2013, 2, 422-
27.

K. Moon-Moo and K. Se-Kwon, in Chitin, Chitosan, Oligosaccharides and Their Derivatives, CRC Press,
2010, pp. 215-221.

G. Sauerbrey, Verwendung von Schwingquarzen zur Wagung diinner Schichten und zur Mikrowagung,
Z. Physik, 1959, 155, 206-222.

L. Richert, P. Lavalle, E. Payan, X. Z. Shu, G. D. Prestwich, J. F. Stoltz, P. Schaaf, J. C. Voegel and C.
Picart, Layer by layer buildup of polysaccharide films: Physical chemistry and cellular adhesion
aspects, Langmuir, 2004, 20, 448-458.

M. Kumar, R. Muzzarelli, C. Muzzarelli, H. Sashiwa and A. Domb, Chitosan chemistry and
pharmaceutical perspectives, Chem Rev, 2004, 104, 6017-6084.

A.Hugerth, N. Caram-Lelham and L. O. Sundelof, The effect of charge density and conformation on the
polyelectrolyte complex formation between carrageenan and chitosan, Carbohyd Polym, 1997, 34,
149-156.

A. Bartkowiak and D. Hunkeler, Carrageenan-oligochitosan microcapsules: optimization of the
formation process, Colloids and Surfaces B: Biointerfaces, 2001, 21, 285-298.

T. H. Silva, A. Alves, E. G. Popa, L. L. Reys, M. E. Gomes, R. A. Sousa, S. S. Silva, J. F. Mano and R. L. Reis,
Marine algae sulfated polysaccharides for tissue engineering and drug delivery approaches,
Biomatter, 2012, 2, 278-289.

H. Bubert, J. C. Riviere and W. S. M. Werner, in Surface and Thin Film Analysis, Wiley-VCH 2011, pp. 7-41.
C. Picart, J. Mutterer, L. Richert, Y. Luo, G. D. Prestwich, P. Schaaf, J. C. Voegel and P. Lavalle, Molecular
basis for the explanation of the exponential growth of polyelectrolyte multilayers, P Natl Acad Sci USA,
2002, 99, 12531-12535.

I. B. Leonor, H. M. Kim, F. Balas, M. Kawashita, R. L. Reis, T. Kokubo and T. Nakamura, Functionalization
of different polymers with sulfonic groups as a way to coat them with a biomimetic apatite layer, J
Mater Sci-Mater M, 2007, 18, 1923-1930.

Y. Kim, R. Iwatsuki, K. Kikuta, Y. Morita, T. Miyazaki and C. Ohtsuki, Thermoreversible behavior of k-
carrageenan and its apatite-forming ability in simulated body fluid, Materials Science and
Engineering: C, 2011, 31, 1472-1476.

H. J. Hausser and R. E. Brenner, Phenotypic instability of Saos-2 cells in long-term culture, Biochem
Bioph Res Co, 2005, 333, 216-222.

D. J. Mcquillan, M. D. Richardson and J. F. Bateman, Matrix Deposition by a Calcifying Human
Osteogenic-Sarcoma Cell-Line (Saos-2), Bone, 1995, 16, 415-426.

R. Hoffman, Carrageenans Inhibit Growth-Factor Binding, Biochem J, 1993, 289, 331-334.

H. J. Hausser and R. E. Brenner, Low doses and high doses of heparin have different effects on
osteoblast-like Saos-2 cells in vitro, J Cell Biochem, 2004, 91, 1062-1073.




47.

R. Hoffman, W. W. Burns and D. H. Paper, Selective-Inhibition of Cell-Proliferation and DNA-Synthesis
by the Polysulfated Carbohydrate lota-Carrageenan, Cancer Chemoth Pharm, 1995, 36, 325-334.

Al d431dVHD






2D PLATELET LYSATE

LAYER-BY-LAYER ASSEMBLED
NANOCOATINGS 5






LAYER-BY-LAYER ASSEMBLED CELL INSTRUCTIVE
NANOCOATINGS CONTAINING PLATELET LYSATE

Polyelectrolyte







CHAPTER V*

Layer-by-Layer Assembled Cell Instructive Nanocoatings containing Platelet Lysate

A d31ldVH)

V.1. Abstract

Great efforts have been made to introduce growth factors (GFs) onto 2D/3D constructs in order to control cell
behavior. Platelet Lysate (PL) presents itself as a cost-effective source of multiple GFs and other proteins. The
instruction given by a construct-PL combination will depend on how its instructive cues are presented to the
cells. The content, stability and conformation of the GFs affect their instruction. Strategies for a controlled
incorporation of PL are needed. Herein, PL was incorporated into nanocoatings by layer-by-layer assembling
with polysaccharides presenting different sulfation degrees (SD) and charges. Heparin and several marine
polysaccharides were tested to evaluate their PL and GF incorporation capability. The consequent effects of
those multilayers on human adipose derived stem cells (hASCs) were assessed in short-term cultures. Both
nature of the polysaccharide and SD were important properties that influenced the adsorption of PL, vascular
endothelial growth factor (VEGF), fibroblast growth factor b (FGFb) and platelet derived growth factor (PDGF).
The sulfated polysaccharides-PL multilayers showed to be efficient in the promotion of morphological
changes, serum-free adhesion and proliferation of high passage hASCs (P>5). These biomimetic multilayers

promise to be versatile platforms to fabricate instructive devices allowing a tunable incorporation of PL.

Keywords: layer-by-layer assembling, instructive surfaces, platelet lysate, growth factors, cell behavior;

platelet derivative, VEGF, FGF, PDGF.

*This chapter is based on the following publication:

Sara M. Oliveira, Vitor E. Santo, Manuela E. Gomes, Reis R.L. and Jo&o F. Mano, Layer-by-Layer Assembled Cell
Instructive Nanocoatings containing Platelet Lysate, submitted, 2014.
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V.2. Introduction

The design of cell instructive surfaces is of major interest in the field of tissue engineering and regenerative
medicine. Cell behavior is dictated by the interactions occurring between cell surface macromolecules, e.g.
transmembrane proteins, glycolipids, glycoproteins and carbohydrates with the extracellular environment.**

Cells are embedded in extracellular matrix (ECM), which is rich in glycosaminoglycans, proteoglycans, water
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and growth factors (GFs), and confers mechanical support and anchorage points. GFs are cytokines present
either in soluble form or non-covalently bound to ECM polysaccharides presenting various sulfation degrees.

GFs bind to cell tyrosine kinase receptors triggering intracellular events, making them very attractive

molecules for cell behavior manipulation.® Cell behavior is affected by the concentration of GFs, as well as, by
the presence or absence of their conjugations with sulfated polysaccharides.® GFs have a short half-life and so,
strategies for their stabilization and exposure to cells at adequate doses, to trigger the adequate cell
responses, are very important for many therapeutic applications.”® Several methodologies for the introduction
of one or two different recombinant GFs (rGFs) have been used: covalent binding® ' absorption?®, biotinylated
heparin-avidin bonding!, layer-by-layer (LbL) assembling*?, GF absorption onto pre-built LbL multilayers*?, 14,
and electrostatic binding with heparin.'> ' However, more translational developments in this area have been
hindered by the high cost of rGFs, and difficulties to introduce simultaneously several GFs.

Platelets arise as a cost-effective autologous source of multiple GFs and other bioactive proteins - Figure V.1.a.
Among them, some have a proven ability to improve, for instance, adhesion, mitogenesis and cell
differentiation.}™ The instructive potential of platelet derivatives as a media supplement has been shown to
vary with the GF content and also displays variability associated with the donor.22Platelet’s derived GFs have
been successfully included onto surfaces employing adsorption®* ** and antigen specific GF recruitment from
Platelet Lysate (PL).> Sole absorption of GFs only allows for a short-term control over cells since, typically, they
are quickly released. Covalent binding of a GF allows a more stable presentation to the cells. However, its
activity may be compromised by changes in the GFs conformation, masking the active sites, or by GF-receptor
complexes cell internalization inhibition.?

LbL is a simple and versatile technology that has been employed in the development of a large variety of
biomedical devices.?”-# It is often based on a simple alternated deposition of negatively and positively charged
polyelectrolytes (PEs). LbL can be performed in protein-mild conditions on virtually any substrate, ranging
from nanoparticles to 3D scaffolds and hydrogels.?”- ?® There are reports on the beneficial use of one or two
rGFsin LbL approaches 1222

We believe that it would be advantageous to include multiple GFs from human sources as structural
components of the multilayers, increasing both the complexity of the structures and the similarity with the
ECM. We propose the use of LbL assembling for the development of multilayers nanocoatings containing PL in
their structural composition, in which cell instructive cues can be preserved. PL was combined with several
polyelectrolytes (PEs) presenting different SD (from 0 to 3 sulfate groups per sugar unit), different charges,

functional groups conformation, and compared to the gold standard for protein stabilization - heparin.
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Heparin is a highly sulfated polysaccharide that has been widely used to stabilize and attract rGFs> 13132 and
has been inspiring the synthesis of new polymeric matrices with heparin-analogue ending groups.® PEs were
assessed for their capability to adsorb PL, including the following specific GFs: VEGF, PDGF and FGFb. The role
of the PE used and the bioactivity of those multilayers were evaluated by assessing its mitogenic,

morphological and phenotypic effects on human adipose derived stem cells (hASCs).

A d31ldVH)

V.3. Materials and Methods

V.3.1. Materials

Medium molecular weight chitosan (Chi), with a degree of deacetylation of 80% (Sigma Aldrich, MKBB0566),
was purified by a re-precipitation method. Briefly, Chi powder was first dissolved in 2% (v/v) acetic acid
solution at a 1% (w/v) concentration. The mixture was maintained under stirring overnight at room
temperature. The impurities were removed by four filtration cycles. Then, Chi was precipitated by addition of 1
M NaOH while stirring. Final steps consisted of washing Chi with distilled water until reaching a neutral pH and
of dehydration by washing with ethanol-water mixtures with increasing ethanol content (20-100% v/v). Chi
was freeze-dried for 3 days and grinded. k- (Sigma-Aldrich, 22048), 1- (Fluka, 22045), A-carrageenan (Car; Sigma-
Aldrich, 22049), sodium heparin (Hep; Sigma-Aldrich, H3149), sodium alginate (Alg; Sigma Aldrich, 250 cP), and

poly(ethyleneimine) solution (PEl; Sigma-Aldrich, P3143) were used as received.

V.3.2. Materials preparation

V.3.2.1. Preparation of Platelet Lysate

Platelet concentrates were obtained from different platelet collections performed at Instituto Portugués do
Sangue (IPS, Porto, Portugal), under a previously established cooperation protocol. The components were
obtained using either the Trima Accel® Automated Blood Collection System. All the platelet products were
biologically qualified according to the Portuguese legislation. The platelet count was performed at the IPS
using the COULTER® LH 750 Hematology Analyzer and the sample volume adjusted to 1 million platelet.ul™.
The collected samples were subject to three repeated temperature cycles (frozen with liquid nitrogen at -196°C
and heated at 37°C) and frozen at -20°C until further use. The remaining platelets were eliminated by

centrifugation at 1400g for 10 min. Aliquots of Platelet lysate (PL) were stored at -20°C until final use.

V.3.2.2. Polyelectrolytes solutions
K-,1-, A-Car, Hep and Alg were prepared in 1M Tris HCL 40 nM NaCl pH 7.4 with a concentration of 0.5 mg.mL™.

Chi was dissolved in sodium acetate buffer with a concentration of 0.5 mg mL™. All the solutions were gently
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stirred overnight. PL was 10-fold diluted with Tris HCL buffer orin 1M sodium acetate 40 mM NaCl pH 6 when to
be combined with Chi.

V.3.2.3. QCM-D monitoring

A Q-Sense E4 quartz crystal microbalance (QCM-D, Q-Sense AB, Sweden) with dissipation was used for in situ

monitoring the deposition of PE/PL bilayers at the surface of 100 nm gold-coated crystals. The crystals were
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first cleaned in an ultrasound bath at 30°C, and immersed successively in acetone, ethanol, and isopropanol.

All crystals were initially modified with PEI to confer a initial positive charge. A 0.5% w/v PEl solution

(Mw 750,000, Sigma Aldrich) was pumped for approximately 30 min following by extensive rinsing. The initial
layer in the case of the combination Chi/PL was Alg.

The different polysaccharides were assembled with PL at pH 7.4, or 6 in the case of Chi, in the respective buffer
solutions above mentioned. Briefly, AT cut quartz crystals were excited at multiple overtones (1, 3,5, 7, 11, and
13), which correspond to 5, 15, 25, 35, 45, 55 and 65 MHz, respectively. The PEs solutions (0.5 mg.ml™?) were
pumped with a constant flow rate of 50 uL.min’, for 10 minutes at room temperature. As intermediate step,

the respective buffer solutions were pumped during 10 minutes to rinse the crystals.

V.3.2.4. Coatings preparation in 48-well plates

48-well plates were modified with 0.5 mL of 0.5% (w/v) PEI solution to confer a positive surface charge. Then,
the solution was removed and the wells were extensively rinsed with distilled water in order to remove the
unbound PEl. The LbL was started by the adsorption of the negative PE. In the case of Chi, an Alg layer was first
adsorbed. The adsorption times and volumes used were: 4 minutes and 0.5 mL for the polysaccharides
solutions; 0.5 mL and 10 minutes for the PL solution; intermediate rising steps x2 for 30 seconds using the
respective buffers. The sequence was repeated 6 times. The well plates were let to air-dry overnight and then

sterilized using a UV light for 40 minutes.

V.3.2.5. Protein adsorption
6-well plates were modified with PEI and the PEs, as described before. Two milliliters of PL 10% (v/v) or PL

100% (v/v), pH 6 and pH 7.4, were added to each well and let to adsorb for 30 minutes. The volume was
removed and stored at -20°C for further quantification. Each well was rinsed with 2 ml of the respective buffer,
which was then stored for further protein quantification.

