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ABSTRACT

Deep and extensive skin injuries represent a major worldwide healthcare problem with-
out an efficient treatment option, with autologous skin grafts constituting the treatment
gold standard. Tissue engineered skin constructs emerge as alternatives to this method,
however, "cost-to-heal" factor or the need for long culture times are important draw-
backs. The iSkin2 project aims to overcome these limitations, namely by incorporating
the macromolecular crowding (MMC) effect, which shows potential in significantly re-
ducing the prolonged healing times. This effect consists in emulating in vitro the heavily
macromolecular-crowded in vivo environment, allowing to increase the rate of several
biological reactions, namely cellular proliferation and extracellular matrix production.

This dissertation assessed if the MMC effect is beneficial for the increase of collagen
type I and fibronectin deposition by dermal fibroblasts seeded on polycaprolactone (PCL)
scaffolds, and, if it is, which studied crowding agent (Ficoll cocktail or polyvinylpyrroli-
done 55 kDa) had the best results. For this, fibroblast viability was assessed in the matrices
produced in the presence of the crowders, and immunocytochemistry procedures were
performed to visualize and quantify the deposition of collagen type I and fibronectin in
the constructs studied.

We showed that the use of Ficoll cocktail, although not reaching as good results as
the ones in literature, outperformed the use of polyvinylpyrrolidone 55 kDa, offering
an interesting alternative to the uncrowded cell medium. We also present evidences
that show the potential of using the MMC effect in 3D environments, specifically in PCL

matrices.

Keywords: Tissue Engineering, macromolecular crowding, polyvinylpyrrolidone, Ficoll,

extracellular matrix, fibroblast, fibronectin, collagen, polycaprolactone, chitosan, gelatin
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ReEsumMmo

Lesoes extensas e profundas na pele representam um problema de satde significativo a
nivel mundial sem uma opgao de tratamento eficiente, sendo os enxertos de pele autdlo-
gos o tratamento gold standard. A engenharia de tecidos surge como alternativa a estes
métodos através da criagao de substitutos de pele. No entanto, a relacao custo-beneficio
ou a necessidade de longos tempos de cultura constituem desvantagens importantes.
O projeto iSkin2 pretende ultrapassar estas limita¢cdes, nomeadamente incorporando o
efeito macromolecular crowding (MMC), que demonstra potencial em reduzir significati-
vamente os tempos de tratamento. Este efeito consiste em simular in vitro o ambiente
extremamente abundante em macromoléculas verificado in vivo, permitindo o aumento
da taxa de varias reagoes bioldgicas, nomeadamente a proliferacao celular e a produgao
de matriz extracelular.

Esta dissertacao explorou se o efeito MMC contribui para o aumento da deposi¢ao
de colagénio tipo I e fibronectina por parte de fibroblastos semeados em matrizes de
policaprolactona (PCL), e qual a macromolécula (cocktail Ficoll ou polivinilpirrolidona
55 kDa) com os melhores resultados. Para isto, foram realizados estudos de viabilidade
em fibroblastos semeados nas matrizes de PCL na presen¢a das macromoléculas, e pro-
cedimentos de imunocitoquimica para visualizar e quantificar a deposi¢ao de colagénio
tipo I e fibronectina.

Aqui demonstrou-se que o uso de cocktail Ficoll, apesar de nao atingir resultados tao
bons como os existentes na literatura, superou o uso de polivinilpirrolidona 55 kDa, ofere-
cendo uma alternativa interessante a utilizacado de meio de cultura sem macromoléculas.
Também ficaram demonstradas evidéncias que indicam o potencial do uso do efeito MMC

em ambientes 3D, especificamente em matrizes de PCL.

Palavras-chave: Engenharia de tecidos, crowding macromolecular, polivinilpirrolidona,

Ficoll, matriz extracelular, fibroblasto, fibronectina, colagénio, policaprolactona, quito-

sano, gelatina
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INTRODUCTION

This chapter starts by explaining the context and the motivation behind this dissertation.
The second section identifies the goal to be achieved with this work and the various
objectives to be accomplished to reach that goal. Lastly, the third section provides the

thesis outline.

1.1 Context and Motivation

Deep and extensive skin wounds represent a major worldwide healthcare problem result-
ing from a significant prevalence of physical trauma or wound-healing-affecting patholo-
gies. The gold standard to treat such injuries is the use of autologous skin grafts. How-
ever, in patients with extensive skin loss, such strategy is not viable. Allogenic skin graft
is another alternative to treat these wounds, but limited availability and immunologi-
cal rejection remain major challenges. Tissue engineering and regenerative medicine
(TERM) techniques emerge as alternatives to the referred conventional transplantation
procedures, with some bioengineered scaffolds and wound dressings already possessing
clinical relevance for the treatment of such injuries. However, there is still a long path
ahead before tissue engineered skin substitutes become a real alternative to the gold
standard procedures, as anatomical, physiological and aesthetic limitations are still ac-
centuated. Additionally, cost-to-heal’ factor remains a huge bottleneck for an extended
clinical application of such therapies. Thus, there is a need for further investigation in
TERM for the development of improved and more efficient engineered skin substitutes.
Considering this, the iSkin2 project, in which this dissertation is inserted, aims to
overcome such limitations and develop a cost-efficient skin substitute for the treatment
of patients with extensive skin loss, such as the ones resulting from second- and third-
degree burns. This dermal-epidermal substitute, Skin2, is expected to provide a cutting
edge, low-cost solution available to be applied to the patient within hours of being ad-
mitted to the hospital, offering a complete therapeutic alternative, while only relying
on biodegradable materials and cells extracted from the patient. Several activities were

performed or are underway in the context of this project. Good results regarding the



CHAPTER 1. INTRODUCTION

assembly of the dermal scaffold, a matrix produced by the electrospinning of chitosan
(CS), gelatin (GEL) and polycaprolactone (PCL), were achieved.