The total protein was quantified in the following solutions: initial PL, PL before and after adsorption, and rising
solutions.  The measurements were performed using a NanoDrop 1000 Spectrophotometer (Thermo
Scientific). The absorbance of 2 ul volume of solution was measured at the wavelength 280 nm (n=6). The
amount of PDGF (PL10%), FGFb (PL100%) and VEGF (PL100%) was quantified using ELISA kits following the
assay protocol provided with the kit. Optical density was read at 450 nm (n=6) on a multi-well microplate

reader (Synergy HT, Bio-Tek Instruments).
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V.3.3. Cell behavior assessment

V.3.3.1. hASCs isolation

Human subcutaneous adipose tissue samples were obtained from lipoaspiration procedures performed on
women with ages between 35 and 50 years under a protocol previously established with the Department of

Plastic Surgery of Hospital da Prelada in Porto, Portugal. All the samples were processed within 24 h after the

A d31ldVH)

lipoaspiration procedure. hASCs were enzymatically isolated from subcutaneous adipose tissue as previously
described.® Briefly, the lipoaspirate samples were firstly washed with a solution of PBS and 10%
Antibiotic/Antimycotic. Liposuction tissue was digested with 0.2% Collagenase Type Il solution for 90 min with
intermittent shaking, at 37 °C. The digested tissue was filtered using a 100 pm filter mesh (Sigma-Aldrich,
Germany). The floating adipocytes were separated from the precipitation stromal fraction by centrifugation at
1250 rpm for 10 min. The cell pellet was re-suspended in lysis buffer for 10 min to disrupt the erythrocytes. After
a centrifugation at 800 rpm for 10 min, cells were again re-suspended and placed in culture flasks with
Minimum Essential o Medium (Sigma-Aldrich) supplemented with sodium bicarbonate, antibiotic/antimycotic
and 10% of Fetal Bovine Serum (Life Technologies). Cells were cultured until confluence at 37°C, 5% CO;

incubator, changing the medium every 2 days.

V.3.3.2. Cell seeding
To proceed with the cell seeding, expanded cells were harvested by trypsinization and filtered with a 100 ym

cell strainer to remove possible cell aggregates. Two cellular suspensions with a density of 1x10* cells.mL*
were prepared in minimum essential a medium supplemented with 0% or 10% FBS. A volume of 500 pl of cell
suspension was dripped into each well. Well-plates were incubated for 20 hours or 4 days for the assessment
of cell adhesion, morphology, proliferation, ALP activity/cell and phenotype, without changing the medium.

hASCs from two different donors and between passage 5 and 6 were used.

V.3.3.3. Cell morphology
After 20 hours in culture, samples were gently rinsed twice with sterile PBS and then fixed with formalin 2.5%

(v/v) during 20 minutes. Cells were permeabilized with 0.5 mL of Triton 0.2% (v/v) in PBS during 2 minutes and
then rinsed with PBS. Samples were incubated in the dark with 100 plL of (1:100) Phalloidin-TRITC (Sigma-
Aldrich) solution for 30 minutes and then washed with PBS. For cell nuclei staining, well plates were incubated
in the dark for 5 min with 100 ulL 4,6-diamino-2-phenyindole dilactate (DAPI, Sigma-Aldrich) diluted 1:1000 in

PBS. Samples were observed using an inverted Axio Observer Fluorescence Inverted Microscope (Zeiss).

V.3.3.4. Cell morphology analysis

Cell length, width and mean area were measured using the Image J software version 1.48. Cell length was

considered the longest distance between the tips of the filopodias (200<n<300 cells from 8 images). The width
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was measured on the cell nucleus position and usually in an angle approximately right to the cell length
(200<n<400 cells from 8 images). Cell area was calculated dividing the total number of nucleus by the total

area covered by the same cells (n=8). Cell aspect ratio was calculated by diving cell length per cell width.

V.3.3.5. dsDNA quantification
In order to quantify cell attachment and proliferation after 20 hours and 4 days in culture, dsDNA was
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quantified using the Quant-iT™ PicoGreen® dsDNA assay kit (Molecular Probes/Invitrogen) that allows the

measurement of the fluorescence produced when PicoGreen dye is excited by UV light while bound to dsDNA.
After incubation periods, the well plates were gently rinsed once with sterile PBS. Then, 1 mL of ultra-pure
sterile water added and kept at -80°C until quantification. For the quantification, samples were defrosted at
room temperature and the content was transferred to eppendorfs. 100 pL of Tris—-EDTA buffer were transferred
into a white opaque 96-well plate. Samples were vortexed and 28.8 pL of each plus 71.2 pL of PicoGreen
solution were added to the wells. After 10 minutes of incubation in the dark, the plate was read in a microplate
reader using an excitation wavelength of 485 nm and emission wavelength of 528 nm. A standard curve was
created by varying the concentration of standard dsDNA standard from 0 to 2 mg.mL*, and triplicates dsDNA
values of the samples were read off from the standard graph. At least six specimens were measured per each
sample. The experiment was repeated once more.

Cell proliferation was calculated by assuming as 1-fold the difference between the dsDNA content at 20 hours

and 4 days in TCPS.

V.3.3.6. ALP quantification
ALP activity was quantified in the same samples used for dsDNA quantification. The activity of ALP is typically

evaluated using the p-nitrophenol assay. Paranitrophenyl phosphate, which is colourless, is hydrolysed by
alkaline phosphatase enzyme at pH 9.8 and 37°C to form free p-nitrophenol, which is yellowish. The reaction
was stopped by addition of NaOH and the absorbance read at 405 nm. Briefly, in each well 20 pl of each
sample, previously vortexed, were mixed with 60 pl of the substrate solution which is 0.2% (w/v) p-nytrophenyl
phosphate (Sigma-Aldrich) prepared in a substrate buffer of 1 M diethanolamine (Sigma-Aldrich) at pH 9.8. The
plate was then incubated in the dark for 45 min at 37°C. After the incubation period, 80 pl stop solution, which
is composed by 2 M NaOH (Panreac) plus 0.2 mM EDTA (Sigma-Aldrich), was added to each well. Standards
were prepared with 10 pmol mL™ p-nytrophenol (pNP, Sigma, USA) solution, to obtain a standard curve
covering the range 0-0.2 M. Triplicates of each sample and the standard were made. Finally, absorbance was
read at 405 nm in a microplate reader (Bio-Tek, Synergie HT) and sample concentrations in triplicate were read
off from the standard curve. The ALP concentrations were normalized against the dsDNA concentrations of the

same samples to determine the cellular ALP activity.
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V.3.3.7. Flow cytometry
Flow cytometry was performed using anti-human CD90 APC (BD Pharmingen™), anti-human CD105 FITC

(BioRad), anti-human CD73 PE (BD Pharmingen™), anti-human CD34 PE (BD Pharmingen™), anti-human CD31
APC (R&D Systems), anti-human CD45 FTIC (BD Pharmingen™). Experiments were performed using hASCs in
passages between 5-6, before the seeding and after 4 days in culture on the unmodified and modified

surfaces.
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Cells were trypsinized, counted and re-suspended in PBS with 2% (w/v) bovine serum albumin (BSA) (Sigma)
with a concentration of 2x10° cells/100ls and incubated with the antibodies at the concentration advised by
the manufacturers. After incubation for 20 min at room temperature, protected from light, cells were washed
with PBS/BSA, re-suspended in PBS with 1% formaldehyde (Sigma) and analyzed in a BD FACSCalibur™ flow
cytometer (BD Biosciences). Cells of interest were gated in a forward vs. side scatter dot plot with a linear scale.
Isotype controls were made to discern non-specific from specific staining. A minimum of 10,000 gated events
were acquired and labeled cells were quantified.

CD’s variations were calculated relatively to their initial content in the hASCs before seeding, for each sample.
The calculation consisted in the difference between the percentages of each CD before and after 4 days in

culture, for both donors.

V.3.4. Statistical Analysis

First, it was verified with Shapiro-Wilk test that most of the data did not passed the normality test. All data was
statistically analyzed by using non-parametric tests. The unpaired one-tailed t-test with Welch’s correction for
non-parametric data was used (p<0.05).

Spearman’s Correlation was computed to assess the relationship between several variable pairs to verify the

existence of any positive or negative monotonic correlation, using Graphpad Prism.

V.4. Results and Discussion

V.4.1. Nanocoatings assembling

LbL assembling is a versatile and simple technique in the context of cell-surface interactions design. This work
has focused on the development of cell instructive multilayers prepared by combining distinct
polysaccharides with proteins derived from human PL - Figure V.1.a, b. Nature offers a wide range of PEs with
several molecular properties that may affect the PL adsorption regarding several aspects, including: the total
adsorbed PL, the amount of each GF, the net charge of the proteins, as well as, their stability. Sulfated
polysaccharides are good candidates for GFs stabilization by preserving both their conformation and
bioactivity through the favorable interactions with sulfate or sulfonic groups.®3" Herein, PEs with varying
charge and number of functional groups were selected: alginate (Alg; -1) and chitosan (Chi; +1), as unsulfated

ones; and k-, 1, and A-carrageenan (k, , A-Car; -1, -2, -3 respectively), as sulfated ones; along with heparin (Hep;
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-3), as a sulfonic one and control - Figure V.1.c. We hypothesize that the chemical diversity of such PEs will

allow tuning of the incorporation of bioactive factors from PL and, consequently, cellular response.
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Figure V.1. Main steps for the preparation of PL/Polysaccharides Layer-by-Layer assembled nanocoatings. a) Platelet isolation
from human blood as Platelet-Rich-Plasma (PRP) and examples of bioactive proteins than can be found in the enriched protein
cocktail. b) PL preparation: PRP activation by platelet disruption induced by thermal cycles for the release of the inner content. c)
Layer-by-Layer deposition combining PL with several PEs which respective functional groups and content are indicated.

The assembling of the PE/PL combinations was monitored using QCM-D - Figure V.2.a. It was observed that
proteins from PL (10% v/v) adsorbed independently of the PE charge or SD. Alg/PL, Chi/PL, kPL, v/PL, APL and
Hep/PL nanocoatings, with 6 bilayers, were assembled on silicon wafers. The mean thicknesses were
measured by ellipsometry on dried samples - Figure V.2.b. These varied between 30 and 50 nm, being similar
among most of the conditions. The nanocoatings produced with the positively charged PE, Chi, were shown to
be the thickest (p<0.05) though similar to the one containing /PL. A large fraction of the PL proteins are
negatively charged in a pH range of 5.5-6 (as opposed to several GFs), which may explain the higher thickness
of Chi/PL nanocoatings. The multilayers were amenable to being produced using negatively charged PEs as
well. Electrostatic interactions should contribute significantly to the stabilization of the multilayers, although
other kinds of interactions could participate in the LbL construction, such as, hydrophobic or hydrogen
bonds.®

Total protein quantification indicated that the profile of protein adsorption may be affected by PL
concentration - Figure V.3.a, b. With PL 10% (v/v), Chi and k could adsorb a higher content, as compared to all
other PEs (p<0.05). Increasing the PL concentration, from 10% to 100%, highly increased the content of protein

(p=<0.005; 3 to 5 fold) on the unsulfated and on the more sulfated PEs (SD=3).
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Figure V.2. Nanocoatings characterization: a) QCM-D monitoring of the normalized frequency (Af/Av) and dissipation (AD),
obtained for the seventh overtone for the LbL deposition of PE-PL-PE and intermediate rinsing steps; b) Thickness of the
nanocoatings with 6 bilayers measured by ellipsometry (n=6; mean+SEM). All combinations of pairs of samples were compared
and bars indicate the statistical different ones (p<0.05; n=6; data represented as mean+SEM).

The binding of specific GFs, namely PDGF, FGFb and VEGF, was investigated - see Figure V.3.c, d and e,
respectively. The type of PE revealed to have a huge impact in the total content of PL, as well as, in the

incorporation of the GFs. Even though sulfate groups are appropriated to bind GF through electrostatic
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interaction, higher SD may not imply higher adsorption. Actually, the densities of VEGF and FGFb did not
correlate with the SD, nor with the total protein adsorbed - Table V.S2. Moreover, the adsorption of PDGF
tended to decrease with the increase of the SD. Consequently the VEGF/PDGF and FGFb/PDGF ratios were
increased with the increase of the SD - Table V.S2. Nevertheless, when comparing with the unsulfated, the
sulfated ones and Hep could achieve high levels of GFs adsorption. But, interestingly, they have shown

different adsorption abilities. Hep could adsorb a high content of VEGF, while k was more prompt for a high
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PDGF and intermediate VEGF adsorption. On the other hand, 1Car achieved the highest levels of VEGF, FGFb

and PDGF adsorption. Contrarily, A Car has not shown the ability to highly adsorb any of the quantified GFs.
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Figure V.3. Quantification of PL, VEGF, bFGF and PDGF adsorption onto different PEs layers. Total protein adsorbed according
to the initial PL concentration: a) PL 10%(v/v), b) PL 100% (v/v). Content of GF adsorbed: c) PDGF, d) bFGF, e) VEGF. d) Density of
GFs in the formed protein-layer. All combinations of pairs of samples were compared and only the pairs not statistically similar
(with p>0.05) are indicated with exception of d) where # represents the only significant differences (p<0.05): 1 is significantly
different to all the other samples. In a) and b), § and * mean significant difference between the total protein adsorption with PL
10% and PL 100% with p(<0.05) or p(<0.005), respectively. Statistical analysis of f) can be consulted in Table V.S1. Data
represented as mean+SEM; n=6.

In general, the total content of protein adsorbed did not allow predicting of the respective content of GFs
incorporated. In fact, several significant differences were detected in the PL layer relatively to its local density
of VEGF, FGF and PDGF - see Figure V.3.f and Table V.S1. The PEs showed different patterns for the
incorporation of GFs. This highlights the importance of the initial surface chemistry regarding the interaction of
platelets derivatives with biomaterials.

Overall, the ratios of GFs can be varied with the PE, as well with the SD. This may represent a simple way of

adjusting or improving the cell instructive cues of 2D/3D biomaterials, according with the target applications.
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V.4.2. Cell morphology

Stem cell cytoskeleton organization has been correlated with cell fate commitment, besides being informative
about cell senescence.®* The proliferation rate of stem cells decays with increasing number of passages, and
ultimately cells reach a senescent state. In the case of mesenchymal stem cells, senescence is defined by an
enlarged morphology (larger width), reduced expression of surface markers and decreased differentiation
potential.®®

The potential of the developed nanocoatings to induce any significant changes on the morphology was
assessed by characterization of the width and length - Figure V.S1., cell aspect ratio (length/width) and mean
area —-Figure V.5., after 20 hours of culture. In our study, hASCs (P6-7) cultured on TCPS were approximately 50
um wide - Figure V.S1.a, b. The presence of SOsH end groups reduced cell width in comparison with TCPS.
Introducing PL on the nanocoatings further decreased the cell width for almost half of what was measured in
TCPS. Correlation’s analysis suggested that there was a moderate correlation between FGF/VEGF and
FGF/PDGF ratios with cell width - Table V.S2. Among the sulfated/sulfonic-PL nanocoatings, cell width tended
to reduce when the ratio of FGF/VEGF was increased, when FGF/PDGF was decreased and VEGF density was
lowered - Table V.S2.

On the other hand, hASCs length tended to increase with the presence of SOsH - Figure V.S1.c, d. Comparing
these with the respective surfaces with PL, its presence did not significantly alter cell length, with exception of
A/PL and Hep/PL nanocoatings where it was a slightly decreased (p<0.05). The increased cohesion between
cells with the incorporation of PL may have masked the tips of the filopodia and/or actually reduced cell
length on those two samples. Nevertheless, Spearman’s correlation pointed out that cell length tended very
strongly to increase with increase of PDGF and PL, which simultaneously, represented a decrease in

VEGF/PDGF and FGF/PDGF ratios.
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Figure V.4. a) hASCs morphology after 20 hours and b) 4 days in culture, in presence of 10% of serum. (Blue - nuclei; orange -
cytoskeleton).

All the width and length variations induced by the presence of the multilayers led to a huge reduction on cell
mean area by 1/4 to 1/2 from the initial 4000 um? on TCPS. However, the cytoskeleton was elongated,

representing an increased aspect ratio (length/width) - Figure V.5.a, b.
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Overall, the presence of SOsH on the surface made the cells achieve a slightly higher length and smaller width

that further diminished when PL was incorporated. Consequently, cell aspect ratio was increased to 6-8 on the

multilayers containing PL- Figure V.5.c. The developed nanocoatings reverted the enlarged morphology g
observed on TCPS. %
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Figure V.5. hASCs morphological analysis after 20 hours in culture. a) Mean cell area. b) Cell aspect ratio (Length/width). c)
Scheme evidencing cell length and width behavior observed with the presence of SO3H groups and PL. All the significances are
identified: bars (the samples are different), * (samples are statistically significantly different comparing to TCPS); (p<0.05; n=8 cell
area; 200<n<300 cell aspect ratio).

V.4.3. Cell adhesion, proliferation and ALP activity

In order to verify the bioactive ability of the developed multilayers, their effect over hASCs adhesion and
proliferation was assessed in short-term cultures - Figure V.6.

48-well culture plates were modified with PE, and PE/PL multilayers with 6 bilayers. Cells were seeded at an
initial density of 5000 cells.cm?in the presence and absence of serum proteins.

In the absence of both PL and medium serum, cell adhesion was very limited and almost no differences were
detected between TCPS and the PEs coatings - Figure V.6.a. The presence of PL significantly increased cell
adhesion in the cases of x/PL and 1/PL, by 5 and 8-fold, respectively, as compared to TCPS (p<0.05). This
suggested that those might be the nanocoatings which are richer in cell-adhesive moieties, or that cell
adhesion could have been mediated by interactions between surface PDGF and cell PDGF receptors. When
serum was included in the culture media, cell attachment was not as affected by the presence or absence of
PL - Figure V.6.b. However, the surfaces containing PL, namely /PL and Hep/PL, allowed for a higher cell
attachment than TCPS (p<0.05).

The proliferation rate of hASCs usually decreases with increasing passage number. PL media supplementation
has been reported to enhance cell proliferation and even refresh high passage cells.44, 45 We believe that the
expansion of high passage hASCs onto the PL-multilayers might be a way to increase the proliferation ratio
and avoid/delay senescence. hASCs (passage 5-6) were, therefore, cultured on the developed nanocoatings.
dsDNA quantification and proliferation ratios upon 4 days of culture are shown in Figure V.6.c and Figure V.7.a,

respectively. Overall, hASCs were able to proliferate on all the surfaces, and to reach over-confluence on the
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coatings with more SOsH groups and PL - Figure V.4.b. Those also allowed a higher hASCs proliferation as
compared with TCPS. Regarding the multilayers, 1/PL and Hep/PL have shown the highest ability to improve
cells proliferation (~2 fold relatively to TCPS) - Figure V.7.a. Chi/PL nanocoatings were the only samples whose
proliferation was impaired (p<0.05). This suggests that solely Chi, or a positively charged PE, may not be
adequate to attract bioactive proteins suitable to promote cell proliferation. Moreover, since Chi is uncharged

during the culture, it may not ensure sufficient stabilization, or an adequate conformation of the adsorbed

bioactive proteins.
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Figure V.6. hASCs adhesion and proliferation after 20 hours and 4 days of culture. a) hASCs adhesion in serum free conditions
after 20 hours in culture. b) hASCs adhesion in presence of 10% FBS. c) dsDNA content after 4 days in culture. All the significances
are identified: bars (the samples are different), * (different from TPCS), # (different to all other samples with PL), & (sample PE1/PL
is different to PE1); (p<0.05; n=10; 2 donors). Data represented as mean+SEM.

The mitogenic induction can be accomplished by supplementing culture medium with GFs, such as VEGF*,
FGF*', PDGF** and EGF*', in a dose-dependent manner. Those mitogenic GFs can be found in PL, which is
already established as medium supplement, to improve cell proliferation. Its mitogenic potential has been

correlated with the concentration of PDGF.*® As shown in the previous section, depending on the PE, the




percentage of the mitogenic GFs cannot be assumed as equivalent to the total content of proteins adsorbed.
Moreover, the sole ability of the PE to attract a specific GF may not be a good proliferation predictor factor if
the PE itself improves cell proliferation. For example, proliferation on Hep surfaces was higher when compared
with the other coatings without PL. The ability of Hep to improve cell proliferation has also been reported
elsewhere.® *2 By verifying the existence of correlations between GF surface density and cell proliferation, it
was possible to detect a moderately positive correlation with VEGF and FGF. A higher ability of the PE to
adsorb VEGF or FGF may be a moderate indication of a higher cell proliferation — Table V.S2. In addition, the
morphological features showed to be correlated with proliferation. Cell proliferation tended to be higher on
cells with higher cell aspect ratios and with decreased widths. In general, the culture of hASCs on these PL-
multilayers has reverted the enlarged morphology, which is a senescence-associated feature, and has
increased cell proliferation.

In vitro, alkaline phosphatase (ALP) is highly expressed in early osteogenesis, and is also considered a universal
pluripotent marker for all types of pluripotent stem cells including embryonic stem cells, embryonic germ cells
and induced pluripotent stem cells.>®** In hASCs, a significant increase in ALP activity during normal medium
conditions suggests a cell-commitment to the osteoblastic lineage or cell aging.> Therefore, when solely
expanding multipotent stem cells, a highly significant ALP increase might be unwelcome since it may
compromise stemness. The ALP activity per lysed cell was quantified after 20 hours and 4 days in culture - see
Figure V.7.b. ALP significantly increased (p<0.05) with increasing culture time although, at different extents
depending on the coating. On «, A, /PL, A/PL and the Hep/PL nanocoatings, ALP activity increase was much
lower than TCPS (p<0.05). The variations in ALP activity, upon 4 days in culture, were not correlated with cell
content, proliferation, GFs and PL content, nor with the assessed morphological features - see Table V.S2.
Nevertheless, there was a moderate positive correlation between the samples with and without PL, which also
denotes the importance of the surface chemistry. One cannot exclude that the PE coatings may have adsorb
similar proteins from media serum, although in lower concentration. The overall variations in ALP may be
related with the presence of other proteins, or proteins ratios not contemplated in the analysis. ALP activity
has been shown to vary with the ratio of the GFs used as medium supplement. For instance, FGFb has been
reported to decrease ALP activity when used as media supplement, as opposed to VEGF.>® When FGFb was
combined with VEGF, the ALP activity reached values within the range of VEGF and FGFb alone but, lower than
the increased value when cultured only with VEGF.*® Herein, as mentioned above, there was no correlation
between FGF/VEGF ratio and the ALP variations. This suggests that other important factors, not contemplated
in the analysis, may have been decisive for hASCs behavior.

Different combinations of PE and PL could be used to tune the ALP activity and proliferation and translate

different osteogenic potentials in longer-term cultures.
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Figure V.7. hASCs proliferation ratios and ALP activity after 20 hours and after 4 days of culture on the nanocoatings. a) Each set
of superimposed bars show the dsDNA content at 20 hours and 4 days with the proliferation ratios (relative to TCPS) indicated in
the bars inset; b) Each set of superimposed bars corresponds to the ALP/cell after 20 hours and 4 days in culture. All the statistical
significances are identified: bars refer to the data of 4 days in culture, * (ALP varied from 20 hours to 4 days), # (ALP at 4 days is
different from ALP on TCPS 4 days), & (ALP on sample PE1/PL is different to PE1, after 4 days in culture); (p<0.05; n=10; 2 donors).
Data presented as mean+SEM.

V.4.4. hASCs phenotype

Cultured population of hASCs are strongly characterized by being positive to CD105, CD90 and CD73 regardless
of their passage or time in culture and weak or negative for CD34 and CD31.°" 8 Within lower passages the
multipotency and the proliferation capability is not altered. However, the cell phenotype changes: both CD34
and CD31 expression declines, being accompanied by an increase of CD90 and CD105.°" % Suga et al.*®
reported that the expression of CD34 in hASCs can be reversed. hASCs lost CD34 expression upon culturing
with DMEM but regained expression after being cultured with endothelial basal medium.> The same authors
also suggested that the loss of CD34 may be related with the physiological process of commitment and/or
differentiation from immature status into specific lineages such as adipose, bone and smooth muscle.” The
hASCs phenotype was characterized before seeding (P5-P6) and after 4 days in culture, on some of the
multilayers that showed improved cell proliferation: t/PL and k/PL using TPCS and 1 as controls. Results in
Table V.1 are shown as the variation on the percentage of each CD with the culture on each respective surface,
in relation to the original phenotype before seeding.

TCPS showed the common trend of decreasing CD34, CD31 and CD45 positive cells while increasing CD105
and CD73 positive cells. On the other hand, SOsH and PL interfered with the percentage of CD31 and CD34
positive cell. A plausible reason for such variation would be the binding of CD31/CD34 positive cells (positive
cells for VEGF receptor) mediated by VEGF or other specific GFs that had been incorporated.

The results suggest less sulfated nanocoatings as more beneficial for cell proliferation applications. Whereas
higher sulfated coatings might be more suitable for differentiation purposes or, more specifically, for bone and

vascular engineering, since they present higher FGF/PDGF and VEGF/PDGF ratios.

N



Table V.1. Flow cytometry assessment of the phenotype changes between P5-6 to P6-7 when cultured on the nanocoatings or TCPS
for4 days. Table shows the CD (Cluster of Differentiation) variation comparing with the phenotype before seeding (mean+SD; 2 donors).

TCPS ! /PL k/PL
CD105 0.0£0.1 -1.6+0.5 -1.340.9 -1.240.0
CD73 0.240.1 -0.3+0.4 -0.4+0.8 -1.0+0.4
CD90 0.0£0.1 0.2+¢0.2 0.2+¢0.2 -0.840.2
CD45 -0.4+0.2 0.2+0.7 -0.6+0.9 -2.2+0.6
CD34 -0.340.1 1.0+2.4 0.5+¢1.7 -1.340.2
CD31 -0.2+0.9 19424 14429 0.2+0.4

V.5. Conclusions

hASCs are anchorage-dependent cells and the interactions with the biomaterial surface dictate their behavior
and fate. PL is a cost-effective source of several autologous bioactive proteins, e.g. GFs. Herein, we show the
preparation of cell instructive multilayers by assembling PL with several PEs using LbL.

The PE nature and the SD, are important features that have influenced the adsorption of PL, VEGF, FGFb and
PDGF. Intermediate sulfated polysaccharides were more prompt for high FGFb, VEGF and PDGF incorporation.
The low sulfated polysaccharides could adsorb high PDGF and intermediate VEGF, while Hep showed only
high VEGF adsorption. Consequently, by increasing the SD, the VEGF/PDGF and FGF/PDGF ratios tended to
increase. Overall, the biomimetic sulfated PL-multilayers were shown to be efficient in the promotion of
morphological changes, serum-free cell adhesion and cell proliferation. The results highlight the importance
of the initial surface chemistry regarding the incorporation of platelets derivatives into biomaterials. For
instance, the more sulfated PL nanocoatings might be more adequate for vascular or differentiation purposes
since they permit a lower FGFb and PDGF incorporation than the less sulfated ones. The specific interactions

of the PL containing coatings with endothelial cells will be investigated in future work.
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Figure V.S1. hASCs morphological analysis after 20 hours in culture. a) Cell mean width. b) Cumulative frequency distribution
of cell width among all the individual measured cells. c) Cell mean length. d) Cumulative frequency distribution of cell length
among all the individual measured cells. All the significances are identified: bars (the samples are statistical significantly
different), * (samples are statistical significantly different comparing to TCPS); (p<0.05; 200<n<300). Data represented as
mean+SEM.




Table V.S1. Multi-comparisons of the density of VEGF, FGF and PDGF on the PL adsorbed layer according to the polyelectrolyte
used (percentage of GF in the total amount of proteins adsorbed). All significant differences are indicated with * (p<0.05) and non
significant with x (p>0.05).

VEGF density in adsorbed layer (100%PL)

K 1 A Hep Alg Chi PL10% PL100%

)\‘ * * _ X * x _ *
Hep x . « ) . * ) .
Alg x . x x ) * ) .
chi x . « x . ) ) .

PL10% - - - - - - - -
PL100% * * * * * * - -
FGFb density in adsorbed layer (100%PL)
K 1 A Hep Alg Chi PL10% PL100%

K - * X X X * - *

A X * - X X X - *
Hep X * X - X - X
Alg X * X X - X - X
Chi - * X X X - - X

PL10% - - - - - - - -
PL100% * * * X X X - -
PDGF density in adsorbed layer (10%PL)
K 1 A Hep Alg Chi PL10% PL100%
< - P * " P * N -

A * * - X X X * -
Hep * * X - X * * -
Alg - * X X - X X -
Chi - * X X - * -

PL10% X * * * X * - -
PL100% - - - - - - - -
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Table V.S2. Spearman’s Correlation was computed to assess the relationship between the indicated pairs of variables in order to
verify the existence of any positive or negative monotonic correlation. The respective Spearman’s r coefficients and significances
are indicated.