This dissertation aims to understand the effect of macromolecular crowding (MMC)
in the regenerative and metabolic activity of skin cells, specifically fibroblasts, seeded on
the referred dermal scaffold. Briefly, the MMC concept defends that emulating a highly
crowded environment in vitro such as the one present in vivo (in physiological tissue, the
media is abundant in molecules) enhances the rate of several biological processes, such
as extracellular matrix (ECM) production and deposition. Therefore, by applying this
concept in the assembly of skin substitutes, it is expected that their high production time,
which is directly influenced by the elevated cell culture time, is significantly reduced.
Considering that the current skin substitutes using autologous cells need 2 to 3 weeks
of culture time before use, and that patients usually require immediate treatment, this
readiness provided by MMC could have immense impact in the clinical context.

Several cultures of fibroblasts in the various materials composing of the dermal scaf-
fold were performed. To assess the influence of MMC in the activity of fibroblasts in the
referred materials, two different crowders were used: Ficoll 70 kDa and Ficoll 400 kDa
mixture, and polyvinylpyrrolidone (PVP) 55 kDa. Two different techniques were used to
study the effect of these crowders: immunocytochemistry, to study the effect of MMC in
ECM deposition, and resazurin assays, to assess how MMC influences fibroblast viability.

1.2 Objectives

The main goal of this dissertation is to determine if the implementation of the MMC effect
in the dermal scaffold seeded with fibroblasts is beneficial for the increase of collagen
and fibronectin deposition, and, if it is, which crowder is the most efficient for that.

In order to reach the above-stated goal, the following objectives should be achieved:

* Assembly of the dermal scaffolds;

* Analysis of fibroblasts’ viability in the dermal scaffolds in the presence of the crow-

ders;

* Analysis of collagen type I and fibronectin deposition by fibroblasts in the dermal

scaffolds in the presence of the crowders.

Ultimately, the development of this dissertation aims to contribute to the iSkin2
project by providing a better understanding regarding the impact of MMC effect in the
studied substitute, while also providing advances to an increasingly studied subject which
is MMC. This way, the work performed is expected to represent a small step towards the
assembly of more efficient and clinically relevant skin substitutes among the immense

work that has been done in this area.



1.3. OUTLINE

1.3 Outline
The structure of this document is organized as follows:

* Chapter 1: Introduction
This chapter comprises the context and motivation of this dissertation, while also
presenting its objectives. The thesis structure is also described.

* Chapter 2: Theoretical Concepts
In here, some theoretical notions considered important for the understanding of
this work will be provided, namely concerning skin and MMC.

* Chapter 3: State of the Art

This chapter provides a literature review of MMC-related works.

* Chapter 4: Materials and Methods

This chapter describes the experimental procedure performed in this dissertation.
Firstly, the methods for matrix production will be described, following cell culture
description. Then, the methods for cellular viability assays and immunocytochem-

istry procedures will be assessed.

* Chapter 5: Results and Discussion

In this chapter, the results obtained in this work and respective discussion will be

displayed.

* Chapter 6: Conclusions and Future Perspectives

This chapter summarizes the overall results obtained in this work and presents
the principal conclusions retained from them. It also assesses to what extent the
objectives proposed were achieved. Finally, some considerations will be provided

for future works.

* Appendices

This chapter provides additional content to literature review by showing a table
summarizing the works in literature about MMC. It also provides several proto-
cols followed during the experimental procedure, while also describing statistical

considerations done in this work.






2

THEORETICAL CONCEPTS

In this chapter, important theoretical concepts in the context of this dissertation will be
addressed. Firstly, the definition of tissue engineering (TE) and its principles will be
given. Secondly, some notions about skin constitution will be approached. Then, a brief
idea about the wound healing process will be described. Next, some characteristics of the
scaffold’s materials and fabrication methods used in this dissertation will be described.

Finally, important concepts about MMC will be explained.

2.1 Tissue Engineering Principles

TE is the field that aims to develop biological substitutes that restore, maintain or im-
prove tissue function through the application of engineering and life sciences principles,
being considered a subfield of regenerative medicine (RM) [2]. TE’s techniques usually
apply a combination of scaffolds, cells and growth factors for the formation of functional
substitutes. This combination constitutes the fundamental triad of TE [3].

Scaffolds are structures that provide mechanical and chemical support to cells, acting
similarly to an ECM. These can be obtained through diverse methods, namely by material
manipulation through various fabrication techniques [3]. Section 2.4 gives a clearer
insight about scaffolds and the characteristics of the materials and fabrication methods
used in this dissertation.

Cell selection is also crucial depending on the tissue intended to be replaced. Regard-
ing skin, differentiated cells like fibroblasts and keratinocytes, the most abundant cells
in this type of tissue, are mostly used in skin substitutes. There can be single cell type
approaches or multicellular approaches in substitute assembly. In section 2.2.2, a more
profound introduction to these two cell types is given.

Growth factors are biologically secreted signaling molecules capable of, namely, pro-
moting cell proliferation, cell migration, cell differentiation and wound healing. The
implementation of growth factors in TE substitutes is very promising, namely by con-
tributing to shorter production times [4]. Although the macromolecules used in the con-
text of this dissertation as crowders are not considered growth factors, their utilization

5



CHAPTER 2. THEORETICAL CONCEPTS

serves the same final purpose, as they are expected to allow a faster and more accentuated
cell growth and ECM formation. Section 2.5 encompasses a theoretical introduction to
the MMC concepts.

In the context of this dissertation, the triad constitution is:
e Cells: Fibroblasts

* Scaffolds: PCL matrices, CS matrices, GEL matrices, and ternary/dermal matrices

(combination of all the referred)

* Growth factors: None, but from the analogy stand point explained above, macro-

molecular crowders may have identical effects as growth factors

2.2 Skin

In this section, some important notions about the structure and constitution of skin are

given.

2.2.1 Anatomy of Skin

Skin can be divided into two main layers: the epidermis and the dermis. The epidermis is
a stratified, avascular, squamous epithelial tissue which assembles the outermost layer of
skin, containing four or five sublayers. Its main function is to ensure the body’s protection
against external aggressions [5], [6].