—
-4 .
[TT] X y Spearmanr; p-value Sig.
- number of XY pairs
Q. SD VEGF100 -0.05; 11 0.44 No correlation
; SD FGF100 -0.33;11 0.16 No correlation
¥ SD PDGF10 -0.76; 12 *0.003 Strong -
SD PL10 -0.62; 29 *0.0002 Strong -
SD FGF/VEGF -0.21;11 0.26 No correlation
SD FGF/PDGF 0.82;11 *0.0016 Very Strong +
SD VEGF/PDGF 0.85;11 *0.0009 Very Strong +
SD PL100 0.51;12 *0.05 Moderate +
PL100 VEGF100 -0.24; 17 0.18 No correlation
PL100 FGF100 -0.36; 15 0.1 No correlation
PL10 PDGF10 0.51;18 *0.016 Moderate +
FGF100 VEGF100 0.37;15 0.09 No correlation
FGF100 PDGF10 0.55; 15 *0.02 Moderate +
VEGF100 PDGF10 -0.38; 18 0.06 No correlation
nDNA ALP4D 0.12;22 0.20 No correlation
DNAvar ALPvar 0.15; 22 0.25 No correlation
ALP20h ALP4D 0.38;22 *0.04 Weak +
DNAvar ALP4D 0.18;22 0.21 No correlation
DNA20h ALP4d -0.04; 22 0.44 No correlation
DNA4d ALP4d 0.06; 22 0.40 No correlation
DNA20h ALPvar -0.02; 22 0.46 No correlation
ALPvarno PL ALPvar with PL 0.59; 12 *0.02 Moderate +
DNA4d ALPvar 0.04; 22 0.43 No correlation
Cell Aspect Ratio nDNA 0.63;18 *0.002 Strong +
Cell Aspect Ratio DNAvar 0.65;18 *0.002 Strong +
Cell Aspect Ratio ALP20h 0.11;18 0.33 No correlation
Cell Aspect Ratio DNA20h -0.24; 18 0.17 No correlation
Cell Aspect Ratio ALPvar -0.12; 18 0.32 No correlation
Cell Aspect Ratio VEGF100 -0.64; 11 *0.02 Strong -
Cell Aspect Ratio FGF100 -0.33; 11 0.16 No correlation
Cell Aspect Ratio PDGF10 0.04; 12 0.45 No correlation
Cell Aspect Ratio PL100 -0.39; 12 0.10 No correlation
Cell Aspect Ratio PL10 0.52;12 *0.04 Moderate +
Cell Aspect Ratio ALP4d -0.08; 18 0.38 No correlation
Cell Aspect Ratio VEGF/PDGF -0.43; 11 0.09 No correlation
Cell Aspect Ratio FGF/PDGF -0.60; 11 *0.03 Strong -
Cell Aspect Ratio VEGF/FGF 0.014;12 0.49 No correlation
Cell length ALPvar -0.23;18 0.18 No correlation
Cell length DNAvar -0.11; 18 0.33 No correlation
Cell length VEGF/PDGF -0.88; 11 *0.0003 Very Strong -
Cell length FGF/PDGF -0.88;11 *0.0003 Very Strong -
Cell length FGF/VEGF 0.25;11 0.22 No correlation
Cell length VEGF100 -0.09; 11 0.39 No correlation
Cell length FGF100 0.25;11 0.23 No correlation
Cell length PL10 0.73;12 0.004 Strong +
Cell length PDGF 0.76; 12 0.003 Strong +
Cell width ALPvar 0.17;18 0.24 No correlation
Cell width DNAvar -0.58; 18 *0.006 Moderate -
Cell width VEGF/PDGF 0.43;11 0.09 No correlation
Cell width FGF/PDGF 0.60; 11 *0.03 Strong +
Cell width FGF/VEGF -0.60; 11 *0.03 Strong -
Cell width VEGF100 0.64;11 *0.02 Strong +
Cell width PDGF -0.06; 12 0.45 No correlation
Cell width FGF100 0.33;11 0.15 No correlation
Cell width PL10 -0.06; 12 0.45 No correlation
PDGF10 ALPvar 0.16, 12 0.32 No correlation
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ALPvar
ALPvar
ALPvar
ALPvar
PL10
PDGF10
VEGF100
FGF100
PL10

VEGF/PDGF -0.30; 12 0.17
FGF/PDGF -0.45; 12 0.07
VEGF100 -0.13; 12 0.35
FGF/VEGF 0.05;11 0.44

ALPvar 0.23;12 0.24
DNAvar -0.06; 12 0.43
DNAvar 0.54; 12 *0.04
DNAvar 0.54; 12 *0.04
DNAvar -0.28; 12 0.18

No correlation
No correlation
No correlation
No correlation
No correlation
No correlation
Moderate +
Moderate +
No correlation

Abbreviations used in Table S1:
* Significantly different (p<0.05)
N.S. = Non Significant
+=Positive monotonic correlation
- =Negative monotonic correlation
ALP20h = ALP activity per cell after 20h in culture
ALP4D = ALP activity per cell after 4 days in culture
DNAvar = DNA4D - DNA 20h
ALPvar = ALP4D - DNA20h
nDNA = proliferation ratio relatively to TCPS
VEGF100, FGF100 - density of GF adsorbed in one layer measured using PL 100%
PDGF100 - density of GF adsorbed in one layer measured using PL 10%

Correlation classification criteria (for both -1<r<1):

-.00-.19 “very weak”
+.20-.39 “weak”
+.40-.59 “moderate”
-.60-.79 “strong”
-.80-1.0 “very strong”
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CHAPTER VI*

Pro-Angiogenic Nanocoatings Containing Platelet Lysate

IN431dVHD

VI.1. Abstract

Human platelet lysate (PL) is a cost-effective and human source of multiple and potent pro-angiogenic
proteins. Nanocoatings prepared by layer-by-layer assembling incorporating PL are shown to activate

endothelial cells inducing the formation of tube-like structures and angiogenic gene expression.

Keywords: platelet lysate, growth factors, VEGF, FGF, PDGF, angiogenesis, tube-like, nanocoatings, basement

membranes, instruction.

*This chapter is based on the following publication:

Sara M. Oliveira, Rogério P. Pirraco, Alexandra P. Marques, Vitor E. Santo, Manuela E. Gomes, Rui L. Reis, Jodo F.
Mano, Pro-Angiogenic Nanocoatings Containing Platelet Lysate, submitted, 2014.
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The development of tissue engineering constructs containing functional and mature pre-vasculature is still a
major challenge.*® In the absence of such a network, the viability and regeneration potential of thick
constructs will be compromised due to the limitation of nutrients and cell debris diffusion. In order to
overcome this issue, researchers have been recurring either to material-based and cell-based approaches

aiming to create an adequate vasculature inside engineered constructs. Material approaches focus on the

CHAPTERVI

development of cellular or acellular 3D organized vessel-like structures through microfabrication and cell
seeding methodologies.* > On the other hand, cell-based approaches aim at the instruction and activation of
the involved angiogenic cells (e.g., endothelial and pericytes) leading to their cellular assembling into stable
cellular tubular networks (i.e., tubulogenesis). The specific instruction of endothelial cells (EC) towards the
formation of stable tube-like structures has been extensively investigated.® " Incorporation of extracellular
cues, natural or synthetic, such as collagen, fibrin, growth factors (GFs) or similar epitopes, can activate specific
integrins and/or tyrosine kinase receptors and efficiently promote angiogenic cells activation and assembling,
However, most of those instructive cues/constructs are frequently obtained from animal and costly sources, or
need complicated procedures.

The formation of neo-vessels involves a complex crosstalk between several cell types, platelets releasates,
extracellular matrix and their secreted bioactive proteins (pro and anti-angiogenic). Vascular endothelial
growth factor (VEGF) and fibroblast growth factor b (FGFb) are considered the most potent angiogenic GF
being frequently used in angiogenic biomaterials. The angiogenesis is initiated and regulated by several cells
types, GFs and other bioactive proteins and environmental cues such as hypoxia. The ECs are activated,
proliferate, migrate and, in the final stage, their tubular structures are stabilized by pericytes, smooth vascular
cells and synthetized ECM.®

Recent works have been highlighting the importance of the provision of multiple GFs in order to achieve better
networks regarding both size features and stability.>%** This has been explored by the combination of multiple
recombinant GFs or other cell types able to provide such bioactive moieties to EC. Platelets, natural players
during the healing process, are very attractive sources of multiple GFs and metalloproteinases involved in
angiogenesis.*?

Recently, it has been reported that platelets derivatives can stimulate ECs proliferation, migration and
enhance in vitro and in vivo angiogenesis. **% For angiogenic purposes, platelets has been mainly used as:
platelet-rich-plasma (PRP) in combination with other biomaterials ® & 1% platelet lysate adsorbed onto
scaffolds 2% as PRP-gel!’; or PRP ¥16 Some reports have shown that PRP, used as extract in GFs-reduced
Matrigel, can promote the formation of tube-like structures (TLS) of ECs within less than 24 hours.**** However,
Matrigel or other similar rich basement membranes are from animal sarcoma origin, thus are not considered a
suitable option for human application.?

Herein, we propose the reconstruction of angiogenic basement membranes-like constructs by using platelet
lysate (PL) - as a source of multiple GFs -, marine-origin polysaccharides - as stabilizers -, and layer-by-layer
assembling (LbL) - for a controlled assembling - Figure VI.1.a. PL is obtained by lysing human platelet

concentrates by freezing-thawing cycles - Figure VI.1.b. LbL is a simple and versatile technique comprising the
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alternated deposition of polyelectrolytes (PEs) interacting by electrostatic, or other types of interactions, and
can be performed in mild conditions.??2* In order to achieve an efficient EC activation mediated by GFs, their
stability, conformation and density presented to the cells must be adequate. Moreover, the type of binding
between the GF and their stabilizer will affect the intracellular signal transduction - Figure VI.1.c. Also, a

complete signal transduction may require the endocytosis of the GF-cell tyrosine kinase receptor complexes,
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such as in the case of VEGF/VEGFR2. %
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Figure VI.1. Schematic representation of the approach: (a) PL preparation; (b) Layer-by-Layer assembling. (c)
Culture of ECs during 20 hours inducing the formation of tube-like structures mediated by their interactions with
multiple proteins on the nanocoatings.

In the natural ECM, glycosaminoglycans present various molecular arrangements and different sulfation
degrees (SD), binding and stabilizing GFs mainly by electrostatic interactions.?>?" Heparin, or synthetic heparin-
analogue ending sulfate/sulfonic groups, are widely used to stabilize and attract GFs.?® 2° Since they present
high affinity and the interactions are primarily electrostatic, the conformation and bioactivity of the GFs is
usually preserved. Marine resources offer a wide range of PEs with several molecular properties and SD that
may affect the incorporation of GFs from PL onto the coatings.®>*? Therefore, marine-origin polysaccharides
can be considered convenient and cost-effective sources of PEs to attract, stabilize, buildup and tune PL
nanocoatings prepared by LbL assembling. PEs with different charge and functional groups were combined
with PL, namely: alginate (Alg; -1) and chitosan (Chi; +1), as non-sulfated PEs; and k-, v, and A-carrageenan (k, t
A; -1, -2, -3 respectively), as sulfated PEs; along with heparin (Hep; -3), as a sulfonic PE and control. Their
capability to adsorb fibroblast growth factor b (FGFb), vascular endothelial growth factor (VEGF) and platelet
derived growth factor (PDGF) was previously analyzed (Chapter V). It has been observed that the content of
those GFs is highly influenced by the nature of the PE. Briefly, the sulfated PEs and Hep adsorbed higher levels
of GFs; however, higher SD did not imply higher incorporation. Namely, PDGF adsorption decreased with the
increase of SD, and while VEGF reached the highest contents on Hep and 1Car; only 1Car adsorbed a high
content of all the measured GFs. Consequently, higher SD represented increased VEGF/PDGF and FGFb/PDGF

ratios suggesting them to be more adequate for the morphogenic activation of EC.
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Figure VI.2. HUVECs adhesion after 20 hours in culture in absence of ECGS and: a) 0% FBS, b) 10% FBS, ¢)
20% FBS. All significances are indicate with: * (different to TCPS), # (different to all, after 4 days), ¢(different to
Chi/PL and Alg/PL), (p<0.05, n=6; meantsem).

In order to preliminarily assess the pro-angiogenic potential of the nanocoatings, human umbilical vein ECs
(HUVECs) behavior was analyzed regarding their adhesion, proliferation, morphology and gene expression.
Coatings with 6 bilayers of Alg/PL, Chi/PL, xCar/PL, 1Car/PL, ACar/PL and Hep/PL (abbreviated as PE/PLy; n,
number bilayers) were seeded with 10,000 cells/cm? in the absence of both EC growth supplement (ECGS) and
heparin (common EC medium supplements), with varied concentrations of fetal bovine serum (FBS, 0%, 10%
and 20%) during 20 hours.

In absence of serum, the adhesion of HUVECs was limited and all samples were similar to tissue culture
polystyrene (TCPS) - Figure VI.2.a. With 10% FBS, cell adhesion was not significantly affected by the presence of
the multilayers with exception of Alg and Chi (p<0.05). Increasing the content of FBS to 20% has also not
altered much the adhesion of HUVECS relatively to TCPS. Nonetheless, in presence of serum, HUVECS tended

to adhere more on 1Car/PLs (p<0.05). On the other hand, the non-sulfated nanocoatings showed a tendency to

impair cell adhesion.
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Figure VI.3. EC marphology onto several A/PL multilayers, after 20 hours of culture, in presence of 10% FBS and
absence of ECGS and Hep. (a) Morphology on multilayers with different number of bilayers: 4/PLi, A/PL; and A/PLs.
(b) Effect of seeding density on the morphology of HUVECs on A/PLs multilayers. (c) Morphology of HUVECs seeded
on A/PLs with a density of 50,000 cells/cm?, and TCPS, in presence of VEGF/FGF tyrosine kinase receptor inhibitor
and DMSO. (nuclei: blue, cytoskeleton: orange).

The ability of those multilayers to activate ECs towards the formation of tube-like structures (TLS) was also
assessed. HUVECs were seeded with a density of 100,000 cells/cm? in presence of 10% FBS and their
morphology was observed after 20 hours of incubation. Figure VI.3 and Figure VI.S1. show the HUVECs
morphology on all the assessed conditions. A/PLs and Hep/PLs induced considerably higher cell cohesion,
forming branching anastomosing tubes-like with multicentric junctions giving rise to a network of TLS - Figure
VI.4. No clear TLS were observed in Alg/PLs, Chi/PLs nor 1/PLs. Although Chi and Alg polyelectrolytes
significantly adsorb PL (Chapter V), the nature or stability of their pro-angiogenic cues were not enough to
induce the cellular assembling. In the case of t/PL, TLS structures were observed under other cell density
conditions (53,000 cells/cm?) - Figure VI.S2. The ECs highly adhered onto 1/PLs, which is believed to
consequently inhibit TLS formation. This could be caused by VE cadherin complexation with VEGF receptor,
which inhibits its phosphorylation by VEGF and consequently the formation of TLS.*

The number of bilayers forming the nanocoatings could also affect the density of instructive proteins
presented to the cells. Thereby, the cell seeding density of HUVECs and the number of bilayers of the A/PL pair
were also varied. Respectively, 50000, 100000 and 150000 cells/cm? were seeded on A/PLs, and 100000
cells/cm? seeded on nanocoatings prepared with 1, 3 and 6 bilayers (A/PLy, A/PLs and A/PLe) - Figure VI.3. Total
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tube-length, number of meshes, number of nodes and master junctions formed were quantified on
fluorescence images (5x) using Angiogenesis Analyzer for Image J — Figure VI.5. A single bilayer of A/PL was
sufficient to promote the formation of a network with 100000 cells, which total tube length could be increased
with increasing number of layers. With 6 bilayers, a lower cell density has shown to be more adequate in

obtaining a better network formation than with fewer layers. This indicates that cell adhesion and TLS are
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dependent on the number of bilayers and increasing the number of layers allows a decrease of the required

cell density.
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Figure VI.4. Magnification of HUVECs assembled into a tube-like structure after 20 hours in culture on Hep/PLs
(nuclei: blue, cytoskeleton: orange).

Besides the total tube length, the number of nodes and meshes were also influenced by the number of layers.
Atendency was observed in that all these features to increase with an increasing number of layers. In general,
Hep/PLs (100,000 cells) and A/PLs (50,000 cells) have shown similar results, though on A-type a higher number
of total nodes could be counted.

Cell Profiler was used to analyze cell form factor (i.e., roundness), eccentricity (i.e., elongation), major axis (i.e.,
cell length) and minor axis (i.e., cell width) - Figure VI.S3. This analysis revealed that under the tested
conditions, the EC morphology was significantly changed when seeded on the multilayers in comparison to
TCPS. While on TCPS cells show the normal cobblestone-like morphology, they become rounder on the
instructive multilayers (form factor closer to 1). However, on the multilayers that successfully induced TLS, the
cells elongation factor was similar to TCPS. Both width and length decreased on the multilayers, thus not
altering significantly the elongation relatively to TCPS.

Frequently, on hydrogel-like basement membranes, cells tend to be more elongated after 20-24 hours of
incubation. * Herein, the surface properties (non-gel), the time of incubation and the cell number may have

caused the reduction of the size and the lack of cytoskeleton elongation.
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In order to assess cell proliferation capability, the medium was replaced with fresh medium with or without
ECGS-Hep and cells were incubated for more 3 days - Figure VI.2.b. Morphology was observed after 4 days in
culture - Figure VI.S4. Even though the initial media was changed, removing possible released GFs, HUVECs
kept some cell alignment after 4 days in culture on APLs 5*. On the other hand, in presence of ECGS cells have
lost the TLS and reached confluence.

Independently of the surface, in absence of growth supplement, cells were unable to proliferate. In particular,
Hep/PLs has not supported cell viability, and cell number was slightly reduced (p<0.05) which suggests a lower

pro-survival stimulation.
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Figure VI.5. a) Angiogenic parameters quantified with Angiogenesis Analyzer on cytoskeleton-stained images; b)
total tube length; c) number of meshes; d) number of nodes; e) number of master segments; f) number of junctions.
All pairs of samples were compared and significances are indicated (p<0.05, n=6, meantsem).

Medium supplementation with ECGS allowed a minimal proliferation of the ECs, being this effect more
pronounced on TCPS (p<0.05). Among the multilayers, 1/PLs showed the highest HUVECs proliferation. This
improvement might be related with the higher capability of 1 to incorporate FGFb, which growth factor is
reported to be able of stimulating EC proliferation.®* Nonetheless, the overall behavior suggested that these
multilayers do not promote ECs proliferation, and TLS formation in some cases. This corroborates the reported

tendency of matrixes that lead to extensive tubule formation (e.g., collagen IV, V and Matrigel) of allowing only
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a minimal EC proliferation.® * This proliferation inhibition effect could be promoted by specific GFs that are
simultaneously capable of eliciting the formation of TLS and inhibit EC proliferation. For instance,
transforming growth factor beta 1 (TGF-B1) induces angiogenesis through VEGF-mediated apoptosis.®” TGF-B1
is one of the multiple GF that can be found in PL. The simultaneous presence of TGF-B1 and other GFs, rather

than only promoting angiogenesis or mitogenesis (e.g., by FGFb and VEGF, PDGF), could both elicit
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angiogenesis and impair proliferation or cell apoptosis.

During the angiogenesis stages (activation, proliferation, migration and stabilization) the gene expression of
the ECs is regulated by several pro and anti-angiogenic factors. GFs such as VEGF and FGFb activate ECs and
promote their proliferation. Integrin such as a5, av, B3 play important roles during EC migration while
angiopoientin-1, PDGF and TGF- regulate maturation and vessels stabilization. &% *® Herein, gene expression
of VEGFA, FGFb, integrins (a5, av and B3) and angiopoietin-1 were quantified after 20 hours of culture - Figure
VI.S5.

In accordance with the literature, the angiogenic-gene expression alterations during TLS formation are
expected to be of small magnitude (<2-fold) or even negative, as related to TCPS. ** “° Indeed, for the majority
of conditions, gene expression was similar or significantly lower than TCPS with the exception of the
expression of VEGFA and angiopoietin-1. Regarding the expression of integrins, A/PLs (50,000 cells), A/PLs
(100,000 cells), /PLs (100,000 cells) and Hep/PLs (100,000 cells) have, in general, shown lower or similar
expression to TCPS (p<0.05). Exogenous FGFb is known to be able to promote angiogenesis, both in vivo and in
vitro, by up-regulating the expression of VEGFA and the endogenous VEGFA in ECs.** However, the expression of
FGFb was decreased on 1/PLg (100,000 cells), A/PLz (100,000 cells), A/PLg (50,000 cells), A/PLs (100,000 cells), with
exception of Hep/PLs.

Both VEGFA and angiopoietin-1 are strong pro-angiogenic factors with distinct functions and bidirectional
dependent: one up-regulates the other. While VEGFA causes vascular permeability, angiopoieitin-1 stabilizes
the blood vessels and avoids plasma leakage induced by VEGFA.*> % Although being frequently related with
different angiogenesis stages, the simultaneously stimulation of ECs with VEGFA and angiopoietin-1 has
previously shown a synergistic improvement of angiogenesis.**

Recently, it has been reported that PRP contains high amounts of angiopoietin-1 (~300fold more than
VEGFA).® The same study has shown that angiopoietin-1 and its respective cell receptor (Tie2) are crucial in
promoting angiogenesis when using a preparation of 250-fold diluted PRP.

Both the expression of VEGF-A and angiopoietin-1 were simultaneously increased with exception of TCPS,
Alg/PLs and /PLs. Angiopoietin-1 was increased even on the multilayers not promoting TLS which suggests
that surface VEGFA or FGFb (which primarily up-regulates VEGFA*') might have up-regulated angiopoietin-1.°
Whether a significant amount of angiopoietin-1 had been incorporated in the coatings, it could have up-
regulate VEGFA expression and VEGFA endogenous content, and consequently, indirectly stimulating the
formation of TLS #4647

HUVECs were cultured in presence of a FGF/VEGF tyrosine kinase receptor inhibitor to understand whether the

morphogenic changes were driven by those pro-angiogenic GFs. This compound would block the interaction
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of FGF and VEGF from the nanocoating, or the soluble form, with their respective cell receptors (e.g., FGFR2 and
VEGFR2). A condition that was shown to induce TLS was selected: 50,000 cells/cm? onto A/PLs. Cells were
seeded with a manufacture’s recommended range of concentrations of inhibitor dissolved with DMSO (150nM
and 200nM, containing 0.0075% v/v and 0.01% v/v DMSO, respectively) or only with DMSO (0.0075% v/v and
0.01% v/v of DMSO - named DMSO 150 and DMSO 200) during 20 hours. The use of DMSO as a solvent has

IN431dVHD

diminished the observed cellular density and made cells more elongated - Figure VI.3.c. However, the ability of
HUVECS to be more cohesive and to align was further reduced with the presence of the inhibitor and with its
increased concentration. Cell Profiler analysis has not revealed significant differences between A/PLs (50,000
cells) with inhibitor and only with DMSO, both for 150 nM and for 200 nM - Figure VI.S3. DMSO is reported as
being able to decrease cell adhesion even at low concentrations (1.55% v/v).*® Concentrations higher than 1%
v/v have also been reported to impair the formation of TLS on Matrigel.* Thereby, one cannot exclude the
inhibition of TLS and changes in cell morphology to be in part caused by DMSO. Nonetheless, there are
indications that at least at some extent, FGF/VEGF has mediated the formation of TLS.

Overall, the results suggest that by tuning the layer-by-layer constructed basement membranes-like it is
possible to promote a pro-angiogenic phenotype and gene expression in HUVECs. This may be a cost-effective
approach to modify 2D/3D constructs and guide ECs towards the formation of tube-like structures driven by

multiple and synergistic stimulations through e.g. VEGF, FGF, TGF-f and angiopoietin-1.

VI.2. Conclusions

There is still a current need to develop cost effective cell-interfaces able to promote angiogenesis and the
formation of stable vasculature.

PL is a source of several pro-angiogenic and other proteins involved in the angiogenesis from the earliest to
the maturation phases. Herein, PL was incorporated in layer-by-layer assembled nanocoatings with varied
polysaccharides and number of layers. The nanocoatings prepared with the more sulfated polysaccharides
elicited the formation of tube-like structures in ECs within 20 hours of incubation. These morphogenic changes
were accompanied by differences in gene expressions, mainly higher VEGFA and higher angiopoietin-1.
Layer-by-Layer assembling including PL might be a simple methodology to introduce and tune cost-effective

pro-angiogenic interfaces in 2D/3D biomaterials.
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VI.4. Support Information

VI.4.1. Figures
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Figure VI.S1. a) HUVECs morphology after 20 hours in culture showing the formation of tube-like structures (TLS) on some of
the polyelectrolyte/PL nanocoatings (100,000 cells/cm?). b) Cell morphology of HUVECs seeded on A/PLs and TPCs in presence of
VEGF/FGF receptor kinase inhibitor (or DMSO) inhibiting the formation of TLS (50,000 cells/cm?). (cytoskleton: orange; nuclei:
blue).
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Figure VI.S2. HUVECs morphology after 20 hours in culture showing the formation of tube-like structures (TLS) on 1/PLs (53,000
cells/cm?).
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Figure VI.S3. Cell morphological analysis using Cell Profiler: (a) Form factor, (b) minor axis, (c) major axis and (d) eccentricity of
HUVECs after 20 hours of incubation. Data is presented as mean+SEM, 13=n>5. 5= 50,000 cells/cm? 10%=100,000 cells/cm?
15%=150,000 cells/cm?.
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Figure VI.S4. HUVECs (A/PLs 50,000 cells/cm?) morphology after 4 days in culture showing some remaining TLS when cultured
in absence of ECGS-hep (10%FBS), while in presence of ECGS-hep (10%FBS) cells had disassembled, proliferated and reached

confluence.
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Figure VI.S5. Gene expression fold variation of Angiopoietin-1, VEGF-A, FGFb and integrins a,, as, Bs relatively to TCPS. The
expression of theses genes was normalized against the housekeeping B-actin gene or GAPHD (in case of VEGFA) and calculated by
the Livak method (27429, Samples were compared with the control (TPCS) and differences are identified with * (p<0.05, n=8,
mean+sem). 5= 50,000 cells/cm?; 10*=100,000 cells/cm?; 15=150,000 cells/cm?.




VI.4.2. Materials and Methods

VI.4.2.1. Materials
Medium molecular weight chitosan (Chi), with a degree of deacetylation of 80% (Sigma Aldrich, MKBB0566),

was purified by a re-precipitation method. Briefly, Chi powder was dissolved in 2% (v/v) acetic acid solution

with 1% (w/v) concentration. The mixture was stirred overnight at room temperature. The impurities were
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removed by four filtration cycles. Then, Chi was precipitated by addition of 1 M NaOH while stirring. Final steps
consisted on washing Chi with distilled water until reaching a neutral pH and on Chi dehydration rising with
ethanol-water mixtures with increasing ethanol content (20-100% v/v). Chi was freeze-dried for 3 days and
ground. k- (Sigma-Aldrich, 22048), 1- (Fluka, 22045), A-carrageenan (Car; Sigma-Aldrich, 22049), sodium heparin
(Hep; Sigma-Aldrich, H3149), sodium alginate (Alg; Sigma Aldrich, 250 cP), and poly(ethyleneimine) solution
(PEI; Sigma-Aldrich, P3143) were used as received.

VI.4.2.2. Materials preparation
VI.4.2.2.1. Preparation of Platelet Lysate

Platelet concentrates were obtained from different platelet collections performed at Instituto Portugués do
Sangue (IPS, Porto, Portugal), under a previously established cooperation protocol. The components were
obtained using the Trima Accel® Automated Blood Collection System. All the platelet products were
biologically qualified according to the Portuguese legislation. The platelet count was performed at the IPS
using the COULTER® LH 750 Hematology Analyzer and the sample volume adjusted to 1 million platelet.pl™.
The collected samples were subject to three repeated temperature cycles (frozen with liquid nitrogen at -196°C
and heated at 37°C) and frozen at -20°C until further use. The remaining platelets were eliminated by

centrifugation at 1400g for 10 min. Aliquots of Platelet lysate (PL) were stored at -20°C until final use.

V1.4.2.2.2. Polyelectrolytes solutions
K-, 1-, A-Car, Hep and Alg were prepared in 1M Tris HCL 40 nM NaCl pH 7.4 with a concentration of 0.5 mg.mL™.
Chiwas dissolved in sodium acetate buffer with a concentration of 0.5 mg mL™. PL was 10-fold diluted with Tris

HCL buffer orin 1M sodium acetate 40 mM NaCl pH 6 when to be combined with Chi.

V1.4.2.2.3. Coatings preparation in 48-well plates

48-well plates were modified with 0.5 mL of 0.5% (w/v) PEI solution to confer a positive surface charge. Then,
the solution was removed and the wells were extensively rinsed with distilled water in order to remove the
unbound PEI LbL assembling was started by the adsorption of the negative PE. In the case of Chi, an Alg layer
was first adsorbed. The adsorption times and volumes used were: 4 minutes and 0.5 mL for the

polysaccharides solutions; 0.5 mL and 10 minutes for the PL solution; intermediate rising steps x2 for 30

L 56 |



seconds using the respective buffers. The sequence was repeated 6 times. The well plates were let to air-dry

overnight and then sterilized using a UV light for 40 minutes.

VI.4.2.3. Cell behavior assessment
V1.4.2.3.1. HUVECs Isolation

IN431dVHD

Human umbilical cords obtained after caesarean sections from healthy donors were provided by Hospital de
S. Marcos, Braga, Portugal. They were delivered in transport buffer, containing 0.14 M NacCl, 0.004 MKCI and
0.011 M glucose in 0.001M phosphate buffer at pH 7.4. Human umbilical cord vein endothelial cells (ECs)
(HUVECS) were isolated as described in literature by Jaffe and others!.

Biological samples were provided under a protocol approved by the Hospitals Ethical Committees and the
3B’s Research Group. Cells were expanded using M199 supplemented with 50ug/ml endothelial cell growth
supplement (ECGS, BDBiosciences), 50 ug/ml of heparin, 3.4 ul/ml Gibco® GlutaMAX™ (Life Tecnologies), 20%
fetal bovine serum (FBS). Cells were cultured at 37°C, 5%CO,, 99% humidity and medium exchanged every 2-3
days.