The deeper, thickest layer of skin is the dermis, constituted of fibrous, filamentous,
and amorphous connective tissue [6]. This layer is abundant in blood vessels, nerve
endings and glands [7]. The dermis provides skin its elasticity and tensile strength,
protects the body from mechanical injury, binds water, aids in thermal regulation, and
includes receptors of sensory stimuli [6].

The hypodermis (subcutaneous tissue), although not being considering a layer of
skin, is located beneath the dermis, and is constituted essentially of adipose tissue. Its
functions are related to the formation of lipidic barriers [7]. The anatomical structure of

skin is presented in Figure 2.1.

2.2.2 Skin Cells: Keratinocytes and Fibroblasts

The principal cells of epidermis are the keratinocytes. These cells undergo a differentia-
tion process known as keratinization, as keratinocytes migrate from the basal layer to the
surface of the epidermis, allowing a constant renewal of this layer or, in case of injury, its
regeneration. Keratinization plays an important role in ensuring a physiological behavior
of the epidermis [5], [6].

The principal active cells found in connective tissues are fibroblasts. These are dermis’

main cells, whose function is to produce structural proteins of the ECM, namely collagen
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Figure 2.1: Anatomy of human skin. Reproduced from [8].

[5], [6]. Fibroblasts not only play an important role in the creation of novel ECM in
injured tissues, but also in maintaining the ECM in uninjured tissues [9].

Fibroblasts and keratinocytes present major importance in the wound healing process
in skin. These cells respond to inflammatory stimulus in case of injury, resulting in
the enhancement of their proliferation, migration, and maturation. Additionally, the
cross talk between these two cell types is one of the most relevant interactions for the

repair/regeneration cascade in skin [10].

2.2.3 Extracellular Matrix

The ECM can be defined as a dynamic three-dimensional structure secreted by cells that
provides mechanical and chemical support to the surrounding cells. ECM is composed
of various macromolecules, usually highly concentrated, which interact with cells, gener-
ating signals via feedback loops in order to control their behavior and modulate various
cellular events such as adhesion, migration, proliferation, differentiation, and synthesis.
Cell fate is directly influenced by the signals provided by ECM, and the dysregulation of
such interactions may result in pathophysiologies [11], [12]. ECM plays an important role
in TERM as it protects and retains transplanted cells at the site of implantation, while
also acting as a depot for bioactive molecules [13].

Usually, the macromolecules of the ECM are classified as fiber-forming, non-fiber-
forming, and matricellular proteins. The first ones provide mechanical strength to the
matrix forming a 3D framework of rigid proteins. In skin tissue, the most common fiber-
forming protein is by far collagen (there are several types of collagens, namely collagen I,
II1, and IV), but many others such as elastin, laminin, fibronectin and fibrillin also partici-

pate in structure assembly. Secondly, non-fiber-forming molecules act mostly as chemical
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mediators, functioning to form a charged, dynamic, and osmotically active space, while
also filling the interstitial space created by the fiber-forming proteins. Glycosaminogly-
cans (GAG), such as hyaluronic acid (HA), are, along with proteoglycans, the main non
fiber-forming macromolecules of skin [14]. Finally, unlike the other proteins, matricellu-
lar proteins can be absent in normal skin, however, they are expressed after skin injury
[12], [15]. Figure 2.2 gives a schematic view of the mentioned components.

When the structure of the ECM is compromised, in case of injury, the normal wound
healing process will ultimately result in the creation of new ECM. As mentioned before,
fibroblasts play an important role in the formation and maintenance of ECM, however,
the molecules synthetized are also extremely important in the regulation of fibroblasts’

activity. This interaction can be seen as an autocrine regulation [15].

Figure 2.2: ECM of normal skin with various macromolecules and other structures indi-
cated. Reproduced from [15].

2.3 Wound Healing

Following injury, skin integrity must be restored. This event unleashes a set of physio-
logical reactions to ultimately restore the normal structure and function of skin. This
process is designated wound healing. Wound healing can be summarized in four phases:
hemostasis, inflammatory phase, proliferative phase, and tissue remodeling [16].

Briefly, the hemostasis consists in platelet activation, release of growth factors, aggre-
gation and clot formation at the site of injury, preventing further blood loss and providing
a temporary matrix for cellular migration. Then, the immune system promotes an inflam-
matory reaction, recruiting neutrophils, lymphocytes, and macrophages responsible for
battling external agents and secreting growth factors. The proliferation phase is induced
next with the accentuated migration and proliferation of fibroblasts, resulting in the pro-
duction of matrix macromolecules and ECM, as well as the proliferation of keratinocytes.
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Angiogenesis, granulation tissue formation and re-epithelization also occur. Lastly, the
remodeling phase is responsible for the neo-dermis maturation, as granulation tissue
gradually diminishes and skin components are remodeled, forming a functional tissue.
One of the main alterations is the remodeling of type III collagen into type I collagen,
which is further reorganized into parallel fibrils, contributing to the formation of a scarred
tissue. The activity of matrix metalloproteinase (MMP)s, which are enzymes responsible
for the degradation of several ECM proteins, is considerably enhanced in this stage. Fail-
ure in any of these stages compromises the wound healing process, possibly resulting in
chronic wounds [10], [16], [17].

The gradual shift from an inflammatory to a proliferative response occurs due to the
cellular interactions between fibroblasts and keratinocytes. Fibroblasts secrete paracrine
factors, such as fibroblast growth factor (bFGF), keratinocyte growth factor (KGF), vascu-
lar endothelial growth factor A (VEGF-A) and insulin-like growth factor 1 (IGF-1), which
communicate with adjacent keratinocytes. Keratinocytes release prestored interleukin
1 (IL1) which signals fibroblasts, promoting their production of KGF and, consequently,
accentuating keratinocytes proliferation. Additionally, keratinocytes also produce other
growth factors such as VEGF-A and platelet-derived growth factor (PDGF), which pro-
mote angiogenesis and fibroblasts’ production of ECM. The inflammatory cells, such as
macrophages, also play an important role in triggering proliferative responses in fibrob-
lasts and keratinocytes through the release of transforming growth factor (TGF), such
as TGF-B. This is responsible for the expression of myofibroblast phenotypes, which
cause wound contraction and contributes to wound closure [10], [18]. Figure 2.3 shows a

schematic view of the interactions described.