V1.4.2.3.2. Cell seeding

To proceed with the cell seeding, expanded cells were harvested by trypsinization and filtered with a 100um
cell strainer to remove possible cell aggregates. Different cell densities were prepared: 20000 cells/ml with 0%
FBS, 20000 cells/ml with 10% FBS, 20000 cells/ml with 20% FBS for cell adhesion and proliferation
quantification; 100000 cells/ml, 200000 cell/ml, 300,000 cells/ml with 10% FBS for cell morphology studies. A
volume of 500 pl of cell suspension was dispensed into each well. Well-plates were incubated for 20 hours.
After 20h, medium was replaced with fresh one with 10% FBS. Half of the samples were supplemented with
ECGS and heparin for proliferation quantification. HUVECs from two different donors and between passage 4
and 7 were used. Cells were incubated at 37°C, 5%C0,, 99% humidity.

For FGF/VEGF blockage test, M199 medium was supplemented with 10% FBS and DMSO or FGF/VEGF Receptor
Tyrosine Kinase Inhibitor (PD173074). The inhibitor was first dissolved with DMSO. HUVECs (50,000 cells/500ul)
were seeded onto 1cm?-coated well plates and supplemented with 150nM (0.0075% DMSO) or 200 nM (0.01%))
of inhibitor or only DMSO (0.0075% and 0.01%). Cells were incubated for 20 hours and used between passage
4-7.

V1.4.2.3.3. Cell morphology
After 20 ho XXX XX X1 K REEERE R T

DB X BN IR XXX BN
formalin 10% (v/v) during 20 minutes. Cells were permeabilized with 0.5 mL of Triton 0.2% (v/v) in PBS during 2
minutes and then rinsed with PBS. Samples were incubated in the dark with 100 pL of (1:100) Phalloidin-TRITC

(Sigma-Aldrich) solution for 30 minutes and then washed with PBS. For cell nuclei staining, well plates were

157 [



incubated in the dark for 5 min with 100 plL 4,6-diamino-2-phenyindole dilactate (DAPI, Sigma-Aldrich) diluted
1:1000 in PBS. Samples were observed using an inverted Axio Observer Fluorescence Inverted Microscope

(Zeiss) and random images recorded.

V1.4.2.3.4. Cell morphology analysis

CHAPTERVI

Angiogenesis Analyzer

Angiogenesis Analyzer is a toolset for Image J that allows the analysis of cellular networks images and it was
used in the work reported in chapter VI to assess the angiogenic potential of the multilayers rich in PL.
Angiogenesis Analyzer is a simple tool to quantify endothelial tube formation assay images by extracting
characteristic information of the network regarding segments, nodes, area and meshes. The total length of the
tube-like structures, number of nodes and master nodes, number of meshes and master meshes were
quantified on cytoskeleton fluorescence images of HUVECs after 20 hours of incubation. A node is defined as
pixels that have at least 3 neighbors, corresponding to a bifurcation. A junction is a node or fused nodes. The
segments correspond to elements that are limited by two junctions/nodes while the branches are elements
delimited by a junction and one extremity. The master segments are considered pieces of three, delimited by
two junctions, but not exclusively implicated with one branch (master junctions). The master junctions link at

least 3 master segments. The meshes are areas enclosed by the segments or master segments.

Cell profiler

Cell Profiler allows the analysis of various biological features, including cell counting, size and also complex
morphological assays such as cell/organelle shape and subcellular patterns of DNA.*

The morphological changes of HUVECs when cultured for 20 hours on the multilayers, in the presence or
absence of inhibitors, was analyzed using the eccentricity, form factor and major and minor axis length
features available with Cell Profiler. Eccentricity is defined as the ratio of the distance between the foci of the
considered ellipse and its major axis length. The values vary between 0 and 1. Values equal to zero are actually
circles while ellipses with eccentricity of 1 are lines. The form factor is calculate as 4m(Cell Area)/(Cell
Perimeter)2, where 1 represent a perfect circular cell. The major and minor axis length (in pixels) correspond to
the major and minor axis of the ellipse, respectively. The images used for Cell Profiler analyses were the same

for Angiogenesis Analyzer.

V1.4.2.3.5. dsDNA quantification
In order to quantify cell attachment and proliferation after 20 hours and 4 days in culture, dsDNA was

quantified using the Quant-iT™ PicoGreen® dsDNA assay kit (Molecular Probes/Invitrogen) that allows the
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After incubation periods, the well plates were gently rinsed once with sterile PBS. Then, 1 mL of ultra-pure
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sterile water was added, the samples homogenized by vigorous pipetting and kept at -80°C until
quantification. For the quantification, samples were defrosted at room temperature and the content was
transferred to eppendorfs. 100 pL of Tris-EDTA buffer were transferred into a white opaque 96-well plate.
Samples were vortexed and 28.8 uL of each plus 71.2 pL of PicoGreen solution were added to the wells. After 10
minutes of incubation in the dark, the plate was read in a microplate reader using an excitation wavelength of

485 nm and emission wavelength of 528 nm. A standard curve was created by varying the concentration of

IN431dVHD

standard dsDNA standard from 0 to 2 mg.mL™, and triplicates dsDNA values of the samples were read off from
the standard graph. At least five specimens were measured per each sample. The experiment was repeated

once more.

V1.4.2.3.6. RT-PCR
The quantification of angiogenic gene expression of the HUVECS which were cultured on the multilayers and
TPCS during 20 hours, was performed using quantitative PCR by a two-step fluorogenic assay using the

PerfeCta™ SYBR® Green System (Quanta Biosciences) - see the target genes in Table VI.S1.

Table VI.S1. Sequences and melting temperature of the angiogenic genes analyzed.

Name Primer sequence Tm (°C)
(Forward, Reverse 5’-3°)

Bactin ACTGGAACGGTGMGGTGAC o
AGAGAAGTGGGGTGGCTTTT :
ACAGTCAGCCGCATC

GAPDH GACAAGCTTCCCGTTCTCAG 284

4 ACCAGTAACCTGCGGATTGG

Integrin B3 TCCGTGACACACTCTGCTTC 94

o CCGATTCCAMCTGGGAGCA

ntegrin av GGCCACTGAAGATGGAGCAT :

I TGGCCTTCGGTTTACAGTCC o

gina GGAGAGCCGAAAGGAAACCA :
GACAGATCACAGGTACAGGG

VEGFA AGAAGCAGGTGAGAGTAAGC o
GAGCAAATCTGCCCTGCTCA

FGFD TCCCGCATACTCTGGAGACA 0%

R GAAGGGAACCGAGCCTATTC 584

glop GGGCACATTTGCACATACAG

The total RNA was extracted using the TRI® Reagent (Sigma-Aldrich), following the manufacturer’s instruction.
Total RNA was quantified using Nanodrop® ND-100 spectrophotometer (thermo Scientific) and first-strand
complementary DNA (cDNA) was synthetized using 1 ug RNA of each sample and the gScriptTM cDNA
Synthesis Kit (Quanta Biosciences) for a 20ulL reaction. The obtained cDNA was used as a template for the
amplification of the target genes using a MasterCycler EP Gradient detection System (Eppendorf) thermocycler
and the PerfeCtaTM SYBR® Green System kit following the manufacturers’ instructions. The Livak method, 2
AAct

, was used to evaluate the relative expression of each target gene. ACt was calculated by the difference

between the Ct values of the target gene and the B-actin or GAPDH endogenous housekeeping gene. AACt was
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obtained by subtracting the ACt of the calibrator sample (TCPS) to the ACt of the sample. The results are

AAct

represented as 2 and as gene expression relative to TCPS.

VI.4.3. Statistical Analysis

First, it was verified with Shapiro-Wilk test that most of the data did not passed the normality test. All data was
statistically analyzed by using non-parametric tests. The unpaired one-tailed t-test with Welch’s correction for

non-parametric data was used (p<0.05).
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CHAPTER VII*

Assembling human Platelet Lysate into Multiscale 3D Scaffolds for Bone Tissue
Engineering

Vil.1. Abstract

Scaffolds for bone tissue engineering lack often control of cellular instructions. We propose a triple sequential
approach for customizing scaffold features from the macro to the nanoscale. The nano/meso-scale is
composed by human platelet lysate and marine-origin polysaccharides assembled by layer-by-layer and
shaped into fibrils by freeze-drying. We show that osteogenic induction of stem cells is tunable within a low
range of layers. This approach has the potential to develop new scaffolds with enhanced cell-instructive

capabilities using affordable autologous sources of bioactive molecules.

Keywords: layer-by-layer, cell-materials interactions, cell behavior, sulfonic, surface properties, bio-inspired

surfaces, model study.

*This chapter is based on the following publication:

Sara M. Oliveira, Rui L. Reis, Jodo F. Mano, Assembling human Platelet Lysate into Multiscale 3D Scaffolds for
Bone Tissue Engineering, submitted, 2014.
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Nowadays, the challenge to develop bioinstructive, cost-effective and patient customizable bone tissue
engineered constructs, still remains. The development of hierarchical and sequential scaffolds, whose
properties can be controlled from nano to macro scale, has been considered the best approach for developing
translational bone engineering products.! Also, the release or incorporation of growth factors (GFs) is a
powerful strategy for cell fate control.2® Presently, the clinically available recombinant GFs are costly and may

raise immunogenic concerns.* Platelets present themselves as a cost-effective autologous source of multiple

CHAPTERVII

bioactive proteins (e.g., GFs and adhesive proteins) with proven ability to enhance several cell functions.>®
Their huge potential is however, compromised by the GFs stability, release, concentration and donor
variability.”

Several attempts have been made to combine platelets derivatives with apatite and polymeric biomaterials for
osteogenic ends, but some reports are inconclusive in regards to their efficacy.’®3 New design concepts to
improve their osteogenic efficacy on scaffolds are needed.* LbL has been used to incorporate recombinant
GFs within sets of multilayers*1® or for their adsorption onto previously assembled multilayers.t”® We believe
that the incorporation of multi-GFs from a human source, with biopolymers, may represent important
economic and biological advantages. The aminated and sulfated nature of the chosen polysaccharides
increases the similarity to native extracellular matrix (ECM). Moreover, the sulfated polysaccharides are good
candidates for both GFs conformation and bioactivity preservation through the favorable interactions with
sulfate groups. %

In this work, we disclose the preparation of sequential scaffolds with tunable osteogenic ability: macro-
microscale control by rapid prototyping (I); nano/meso scale control by layer-by-layer (LbL) assembling
containing platelet lysate (ll) and freeze-drying (Ill) - Figure 1a.

First, scaffolds were prepared by rapid prototyping to buildup a macro/micro scale controlled porous
structure. Then, the scaffolds were modified with human Platelet Lysate (PL) and marine-origin
polysaccharides using LbL - an adequate technique to process nanostructured multilayered films through
spontaneous sequential adsorption of distinct materials.22¢ This step being performed at mild conditions
does not impair the macroscopic mechanical properties of the scaffolds. Instead, it adds a new bio-instructive
length-scale and new cell-anchorage points without compromising porosity and the large-scale geometrical
features. Simple adjustments, such as number of layers and polysaccharide type for PL adsorption, are
expected to have an impact on cell fate.

The third step comprises scaffold freeze-drying to shape the LbL structures, created in module I, into
sub/micro-nano fibrils and nanocoatings. Those fibrillar structures, contain PL and increase cell-anchorage
points which allow a better 3D cell arrangement than the bare 3D scaffolds.?

We hypothesize that this approach, for the PL incorporation, may provide, and control, the capability for
osteogenesis. Moreover, the incorporation of PL with sulfated polysaccharides may represent a synergistic

effect: reducing the number of layers needed for a favorable osteogenic instruction.
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Figure VII.1. a) Sequential approach used: macro/micro scaffolds prepared by Bioplotter™ (I); nano/submicro modification
with PL by LbL (Il) and freeze-drying (Ill). b) QCM-D monitoring of the normalized frequency (Af/v) and dissipation (AD), obtained
for the 7™ overtone for the LbL deposition of (PL-1Car-Chi-iCar) tetralayers onto (Chi-iCar),. ¢) SEM micrographs of the top and
longitudinal sections of the obtained scaffolds: PCL LbL (10 tetralayers, no PL), PCL LbL PL (10 tetralayers), PCL LbL PLx3 (30
tetralayers). Chi: chitosan, Car: carrageenan.

It has been demonstrated that PL has the potential to enhance cell proliferation, bone formation and
angiogenesis when mixed with biomaterials or used as a media supplement.® > 2830 However, other reports
suggest that new approaches are needed so that we can take full advantage of their properties.’®** Around
neutral pH, PL solutions are composed of a complex mixture of proteins presenting opposing charges. Most of
the GFs have an alkaline isoelectric point, being thus positively charged at neutral pH. Consequently, sulfated
polysaccharides are good candidates for the attraction and stabilization of GFs. Previously, we reported the
enhancement of SaOs-2 cells biomineralization onto middle sulfated i-carrageenan/chitosan (1Car/Chi)
nanocoatings, as compared to unmodified 2D PCL.*! Therefore, PL was included within 1Car multilayers,
followed by Chi, a positively charged polyelectrolyte, in mild acidic conditions. Each cycle of layers
corresponded to a tetralayer with the sequence: (iCar-PL-1Car-Chi), - with n representing the number of
tetralayers. Quartz Crystal Microbalance with Dissipation (QCM-D) was used to monitor the assembling of the
polyelectrolytes - Figure VII.1.b. The decrease in frequency is attributed to the deposition of material onto the

quartz crystal and the increase in dissipation is assigned to the formation of a viscoelastic film, meaning that
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the polyelectrolytes interact and new nanolayers are sequentially being deposited during the cyclic passing of
the solutions.

Prototyped polycaprolactone (PCL) scaffolds were modified by LbL assembling recurring to a custom-made
dipping robot. The prepared samples were: unmodified PL, PCL LbL - (1Car-Chi-iCar-Chi);o, PCL LbL PL - (1Car-
PL-1Car-Chi)ig and PCL LbL PLx3 - (1cCar-PL-1Car-Chi)s. To induce the formation of the inner fibrillar structures,

the scaffolds were freeze-dried. (More details of materials and methods can be consulted in Sl.)
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Morphology of the final scaffolds was observed by scanning electron microscopy (SEM) - see Figure 1c. The
fibrillar and membrane-like structures containing PL, Chi and 1Car were homogenously distributed inside the
pores in all the conditions. The stability observed for these elements is consistent with the good handling and
mechanical integrity of porous structures prepared previously using LbL with polysaccharides.®232

The ultimate goal was to explore the osteogenic potential of the developed scaffold. Their ability to induce or
improve the osteogenic differentiation of human adipose derived stem cells (hASCs) was evaluated after 4
days (basal media) plus 28 days of incubation in osteoconductive (without dexamethasone, -Dex) or
osteogenic media (+Dex), respectively. The samples were further characterized using calcium quantification,
energy dispersive spectroscopy (EDS), immunocytochemistry, SEM and gene-expression. (More details of cell
culture and seeding conditions can be consulted in Sl)

After the culture period, samples were observed by SEM and also stained with Alizarin Red S (ARS), which forms
reddish complexes with calcium - Figure VII.S1., Figure VIl.2.a. The presence of phosphorous and calcium
phosphate crystals was confirmed by SEM and both Ca and P elements detected by EDS analysis - Figure
VII.S1. For indirect total calcium quantification, ARS was eluted - Figure VII.S4.a. All the conditions +Dex allowed
calcium phosphate deposition. As expected, in the absence of Dex, no significant mineralization was observed
on Tissue Culture Polystyrene (TCPS), nor in PCL. PCL LbL -Dex constructs showed a light homogenous
coloration indicating some, or an earlier stage, of biomineralization, which was not significant (p<0.05) - Figure
VII.S4.a. With the presence of PL, PCL LbL PL constructs allowed a homogenous and strong deposition of
calcium phosphates in free Dex medium according to the staining, EDS and SEM analysis - Figure VIL.SI.
However, with 3-fold tetralayer (PCL LbL PLx3), the deposition of calcium did not occur - see Figure VII.S3.
Additionally, some differences were detected among the conditions regarding the total fat deposited,
measured by Oil red O (ORO) staining elution - Figure VII.S4. Oil red O. The deposited amount of fat was
significantly lower when PCL LbL PL was cultured without Dex; however, in the absence of both PL and Dex, the
fat content was increased. PCL LbL +Dex has also shown an increased ORO concentration (p<0.05); the
opposite trend was observed on PCL LbL -Dex.

Regarding the Dex free samples, the presence of osteocalcin in the extracellular matrix has shown the same
trend as ARS staining - Figure VIL.2.b. Only the samples with 10 tetralayers with PL have shown a strong
presence of osteocalcin. No osteocalcin was detected in the LbL PL PLx3 samples, corroborating the inhibition
of osteogenesis - Figure VI1.S3. The induction of hASCs towards the osteogenic lineage appears as being highly

influenced by the presence of PL and the number of tetralayers.
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Figure VII.2. Matrix components stained after 32 days in culture. a) Calcium deposits (ARS staining). b) Fluorescence images of
staining for human osteocalcin (green), ARS (red) and cell nuclei (blue) on TCPS and scaffolds - below each one are shown the
images of each color channel. See Figure S2 for enlarged images of b; and Figure S3 for the PCL LbL PLx3 staining.

The fibrilar structures have provided new cell anchorage points where mineralization has occurred - Figure
VII.3. The calcium phosphate deposits were not restricted to the surfaces, but were distributed on the cell
aggregates formed in the entire volume of the scaffold.

For the osteogenic differentiation of stem cells the expression of Runx2 is required, since is a crucial early
marker of the commitment towards the osteogenic lineage.* Runx2 up-regulates the expression of bone
sialoprotein, alkaline phosphatase, and osteocalcin, among other proteins synthetized by osteoblasts in the
late phase. Mature osteocytes express strong levels of sclerostin (SOST), signaling the mineralization terminal
phase.*** Regarding osteogenic differentiation, it has been reported that the use of Dex combined with BMP-2
thins the boundary between osteogenesis and adipogenesis. This combination may simultaneously improve
both osteogenesis and adipogenesis.”’™ As such, the genetic expression of bone and endothelial markers
(Runx2, Osteocalcin, Col I, and PECAM-1), hypertrophic chondrocytes (Col X) and adipose tissue markers
(PPARY2 and Leptin) was quantified after 32 days in culture - Figure VIL.S4. Regarding the expression of
collagenous proteins, all the samples containing LbL structures (with and without PL) showed a decreased

expression of Col I and X (p<0.05), with exception of PCL LbL PL +Dex in Col type I. Relatively to the control,
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there were no superior significant differences in osteocalcin. However, the samples with LbL and 10
tretralayers with PL showed the tendency for a higher expression of osteocalcin even in absence of Dex
(p<0.09). The sample PCL LbL PL-Dex promoted high osteocalcin gene expression and high osteocalcin,
calcium and phosphate levels in the extracellular matrix, demonstrating that it has induced the differentiation
of hASCs into mature osteoblasts. The expression of the late osteogenic gene, SOST, was up-regulated in PCL

LbL PL +Dex, which was accompanied by a higher expression of Runx2, PPARy2 and PECAM-1. PECAM1 gene
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codes PECAM-1/CD31 that is found in the endothelial cell intercellular junctions.

Figure VII. 3. Calcium/phosphates distribution on PCL+Dex and PCL LbL PL+Dex (similar to PCL LbL PL-Dex), after 32 days in
culture: a) SEM micrographs of sagittal and top views, respectively; b) 3D reconstruction of the mineral fraction obtained by
micro-CT acquisition, and respective sagittal, transverse and coronal plans (from left to right and bottom, respectively).

The simultaneous high expression of such genes may be explained by a higher presence of sub-populations,
which suggests that the combination of PL with Dex may give rise to higher cellular heterogenity.® % In the
absence of Dex, the sample with higher calcium content, PCL LbL PL, has shown a lower expression of Runx2
and PECAM-1 than in presence of Dex, though similar to the control. Other genes such as PPARy2, leptin and
SOST were also lower than in the control (p<0.05). Such a decreases might be indicative that the osteogenesis
was not as mature as in presence of Dex. Nevertheless, PCL LbL PL was the only one able to induce
osteogenesis in absence of Dex, and with lower evidences of adipogenesis-related genes and fat. The
adipocyte-specific PPARy2 showed a tendency to increase on the same samples in which ORO concentration
was higher than the control, with exception of PCL LbL PLx3. The expression of Runx2 on PCL LbL PLx3 was
down-regulated, together with most of all the other genes assessed. Somehow increasing the number of

tetralayers, i.e. PCL LbL PLx3, has led to the inhibition of osteoinduction (-Dex medium). This inhibition might
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be mediated by the overexpression of PPARy2, which is described to inhibit Runx2 and its further dependent
expressions.***! Even though, such behavior has not translated into fat deposition.

Controlling the number of tetralayers is then a crucial parameter for the development of free-Dex osteogenic
scaffolds when using this methodology.

The results of the present work demonstrate that the proposed method is suitable for the preparation of new
3D hierarchical osteogenic scaffolds. The incorporation of PL, using LbL and freeze-drying induced the
differentiation of hASCs into mature osteoblasts with only 10 tetralayers. The fibrillar structures with PL
allowed a 3D organization of the mineralization not restricted to the PCL surface. Moreover, this methodology

allows to developed tunable scaffolds to instruct stem cells towards the osteogenic lineage.
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VII.3. Supporting Information

VII.3.1. Supporting Figures
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Figure VII.S1. a) SEM micrographs of the hASCs cultured on TCPS, unmodified and modified scaffolds after 4+28 days in culture
in absence (-Dex) and presence of Dex (+Dex); the red arrows point the observed CaP deposits. b) EDS spectra of all the samples
assessed in this work after the 32 days in culture.
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Figure VII.S2. Enlarged version of the images displayed on Figure VIl.2. Immunodetection of human osteocalcin (green), ARS
staining (red) and cell nuclei (blue) on TCPS, modified and unmodified PCL scaffolds culture for 32 days in presence of Dex.
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Figure VII.S3. continuation. Immunodetection of human osteocalcin (green), ARS staining (red) and cell nuclei (blue) on
TCPS, madified and unmodified PCL scaffolds culture for 32 days in absence of Dex.
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Figure VII.S4. a) PCL LbL PLx3 stained with ARS after 32 days in culture in absence of Dex. b) Osteocalcin immunodetection
(green), nuclei (blue), calcium (red). Osteocalcin and ARS just show background signal.
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Figure VII.S5. Extracellular calcium, fat and gene expression quantification after 32 days in presence (+Dex) or absence of Dex (-
Dex). a) ARS and ORO quantification; b) Osteocalcin, SOST, Runx2, PPARy2, Col I, Col X, Pexam-1 and Leptin gene expression
relatively to PCL+Dex. The expression of these genes was normalized against the housekeeping B-actin gene and calculated by
AAQ). Results are expressed as average + standard error with 4<n< 8 for each bar (p<0.05). All the significances
are identified: bars (the samples are different), * (samples are different comparing to PCL+Dex).

the Livak method (2
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VIl.4. Material and Methods

VII.4.1. Materials

PCL (My, from 70 000 to 90 000), chitosan (Chi, medium Mw, with a degree of deacetylation of 80% - ref.
MKBBO0566), ethylenediamine were purchased from Sigma-Aldrich. Chi was purified by a re-precipitation

method. Briefly, Chi powder was first dissolved in 2% (v/v) acetic acid solution at a 1% (w/v) concentration. The
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mixture was maintained under stirring overnight at room temperature. The impurities were removed by four
filtration cycles. Then, Chi was precipitated by addition of 1 M NaOH while stirring. Final steps consisted of
washing Chi with distilled water until reaching a neutral pH and of dehydration by washing with ethanol-water
mixtures with increasing ethanol content (20-100% v/v). Chi was freeze- dried for 3 days and ground.

Carrageenan (Fluka, 22045) was used as received.

VII.4.2. Methods

VIl.4.2.1.Scaffolds Preparation

VIl.4.2.2. Human Platelet Lysate Preparation

Platelet rich plasma was obtained from different platelet collections performed at Instituto Portugués do
Sangue (IPS, Porto, Portugal), under a previously established cooperation protocol. The components were
obtained using the Trima Accel® Automated Blood Collection System. All the platelet products were
biologically qualified according to the Portuguese legislation. The platelet count was performed at the IPS
using the COULTER® LH 750 Hematology Analyzer, and the sample’s volume was adjusted to 1 million platelets
per pL. The collected samples were subject to three repeated temperature cycles (frozen with liquid nitrogen
at-196°C and heated at 37°C) and frozen at -20°C until further use. The platelets remaining were eliminated by
centrifugation at 1400 x g for 10 min and final human Platelet lysate (PL) aliquots were kept -20°C until final

use.

VIl.4.2.3. Polyelectrolytes solutions preparations

-carrageenan (1Car) and Chi solutions were prepared in the buffer 1M sodium acetate 40 mM NaCl pH 5.5 with

a concentration of 0.5 mg/ml or 4 mg/ml. PL was 10-fold diluted in the same buffer solution.

VII.4.2.4. Polyelectrolytes assembling onto Quartz Crystal microbalance with Dissipation

A Q-Sense E4 quartz crystal microbalance with dissipation (QCM-D, Q-Sense AB, Sweden) was used for the in
situ monitoring the polyelectrolytes 1Car, Chi and PL deposition onto the surface of 100 nm gold-coated
crystals. Briefly, AT cut quartz crystal can be excited at its fundamental frequency (5 MHz) and at several
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XA, KX Bith overtones, respectively). When a thin film is deposited

onto the sensor crystal the frequency decreases. If the film is thin and rigid the decrease in frequency (Af) is
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successively in acetone, ethanol, isopropanol and dried. Adsorption took place at 25°C and at a constant flow
rate of 50 ul/min.

First the Chi solution was pumped for 10 minutes, and the weakly bound polyelectrolyte removed by pumping
buffer solution for 10 minutes. Using the same frame times, the assembling of (Chi- 1Car)- 1Car-PL-1Car-Chi was

monitored. All solutions were prepared in 1M sodium acetate 40 mM NaCl pH 5.5.

VIl.4.2.5. Bare PCL Scaffolds
PCL granules were inserted in the Bioplotter™ cartridge and heated up to 90 °C. Material was extruded by a

22G hypodermic needle with a strand size of 0.5 mm and layer thickness of 0.3-0.4 mm with struts aligned by

90°in 10 consecutive layers.

VIl.4.2.6. 3D scaffolds modification by Layer-by-Layer with PL
The LbL was performed in PCL scaffold first modified with ethylediamene (10% in 2-propanol, 1 hour at 37°C)

to improve the binding of the first multilayers. All the polyelectrolytes solutions were prepared in 1M sodium
acetate with 40 mM NaCl and pH 5.5 with the following concentrations: 10 fold-diluted PL, 4 mg/mL Chi and 4
mg/mL 1Car. A custom-made dipping robot was used to perform the LbL assembling. First a set of two layers of
1Car-Chi were assembled in the PCL scaffold with the sequence: immersion for 5 minutes in Car solutions,
followed by several washing steps, 5 minutes in Chi solutions and several washing step. The basic sequence
used for the structuring LbL was: 1Car (4 min), washx1 (5 min), «Car (4 min), washx1 (5 min), PL (10 min), washx1
(5 min), Chi (4 min), washx1 (5 min). Different samples were prepared: PL LbL (1Car-Chi-iCar-Chi)yo, PCL LbL PL
(1Car-PL-1Car-Chi)yo, PCL LbL PLx3 (iCar-PL-1Car-Chi)s. To proceed with the fibrillar structures formation, the
scaffolds were washed in distilled water, frozen at-80°C to let ice crystals to growth and freeze-dried for 1-2

days.

VIl.4.2.7. hASCs isolation from lipoaspirate

Human subcutaneous adipose tissue samples were obtained from lipoaspiration procedures performed on
women with ages between 35 and 50 years under a protocol previously established with the Department of
Plastic Surgery of Hospital da Prelada in Porto, Portugal. All the samples were processed within 24 h after the
lipoaspiration procedure. Human ASCs were enzymatically isolated from subcutaneous adipose tissue. The
lipoaspirate samples were firstly washed with a solution of PBS and 10% Antibiotic/Antimycotic. Liposuction
tissue was digested with 0.2% Collagenase Type Il solution for 90 min with intermittent shaking, at 37 °C. The

digested tissue was filtered using a 100 pm filter mesh (Sigma-Aldrich, Germany). The floating adipocytes were
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separated from the precipitation stromal fraction by centrifugation at 1250 rpm for 10 min. The cell pellet was
re-suspended in lysis buffer for 10 min to disrupt the erythrocytes. After a centrifugation at 800 rpm for 10 min,
cells were again re-suspended and placed in culture flasks with Minimum Essential alpha Medium
supplemented with sodium bicarbonate, antibiotic/antimycotic and 10% of FBS. Cells were cultured until

confluence at 37°C, 5% CO; incubator, changing the medium every 2 days.

CHAPTERVII

VI.4.2.8. hASCs seeding

To proceed with the cell seeding, cells were harvested by trypsinization and filtered with a cell strainer with 100
pum of pore size to remove possible cell aggregates. A cellular suspension with the density of 0.120x10°
cells/5pL was prepared in Minimum Essential alpha Medium supplemented containing 10% FBS (a-mem). A
volume of 5pul of cell suspension was dripped onto each scaffold. Scaffolds were incubated for 2.5 hours in
standard conditions (37°C, 5%C0,) to permit cell attachment and then 2 mL of a-mem was added to each well.
After 4 days of incubation, media was changed for osteogenic a-mem (50 mg/mL AA; 108 M dexamethasone,
Dex; 10 mM BGly) or osteoconductive a-mem (50 mg/mL AA, 10 mM BGly). hASCs were obtained from two

different donors and used in the second passage. Experiments were performed three times.