As explained, the activity of fibroblasts and keratinocytes (and their cross talk) is
extremely important for wound healing. Providing adequate environments for these cells
in skin substitutes using MMC can play an important role in improving fibroblasts and
keratinocytes’ function, namely by inducing a faster ECM deposition, which ultimately

results in faster wound healing.

2.4 Scaffolds

In TE, scaffolds provide structural and chemical support for cell growth and, thus, ECM
deposition. There has been intensive research in materials science with the ultimate
objective of achieving the ideal scaffold for each type of tissue. Scaffolds’ material, con-
figuration and fabrication technique directly influence its efficacy. In this section, the
characteristics of the polymers used in this dissertation will be discussed, as well as the
fabrication method.
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Figure 2.3: Interactions between fibroblasts and keratinocytes. Growth factors convey in-
formation between these two cell types and fibroblast differentiation into a myofibroblast
phenotype. Reproduced from [18]

2.4.1 Materials

The dermal scaffold produced in this dissertation is composed of chitosan (CS), gelatin
(GEL) and polycaprolactone (PCL). CS is a natural polysaccharide derived from chitin,
which is the second most abundant biodegradable natural polymer. CS is frequently used
as a scaffold in skin TE due to its high biocompatibility, high biodegradability, bacterio-
static effects, and hemostatic properties [19]. The most relevant property of CS regarding
wound healing is its propensity to induce plentiful formation of granulation tissue with
angiogenesis. Additionally, CS has been shown to induce fine collagen fibers histologi-
cally [20]. However, CS behaves as a polycation when dissolved in acidic solutions, and its
solutions show high viscosity, even at low concentration, thwarting its processing through
electrospinning [21], [22].

GEL is a biopolymer derived from the denaturation of collagen. It is more readily avail-
able and much cheaper than other ECM proteins, highly biocompatible and biodegrad-
able, while also possessing a chemical structure very similar to collagen. When blended
with CS, GEL facilitates CS’s manipulation for the electrospinning process and, since
both are extremely abundant and possess high biocompatibility and degradability, their
association is promising in TE. [22], [23].

However, these two polymers still do not provide sufficient mechanical support, hence,
PCL can be used to compensate this flaw. PCL is a synthetic, biodegradable, and biocom-

patible polyester, with great ability to be molded into different shapes. According to its
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production method, different mechanical properties are achieved, therefore, PCL can be
manipulated to provide high structural support to natural materials it is blended with
[24].

2.4.2 Electrospinning

Electrospinning is the most used technique to produce fibrous scaffolds. This process con-
sists in the application of high electrical voltage between a needle, connected to a syringe
that contains the polymeric solution, and a collector linked to the electrical ground. The
high voltage induces the continuous drawing of solution out of the needle into the collec-
tor. As the jet travels towards the collector, solvent evaporation and jet elongation lead
to the deposition of polymeric fibers onto the collector. Electrospun fibrous scaffolds pro-
vide a nanostructure with interconnected pores, which mimics the ECM of natural tissues
and promotes cell adhesion. Thus, electrospinning is one of the most well-established
and recurrently used fabrication technique in TE [25], [26], and will be the fabrication

method used in this dissertation.

2.5 Macromolecular Crowding

This section will first introduce the concepts related to MMC, providing a theoretical
explanation of its biophysical consequences. Then, the characteristics and applications
of the most recurrently used macromolecules will be described.

2.5.1 MMC concepts

The intracellular and extracellular environments in biological systems are crowded with
a high number of molecular species, corresponding to a volume occupancy from 5 % up
to 40 % [27]. In these conditions, despite an accentuated molecular packing, no single
molecule is present at a predominantly high density, which differentiates the concepts
of MMC and high concentration [28]. MMC effect can be described as the equilibria
and kinetics of macromolecular reactions and interactions in highly volume-occupied or
crowded conditions, such as most of physiological environments [29].

Excluded volume effect (EVE) enunciates that two molecules cannot occupy the same
space at the same time, due to steric hindrance, electrostatic repulsion or chemical in-
teractions [28]. In an environment with a greater volume of molecules, each molecule
excludes other molecules from its vicinity, which is indicative of the correlation between
MMC and EVE. The fraction of the total volume occupied by macromolecules is denoted
as fractional volume occupancy (FVO), which in addition to the unavailable space in the
vicinity of the molecules (caused by their electrostatic and steric interactions), comprise
the excluded volume (see figure 2.4) [13], [28]. In a system with an increasing concentra-
tion of new molecules, the number of possible ways to add these molecules is reduced,

due to the EVE: the available volume for molecules to be added is restricted to the space
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that they are not excluded from [30]. The level of entropy of the system is affected by
this phenomenon, as a space restriction indicates the reduction of the degree of disorder
or randomness. As postulated in the second law of thermodynamics, any system has the
tendency of maximizing its disorder and reducing its order. Therefore, by adding new
molecules, although the excluded volume initially increases, the system will then react in
the opposite direction by enhancing molecular association, resulting in the diminution
of the excluded volume and in the restoration of some of the available volume that was

lost by the presence of the molecule (figure 2.5) [28].

Diffusion is the fundamental molecule transportation form in living environments
and is thought to also be directly influenced by MMC: diffusion rates decrease in the
presence of MMC due to obstruction in molecular motion, which is influenced by several
reactant’s and crowder’s physiochemical properties, namely viscosity, pH, size, among
others [13], [28], [31].

In sum, MMC is a clear regulator of several biological processes, such as protein
folding, enzymatic activity, or protein and DNA stability [28], [32]. In the context of this
dissertation, though, it is important to highlight how MMC influences ECM formation
and deposition: in highly crowded in vivo extracellular environments, the diffusion of
procollagen (precursor to collagen), and N- and C- proteinases (enzymes) is restrained
or prohibited, which culminates in accelerated procollagen conversion to collagen and,

consequently, collagen assembly and ECM deposition [28].

Figure 2.4: Excluded volume effect representation. The FVO can be calculated, while
unavailable volumes are challenging to compute. Reproduced from [32]

MMC is an important characteristic in biological systems, and a needful requirement
for life, as proteins and enzymes function in environments with great macromolecular
abundance (e.g. proteins, polysaccharides, nucleic acids), as explained before. The ex-
tracellular concentration of body fluids and human tissues varies, respectively, between
37 g/1to >1000 g/l and 900 g/1 to >2100 g/1. However, this highly crowded condition is
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often despised in in vitro procedures, as cell culture media rarely present concentrations
above 100 g/1 [28]. Therefore, biochemical, and biological reactions in vitro are affected
by such dilute and molecularly deprived conditions, diverging from what is achieved in
vivo. Regarding the synthesis and deposition of collagen, such systems cause a very slow
conversion of procollagen into collagen. This may occur due to the N- and C- proteinases
deactivation before their action on procollagen, or due to the dissolution of procollagen
(which is water-soluble) before its conversion to collagen (which is insoluble) [13], [28].
As a matter of comparison, this conversion may take less than 1 hour in physiological
conditions [33], while in vitro it takes more than 3 days [34]. These attenuations may be
at the origin of the difficulties regarding ECM formation in tissue engineered substitutes.

In sum, experts defend that it is impossible to expect physiological behavior from
cells when they are embedded in such dilute (and non-physiological) culture media [28],
resulting in recent increased efforts to understand this concept of MMC and to determine

the most efficient macromolecules to crowd the media with.

Figure 2.5: Illustration of the MMC effect. The increased crowding conditions induce
molecular association. Reproduced from [28].

2.5.2 Macromolecules

The most reported macromolecular crowders are Ficoll (Fc), carrageenan (CR), dextran
sulfate (DxS), polyvinylpyrrolidone (PVP) and hyaluronic acid (HA). The characteristics
and properties of these macromolecules will be described next. Chapter 3 will give a

clearer insight about the work reported in the literature with the molecules mentioned.

2.5.2.1 Ficoll

Fc is a neutral, nonionic, highly branched, hydrophilic polysaccharide that is extremely
soluble in aqueous solutions. Fc is usually utilized as a density gradient medium for
the separation and isolation of eurakyotic cells [35], and is also one of the most utilized
macromolecules in MMC studies.

2.5.2.2 Dextran Sulfate

DxS is a natural, biocompatible, hydrophilic, biodegradable and negatively charged
polysaccharide. It has a wide range of applications, often being used as an additive

in cell cultures to act as an anti-coagulant. It is also used as an anti-inflammatory and
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anti-aging agent in cosmetics, while also having anti-viral properties [36]. DxS has also

been studied as a macromolecular crowding agent due to its anionic properties.

2.5.2.3 Polyvinylpyrrolidone

PVP is a synthetic polymer with a vast use in the pharmaceutical industry and in medicine,
as it possesses excellent biocompatibility, can form stable associations with many active
substances and is cost effective. PVP is also water-soluble, nontoxic, chemically inert,
temperature-resistant, pH-stable and non-ionic. Its solubility confers a great range of
applications since PVP is soluble in several solvents, as it possesses both hydrophilic and
hydrophobic functional groups. An important drawback of PVP is its low biodegradabil-
ity. In TE, PVP is usually used as a biomaterial for scaffold production, however, recent
studies showed its potential use as a macromolecular crowder, as it will be furtherly
discussed [37], [38].

2.5.2.4 Hyaluronic Acid

HA is a large, anionic, non-sulphated GAG present in the ECM of epithelial and connec-
tive tissues and a biodegradable polymer. HA plays a role in production, assembly and
organization of ECM, helps in the growth of epithelial cells, and is essential in wound
healing and scar formation. It is soluble in water, has an overall net negative charge and
interacts with molecules in its vicinity via both steric and electrostatic repulsion, which
has led to recent reports using HA as a macromolecular crowder. HA also has anti-aging

or anti-inflammatory applications, as well as other applications in TE [39], [40].

2.5.2.5 Carrageenan

CR is a negatively charged natural high molecular weight sulphated polysaccharide ob-
tained by extraction from red seaweeds. CR possesses interesting biological and chemical
properties for TERM, such as anticoagulant, antiinflammatory, antioxidant, antitumour
and antiviral properties. Additionally, CR is also used in pharmaceuticals, drug release
and food industries. Seaweeds are a rich source of sulphated polysaccharides, with the
likes of fucoidan, fucan, galactan and ulvan also being mentioned to have such applica-
tions. However, CR has some drawbacks and adverse effects on biological systems, as the
sulfate group has been associated with adverse effects towards blood coagulations and
immune system activation, with studies on animals suggesting that the long-term use of
CR promotes the development of pathologies such as ulcers or tumour growth. Regarding
its use as a macromolecular crowder in vitro, several recent studies point out CR as the
optimal crowding agent to promote ECM deposition, as it will be discussed further [41],
[42].
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STATE OF THE ART

In this chapter, a literature review is presented. Initially, the applications of TE in skin
and its limitations are discussed, consequently addressing how MMC emerges as a so-
lution for some limitations. Then, a review of the MMC-related efforts present in the
literature are given. Finally, the conclusions summarize the most important points identi-
fied in the studies analyzed, which are taken in consideration in the development of this

thesis.

3.1 Literature Review

For this review, several studies, from the beginnings of TE in skin, to the most recent

efforts regarding MMC, are considered.