VIl.4.2.9. SEM-EDS analysis
The constructs were harvested after 4+28 days of culture, rinsed with PBS, fixed with 2.5% glutaraldehyde and

dehydrated through a graded series of ethanol (50, 70, 90, 100% v/v; each one for 10 minutes and twice) and
dried at room temperature. Morphological analysis of the prepared constructs before and after cell culture was
realized in an Ultra-high resolution Field Emission Gun Scanning Electron Microscopy (FEG-SEM; NOVA 200
Nano SEM, FEI Company). Secondary electron images were performed with an acceleration voltage of 5kV.
Chemical analyses of samples were performed by Energy Dispersive Spectroscopy (EDS), using an EDAX Si(Li)

detector with an acceleration voltage of 15 kV.

VII.4.2.10. X-Ray Microtomography

The new mineral formed in the scaffolds was analyzed by micro-computed tomography (u-CT) using a desktop
u-CT scanner (1072; SkyScan, Kontich, Belgium) at a voltage of 40 kV and a current of 248 mA, with acquisitions
carried out in high-resolution mode of 11um x/y/z. Isotropic slice data were obtained by the system and
reconstructed into 2D XY slice images. Around 600 slice images per sample were compiled and subsequently
employed in the rendering of 3D XYZ images to obtain quantitative architectural parameters. A p-CT analyzer
and a p-CT volume realistic 3D Visualization software (SkyScan) was used as an image processing tool for
reconstruction and creation of 3D representation models for the observation of the distribution of the

deposited apatite.
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VII.4.2.11. Alizarin Red S Staining
ARS, an anthraquinone derivative, can be used to identify calcium in tissue sections. Although the reaction is

not strictly specific for calcium, but also occurring with magnesium, manganese, barium, strontium, and iron,
these elements usually do not occur in sufficient concentration to interfere with the staining. Calcium forms an
ARS-calcium complex in a chelation process. After 4+28 days in culture, scaffolds were rinsed thrice with sterile
PBS and cells fixed with 2.5% formalin during 30 minutes. The samples were then rinsed again with distilled
water in order to remove any residual ions and 0.5 ml of ARSsolution (2g/100 ml, pH 4.1-4.3 adjusted with
ammonium hydroxide) was added to each sample and let to react for around 5 minutes. The excess of dye was
removed with distilled water, and samples were observed under stereomicroscopy. The content of calcium will
be proportional to the red intensiveness. In order to elute the ARS adsorbed to the scaffolds, 400 pL of 10%
(v/v) of acetic acid was added to each sample and incubated at room temperature for 30 min with shaking.
Samples were vortexed for 30 seconds. After complete elution, the surfaces were discarded, and the liquid
samples heated to 85°C for 10 min. The slurry was then centrifuged at 12,000g for 30 min and 400 ulL of the
supernatant was removed to a new microcentrifuge tube. Then 150 pL of 10% (v/v) ammonium hydroxide was
added to neutralize the acid. The absorbance of triplicates of the samples was read at 405 nm in a microplate
reader (Bio-Tek, Synergie HT). A calibration curve made of successive dilutions of an ARS solution with known
concentration was used in order to read off the alizarin content of the samples. Experiment was performed for

the two hASCs donors with n=6.

VIl.4.2.12. Immunolocalization of human Osteocalcin

After 32 days in culture, samples from all the condition were rinsed twice with sterile PBS and fixed with 2.5%
formalin for 30 min at room temperature (RT). First the scaffolds were stained with Alizarin Red for detection of
Calcium, as described before.

After cells permeabilization with Triton X-100/PBS 0.2% (v/v) for 15 min at RT, proteins were blocked with 3%
(w/v) Bovine Serum Albumin (BSA)/PBS for 45 minutes. Samples were incubated overnight at 4°C with the
primary antibody anti-osteocalcin (mouse monoclonal anti-Osteocalcin, ab13418, Abcam) diluted 1:50 in 1%
BSA/PBS. Afterwards, samples were rinsed with 0.025% Triton X-100/PBS, PBS, followed by 2 hours of
incubation with the secondary antibody anti-mouse Alexa Fluor 488 (Invitrogen) with a dilution of 1:100. After
the incubation period, samples were rinsed in PBS and stained with 4,6-Diamidino-2-phenyindole dilactate
(DAPI, 1:1000, D9564, Sigma-Aldrich). Scaffolds were observed under a microscope (Imager Z1m, Zeiss) and

images acquired using a digital camera (AxioCam MRm5).

VII.4.2.13. Oil red O Staining

ORO staining is a lysochrome used for neutral triglycerides and lipids staining with the appearance of a red
coloration. A stock solution was prepared by dissolving 300 mg of ORO (Sigma, Aldrich) in 100 mL of 99%

isopropanol. The work solution, which is stable for no longer than 2 hours, was prepared by mixing 3 parts (30
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mL) of the stock solution with 2 parts (20 ml) of distilled water and allowed to sit at RT for 10 min. After the
solution is filtered with a filter paper, 1 mL (5 minutes) of it was added to each construct that had been fixed
with 2.5% formalin (30 min), rinsed with distilled water, and with 60% isopropanol (2-5 minutes). Samples were
rinsed with distilled water and then 0.5 mL of 100% isopropanol was added to each scaffold (10 minutes) with
shaking in order to elute the staining.

The absorbance of triplicates of the samples was read at 500 nm in a microplate reader (Bio-Tek, Synergie HT).
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A calibration curve made of successive dilutions of the stock solution with known concentration was used in

order to read off the alizarin content of the samples.

VIl.4.2.14. RT-PCR

The quantification of gene expression of the hASCs which were cultured onto the scaffolds for 4+28 days, it was
performed quantitative PCR by a two-step fluorogenic assay using the PerfeCta™ SYBR® Green System (Quanta
Biosciences) - see the target genes in Table VII.S1.

The total RNA was extracted using the TRI® Reagent (Sigma-Aldrich), following the manufacture’s instruction.
Total RNA was quantified using Nanodrop® ND-100 spectrophotometer (thermo Scientific) and first-strand
complementary DNA (cDNA) was synthetized using 1 ug RNA of each sample and the gScript™ cDNA Synthesis
Kit (Quanta Biosciences) for a 20ul reaction. The obtained cDNA was used as a template for the amplification
of the target genes using a MasterCycler EP Gradient detection System (Eppendorf) termocycler and the

PerfeCta™ SYBR® Green System kit following the manufactures’ instructions. The Livak method, 244t

, was
used to evaluate the relative expression of each target gene. ACt was calculated by the difference between the
Ct values of the target gene and the B-actin endogenous housekeeping gene. AACt was obtained by
subtracting the ACt of the calibrator sample (PCL+Dex) to the ACt of the sample. The results are represented as

2%t and as gene expression relative to PCL+Dex, which value equals to 1.

Table VII.S1. Description of the target genes used in gPCR: name; lineage-related to the target gene; main functions; Forward
and Reverse primers; melting temperature used.

Gene Lineage Function Forward (5°-3°) Tm (°C)
Beta-actin Housekeeping Controls cell growth, migration, and the G-actin -~ ACTGGAACGGTGAAGGTGAC 505
gene pool AGAGAAGTGGGGTGGCTTTT )
Osteocalcin Osteo-tae  inboneanddentisporscpatesibone | CICCAGHSTCCAGCARAGE
partcip TCAGCCACTCGTCACAGC '

mineralization and calcium ion homeostasis.

Runt-related transcription factor 2 is a key

. . . TTCCAGACCAGCAGCACTC
Runx2 Osteo - early tra nscmptlgn factor associated with osteoblast CAGCGTCAACACCATCATTC 58.1
differentiation
Peroxisome proliferator-activated receptor is
PPARV?Y Adi lat d mainly in adi i ] ¢ TGGGTGAAACTCTGGGAGAT 573
y ipose - late  expressed mainly in adipose tissue, in mature CCCATCTCTGTGTCAACCAT .

osteocytes

Itis one of the most important adipose-derived

hormones that play a key role in regulating energy CTCAGGGATCTTGCATTCCC
intake and expenditure, including appetite and ~ CCATGCATTTGGCTGTTCAG
hunger, metabolism, and behavior.

Leptin Adipose - late 57.8

PECAM1/ Vascular Cluster of differentiation 31 is a large portion of the AAGGCCAGATGCACATCC 57.9
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CD31 endothelial cell intercellular junctions TTCTACCCAACATTAACTTAGCAGG
Produced by mature osteocytes codes Sclerostin - GTGCCAAGGTCACTTCCAGA
SOST Osteo - late proteins that inhibit further mineralization CCAGGAGTTTGTCAGCCGTA 212
Collagen I'is a protein that strengthens and AAGAACCCCAAGGACAAGAG
Col | Osteo : ! ) 58.4
supports several tissue including bone GTAGGTGATGTTCTGGGAGG
Col X Cartilage/ Found in hypertrophic chondrocytes undergoing CAGGCATAAAAGGCCCACTA 84
Osteo -middle mineralization/osteoblastic differentiation AGGACTTCCGTAGCCTGGTT
Adiponectin is exclusively secreted by adipose
tissue or placenta and it is a hormone that
Adiponectin Adipose - late modulateps anumber of metabolic processes, TGATCTCOGLTTACTELAAC 57.3
ACAAGGTCAGGAGTTCGAGA

including glucose regulation and fatty acid
oxidation

VII.4.3. Statistical Analysis

ARS, ORO, and relative gene expression data was statistically analyzed by using a non-parametric test. Non-
parametric tests were used once it was verified with Shapiro-Wilk test that the data do not fit the Gaussian
distribution profile. The unpaired one-tailed t-test with Welch’s correction for non-parametric data was used
and considering p<0.05 (4<n<8). The comparisons tested were: all samples against the control, PCL + Dex; the

saffolds +Dex against -Dex; PCL LbL against PCL LbL PL (+Dex; -Dex); PCL LbL -Dex againist PCL LbL PLx3 -Dex;

PCL LbL PL - Dex against PCL LbL PLx3 LbL.
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CHAPTER VIII

Conclusions and Future Perspectives

The success of a 3D construct relies on the properties defined by its multiscale features: geometry, cell-
anchorage, cells, release system, topographical and biochemical cues. The control of such a range of features
calls on approaches combining both bottom-up and top-down methods, known as integrative.

In this thesis, an integrative and triple sequential technique was explored to develop 3D constructs for bone
tissue engineering: rapid prototyping followed by layer-by-layer and finalized with freeze-drying. This approach
may allow control over most of the features required in a 3D construct, namely, geometry, cell-anchorage,

cells, release system and biochemical cues.

Modifying the prototyped polycaprolactone (PCL) scaffolds using layer-by-layer and freeze-drying creates new
structures (coatings and fibrils) which may have three functions: i) new anchorage points for cells; ii) a strategy
for control over surface chemistry; and iii) a way to present instructive cues or include release systems.

The approach was first explored using a pair of polyelectrolytes well known in layer-by-layer assembling:
alginate and chitosan. It was observed that assembling parameters such as washing time, number of layers
and concentration of the polyelectrolyte affects the density and the distribution of the structures created

inside the pores, while not compromising the scaffold micro-porosity nor the mechanical properties.

In order to select a pair of polyelectrolytes with to enhance cell interactions and more suitable for the
stabilization an incorporation of platelet lysate (PL), several combinations of sulfated carrageenans and
chitosan nanocoatings were studied. The salt concentration and pH for the assembling of the multilayers
comprising carrageenan (Car; x, 1 and A) and chitosan (chi) were optimized. Then, the behavior of an
osteoblast-like cell line was studied on these multilayers. Coating PCL membranes with tCar/Chi allowed a
significant increase of calcium phosphate, which highlighted the importance of the surface chemistry in

regards to biomeralization.

PL contains several proteins involved in angiogenesis and osteogenesis, and participating throughout the early
and maturation phases, which had turned it into a highly investigated autologous source of instructive cues for
bone tissue engineering. The type of polyelectrolytes (alginate, chitosan, kCar, 1Car, ACar and heparin) was
shown to influence the adsorption of PL, vascular endothelial growth factor (VEGF), basic fibroblast growth

factor (FGFb) and platelet derived growth factor (PDGF). LCar highly adsorbed FGFb, VEGF and PDGF. The low
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sulfated polysaccharides could adsorb high PDGF and intermediate VEGF, while Hep showed only high VEGF
adsorption. Consequently, by increasing the SD, the VEGF/PDGF and FGF/PDGF adsorption ratios tended to
increase. Characterization was limited to the above mentioned growth factors, however, the quantification of
other growth factors or cytokines/chemokine should be considered in future work. These differences were
thought to possibly translate different cell instructions and motivated the study of the behavior of two different

cells relevant for bone tissue engineering: human adipose derived stem cells (hASCs) and human umbilical
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vein endothelial cells (HUVECs).

In general, the sulfated PL-multilayers promoted morphological changes (reduced cell width and increased
length), serum-free cell adhesion and cell proliferation of high passage hASCs (P>5). The observed hASCs
behavior suggested that those multilayers might reduce cell senescence associated with: enlargement of
morphology (width); increase of alkaline phosphatase activity; and decrease on cell proliferation, during cell

culture in basal medium. This interesting observation should be investigated in future work.

Regarding the endothelial cells, the sulfated-PL (1Car/PL, ACar/PL and hep/PL) nanocoatings activated
HUVECs, inducing the formation of tube-like structures and enhancing the expression of pro-angiogenic genes
(angiopoietin-1 and VEGF-A) within 20 hours of incubation. Thereby, layer-by-Layer assembling of PL might be
a simple methodology to introduce and tune cost-effective pro-angiogenic interfaces in 2D/3D biomaterials.
Moreover, the behavior of HUVECs on 3D scaffolds modified with these multilayers should be considered in

future studies as a strategy to develop neo-vascularized scaffolds.

Incorporating 10 tetralayers of 1Car/PL/1Car/Chi, as coatings and fibrillar structures, onto 3D PCL scaffolds has
induced hASCs into mature osteoblasts in absence of dexamethasone (common osteogenic inductor).
Contrarily, in the absence of PL or with 30 tetralayers with PL, such induction was not observed. This
highlighted the importance of a controlled incorporation and stabilization of PL in order to successfully
promote the osteogenic differentiation of hASCs. Those behavior variations associated to the number of
tetralayers will be further investigated. One plausible reason for such differences could be that, with 30
tetralayers, a high content of mitogenic growth factors, such as bFGF and PDGF, may have induced a high
mitogenic stimulation that impeded the osteogenic differentiation. Additionally, in future work, the
osteoinductive (in vivo) and the angiogenic potential of the developed multiscale scaffolds shall be evaluated

in order to pursue a bone tissue engineering application.

The results obtained in this thesis show that layer-by-layer assembling is a suitable method to tune the
incorporation of PL onto 2D/3D constructs which can instruct several cell types. The proposed approach
promises new autologous osteogenic and multiscale 3D construct, and, possibly, coatings for several tissue

engineering applications (e.g., cell expansion and angiogenesis).
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