3.1.1 Tissue Engineering in Skin and Current Limitations

TE applied to skin regeneration has had a considerable development in the last 30 years,
with the emerging of several game changing techniques and products. In the 1980s, even
before TE was a well-defined area, Yannas and Burke created Integra™ [43], the first skin
substitute introduced in the clinic, which dramatically increased the survival rate of pa-
tients with extensive burn injuries. Since then, TE has experienced tremendous advances,
culminating in the development of various novel skin substitutes with clinical poten-
tial, having epidermal, dermal, or even dermal-epidermal application, with the use of
allogenic or autologous cells. Nowadays, commercially available dermal-epidermal sub-
stitutes using autologous cells like Permaderm™, Tiscover™, denovoSkin™, PolyActive
or TissueTech Autograft System, utilize extracted fibroblasts and keratinocytes cultured
in appropriate conditions to simulate the bi-layered structure of skin [44]. Figure 3.1
illustrates the differences between the TissueTech Autograft System, which incorporates
several layers in a single susbtitute, including keratinocyte and fibroblast layers, and
Integra™, a simpler acellular system. Even though each skin substitute has its own ad-
vantages and applications, they still fail to fully mimic natural skin, and the fact that
autografting remains the gold standard in clinic is elucidative of the limitations of these
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products [45]. Reduced vascularization, poor mechanical properties, scarring, and im-
mune rejection constitute important drawbacks of the available substitutes. Additionally,
the expensiveness of such substitutes, the inability to produce differentiated structures
like glands and hair, and the need for a time-consuming process of 2-3 weeks of cell

culture for their production are indicators of the need for further investigation [44], [46].

Figure 3.1: Constitution of skin substitutes. (a) Integra; (b) TissueTech Autograft System.
Adapted from [44].

3.1.2 MMC as a New Solution

MMC emerges in TE in an attempt to overcome the limitations referred above, especially
to significantly reduce the production time of engineered substitutes. As a matter of fact,
the typical development of ECM-rich 3D constructs requires prolonged in vitro cultures.
Per example, for the production of an ECM-rich implantable device for skin, 14 days
are needed in single layered approaches, while 50 days is the time needed to produce
a skin substitute with full thickness [28]. Several biophysical, biochemical or biological
approaches have been experimented with the objective of promoting faster production
times, such as mechanical stimulation, oxygen tension and growth factors, alone or in
combination. However, none seems to significantly promote a faster and enhanced pro-
duction of ECM, which is an extremely limiting factor for the development of efficient
substitutes, given the crucial role ECM plays in cell fate [28]. The implementation of
MMC principles is expected to help filling this gap.
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The concept of MMC has been known for decades, with reports underlining its bio-
logical importance dating back to the early 1990s [29], [47]. However, the first studies
applying its principles in TE were only published in 2007 [48], [49].

3.1.3 Initial Studies with MMC: Ficoll and DxS as Crowders

Lareu et al. in 2007 were the first to assess the potential of MMC in cell culture and TE. In
[48], lung fibroblasts were cultured under several crowding conditions (500 kDa DxS and
10 kDa DxS at 100 pg/ml; 200 kDa polysodium-4-styrene sulfonate (PSS) at 100 ng/ml;
Fc 70 and Fc 400 at 50 mg/ml) and seeded onto Biobrane or PLLA scaffolds. Collagen de-
position was significantly increased under PSS and 500 kDa DxS crowding, with a 36-fold
and 23-fold increase above control levels (2 days of culture without any crowding supple-
mentation), respectively. These results corroborate a preliminary study conducted by the
same author [49], as DxS seems to be a determinant factor in the enhancement of collagen
deposition. DxS and PSS, which are negatively charged macromolecules, seemed to out-
perform neutral macromolecules (Fc). The authors defend that this is because negative
molecules possess a higher hydrodynamic radius, which is a parameter that describes the
effective size of a macromolecule in a physiological environment. Per example, although
500 kDa DxS and 400 kDa Fc have similar molecular weights, the negative molecule has
a greater hydrodynamic radius, and hence greater FVO percentage, at a 500 times lower
concentration. As procollagen is a negatively charged molecule, electrostatic repulsion
resulting from the interaction with other negatively charged macromolecules induces a
higher EVE and, thus, greater procollagen conversion to collagen. Regarding fibronectin,
there was no enhanced deposition. Another interesting achievement in this study is
related to ECM deposition directly into the supporting materials, as ECM footprints re-
vealed relevant amounts of collagen in the scaffolds after detergent removal of the cells,
which is indicative of the potential of MMC in approaches using decellularized matrices.

Soon-after, MMC was also applied with the objective of providing an in vitro model
to study the pathophysiology of fibrosis ('Scar-in-a-Jar’) [50]. Lung fibroblasts were cul-
tured under distinct crowding conditions, with the results suggesting that the use of
MMC allowed the complete biosynthetic cascade of collagen matrix formation, including
complete conversion of procollagen into collagen, its extracellular deposition and lysyl
oxidase-mediated crosslinking. Moreover, this study showed that it is possible to control,
in accordance with the desired system, collagen matrix deposition rate and morphology.
On the one hand, to achieve a rapid deposition (2 days), negatively charged crowders
should be used (DxS). On the other hand, crowding the mixture with neutral mixed Fc
served as the accelerated mode, with doubling of the collagen deposition achieved at the
sixth day post-culture.

Zeiger et al. [51] studied the effect of MMC in human bone-marrow mesenchymal
stem cells (MSC) utilizing a Fc 70/400 cocktail, concluding that such supplementation
promoted an increase in the assembly of collagen types I and IV, while also inducing the
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alignment of ECM fibers. Another important conclusion taken from this article is that
seeding the cells together with MMC is beneficial for both cell proliferation and ECM
deposition, in comparison to a 24h post-seeding crowding.

Fc and DxS were the first relevant crowders reported in the literature showing promis-
ing results. Actually, Fc utilization has prevailed along the years, being one of the most
highly regarded macromolecular crowders. Figure 3.2 is representative of the capability

of Fc supplementation to increase the deposition of various ECM proteins.

Figure 3.2: Immunocytochemistry analysis shows significantly increased deposition of
several ECM proteins under Fc supplementation by human corneal fibroblasts, in com-
parison to non-crowded conditions. Images were obtained after 2 days of culture. Repro-
duced from [52].

3.1.4 Hyaluronic Acid as a Crowder

Shendi et al. [39] reports the first use of HA as a macromolecular crowder using human
neonatal fibroblasts. However, the results did not show significant increase in ECM gene

expression nor deposition. These outcomes were contradicted by Garnica-Galvez et al.

18



3.1. LITERATURE REVIEW

[53] studies, where the effectiveness of HA as a crowder in adipose-derived stem cell-
cultures and its physicochemical properties were assessed. HA enhanced the deposition
of collagen IIT and collagen IV in comparison to non-MMC groups, however, it still did
not come close to CR and Fc performances. The authors finish by stating that, unless a
biological benefit for HA is identified, the use of Fc and CR over HA should be prioritized

for enhanced and accelerated ECM deposition.

3.1.5 Polyvinylpyrrolidone as a Crowder

Rashid et al. [38] reports the first evaluation of the use of PVP as a crowder, establishing a
comparison with Fc mixtures in human dermal fibroblast and human bone-marrow MSCs
cultures. Different concentrations of PVP 360 kDa, PVP 40 kDa, and Fc cocktail were
analysed. The best results regarding collagen types I and IV and fibronectin deposition
with PVP 40kDa were achieved using 18% FVO, as with PVP 360kDa, these were obtained
at a FVO of 54%. Viscosity of the crowders was also assessed: solution’s viscosity increases
with an increasing concentration of crowders. While for PVP solutions the increase is
linear, for Fc mixtures the increase is exponential. For the optimal FVO percentage of
each crowder, the viscosity levels associated to these crowding conditions were between
the physiological ranges, which indicates the possibility of the use of PVP in TE and in
vivo.

In sum, Fc mixtures at 9% and 18 % FVO still outperformed, with the curiosity of 9%
FVO outperforming 18% FVO, which is more commonly used in literature, any PVP used.
However, due to the high cost and the limited FVO ranges with physiological viscosities
of Fc, PVP could present a good alternative to Fc.

3.1.6 Carrageenan as a Crowder

More recently, CR has emerged in the literature with significant impact, with several
publications referring it as the most efficient crowder [28], [42], [54], [55].

Gaspar et al. [55] assessed the influence of biophysical properties of macromolecu-
lar crowders, such as polydispersity and charge, in ECM deposition in human dermal
fibroblast culture. Several concentrations and molecular weights of CR, Fc and DxS were
studied, as well as Fc and DxS cocktails. Results showed that CR, DxS 100 kDa, and
DxS 500 kDa significantly enhanced ECM deposition, with CR appearing to be the most
effective. Fc, due to its neutral charge, did not match the enhanced ECM deposition of
the negatively charged crowders. Mixed crowding, utilizing Fc and DxS cocktails, en-
abled higher polydispersity, however, only DxS cocktails managed to achieve similar
performance (but still inferior) to CR, as Figure 3.3 shows. This indicates that high poly-
dispersity and negative charge are biophysical characteristics capable of promoting a
more efficient EVE by the crowders and, thus, inducing an accelerated rate of biological
reactions, which explains the efficiency of CR.
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Satyam et al. [54] also performed comparative studies between Fc 70/400 mixtures,
DxS and CR in order to assess the most efficient crowder in several cell types. CR outper-
formed all the remaining crowders, with the authors hypothesising that its inherent high
molecular polydispersity was the key modulator of excluded volume, inducing greater
ECM deposition. Figure 3.4, obtained from this report, shows how effective CR supple-
mentation is to enhance ECM deposition in comparison to non-crowded groups.

Given the effectiveness of CR, it would be interesting to assess if other molecules
derived from the same seaweeds showed similar results. De Pieri et al. [42] evaluated
the biophysical properties of different seaweed polysaccharides, such as arabinogalactan,
fucoidan, galactofucan, ulvan and CR, and their effect on human adipose derived stem
cell cultures. None of the crowders, except arabinogalactan, affected celular viability.
Fucoidan, galactofucan and ulvan promoted an enhanced ECM deposition, especially
collagen type I and type V, however, they still did not match CR efficiency. This work
opens new possibilities for the use of other polysaccharides derived from seaweeds, but

reinforces the influence of CR in MMC-related studies.

Figure 3.3: SDS Page and densitometric analysis revealed that, in human dermal fibroblast
cultures, DxS and, especially, CR induced the highest collagen type I deposition among
all the considered crowders. Statistically significant differences (p < 0.01) to uncrowded
groups are marked with *. Reproduced from [55].

3.1.7 MMC and Oxygen Tension Combination

Oxygen tension is an essencial signal that regulates developmental processes, cell fate and
tissue function, with its extracellular concentration flucuating between 0.5% and 14%
within an organ, depending on how far the cells are located from capillaries. Each tissue
and cell type needs specific oxygen levels, which has led to research efforts to optimize
oxygen supplementation in cell cultures and TE [56]. Combinating oxygen tension with
MMC could enhance the pretended effects, with several reports exploring this hypothesis.

Cigognini et al. [57] demonstrated that CR significantly enhances ECM deposition in
human bone marrow MSC at both 20% and 2% oxygen tension. In another study, Satyam
et al. [56] assessed the simultaneous effect of oxygen tension, foetal bovine serum (FBS)
concentration and MMC (75 pg/ml CR) in human dermal fibroblast culture. Results show
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Figure 3.4: Supplementation with CR drastically increases deposition of several ECM
proteins after 2 days. (a) Immunocytochemistry analysis and (b) relative fluorescence
intensity measurements confirmed higher deposition for all the proteins analysed, with
the more accentuated increase being achieved in collagen type I and III. Reproduced
from [54].

that the presence of CR enhances ECM deposition in all time points (3, 7 and 14 days),
and in all oxygen tensions and FBS concentrations. Additionally, 2% oxygen tension was
associated to an increased ECM deposition, in comparison to 0.2% or 20%, at all time
points, at all FBS concentrations and in the presence or absence of crowder. FBS concen-
tration of 0.5% also seemed to outperform 10% FBS. More recently, Kumar et al. [58]
performed similar studies in human corneal fibroblasts, with the highest ECM deposition
being achieved after 14 days under 2% oxygen tension, at 0.5% serum concentration and
crowded with 75 pg/ml CR.

In sum, these studies suggest that MMC and oxygen tension, individually or associ-
ated, can be crucial microenvironment modulators for faster development of TE substi-

tutes.
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3.1.8 MMC and Growth Factor Combination

Similarly to what can be achieved between oxygen tension and MMC, combining growth
factors with MMC can also be beneficial in TE. Tsiapalis et al. [59] reports the simultane-
ous use of MMC and growth factors (IGF-1, PDGF(33, GDE5, TGE{33) in tenocyte cultures.
CR supplementation induced higher collagen deposition in comparison to non-crowded
conditions or with/without any growth factor and, when supplemented together with
TGEF(3, induced even more collagen deposition. TGF33 outperformed the remaining
growth factors. This comparison between MMC and growth factors shows just how ef-
fective CR is, as it outperforms supplementation with natural occurring substances in
the physiological environment. This data suggests that crowders combined with growth

factors could also play an important role improving engineered constructs.

3.1.9 MMC in 2D and 3D Models

Most of the investigation performed about MMC is in two-dimensional models, in a
monolayer of cultured cells. As a matter of fact, of all the articles reunited for this review,
only four of them mention the use of scaffolds (three-dimensional models) [48], [60]-[62].
Chen et al. [60] work established a comparison between 2D and 3D models, using porcine
chondrocytes and Fc 70/400 cocktail. Regarding cells grown in 2D, the results corrobo-
rate previous findings, namely the enhancement of collagen type II deposition and GAGs
production, in the presence of MMC. However, in a 3D model, the supplementation with
MMC did not enhance matrix deposition and maturation. In fact, evidences of deteriora-
tion of the quality of the engineered cartilage were observed. The authors propose that
this could be because, among other reasons, the support matrix already confers a packed
environment and, by adding even more crowding, matrix degradation enzymes, which
inhibit ECM formation, are activated.

Other reports present opposite results. Camara-Torres et al. [61] studied the use of Dx
and Fc in human MSCs seeded in 3D additive manufactured scaffolds, with the results
showing that both crowders supported cellular viability, and allowed increased ECM pro-
duction and mineralization. Tsiapalis et al. [62] studied the effect of CR supplementation
in tenocytes seeded in Biosyn™ scaffolds, showing that MMC enhanced and accelerated
ECM deposition onto the construct.

These findings provide the notion that MMC could have distinct effects in 2D and 3D
environments, and that the potential of MMC in 3D models is still not clear.

3.1.10 MMC to Produce Dermal-Epidermal Junction

When it comes to the assembly of bi-layered skin substitutes, it is of great importance
to assure the development of a functional dermal-epidermal junction (DEJ]). Benny et
al. [31] reported the use of mixed MMC, consisting of a mixture of Fc 70 and Fc 400, in

monocultures and co-cultures of fibroblasts and keratinocytes to assess the production
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of an interlinked membrane of ECM, characteristic of the DE]J. The resulting ECM was
enriched with collagen I and IV, fibronectin and laminin 5. More importantly, the de-
position of collagen VII, the anchoring fibril component of the DE]J, was also enhanced.
Moreover, the results suggest that fibroblasts are the major cellular contributors to the
DE]J, rather than keratinocytes, as they induce greater collagen VII deposition and act as
a promotor of collagen VII production and deposition by keratinocytes. MMC was the
key factor in achieving these results in a significantly reduced time frame.

3.1.11 MMC to Produce Decellularized ECM-rich Matrices

Wong et al. [63] showed good results in implementing MMC (Fc 70/400 cocktail) in the
assembly of an acellular dermal fibroblast ECM. This ECM had an enhanced deposition
of collagen type I and type IV, and fibronectin. The matrix was then utilized to expand
keratinocytes, being crucial in the modulation of keratinocyte growth and differentiation.

Another study by Satyam et al. [64] also reports the use of Fc 70/400 cocktail in the
assembly of fibroblast-derived decellularized matrices, which allows in vitro proliferation
and differentiation of podocytes. This platform displays abundance in growth factors and
molecules, enabling podocyte maturation. Such publications are indicative of the utility
of MMC in the assembly of decellularized ECM-matrices, as it promotes an accelerated

and efficient ECM production by the removed cells.

3.2 Conclusions

The implementation of MMC in TE is a clear step-forward in the direction of produc-
ing more efficient substitutes. In Appendix A, a table summarizing the academic work
regarding MMC is provided.

The following points represent important suggestions, limitations or characteristics

denoted during this analysis:

* Negatively charged crowders, especially CR, seem to be the most effective
* Fc 70/400 mixture, although neutrally charged, has achieved good results

* Seeding cells together with MMC is more effective than seeding the cells and only
adding the crowders the following day

* MMC in three-dimensional models is still a very unstudied topic

* Efficiency in the production and deposition of collagen and fibronectin may differ

for the same crowder

* Combinating MMC with growth factor supplementation or oxygen tension may
offer even better results
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This dissertation tries to take in consideration the maximum number of these topics

in order to achieve the intended results.
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4

MATERIALS AND METHODS

In this chapter, the experimental procedure for the development of this work is described.
First, the materials and methods utilized for the production of the CS, GEL, PCL and
ternary matrices are shown. Then, we present the approach used regarding fibroblast
cell culture, where the macromolecular crowders were utilized. Further, cellular viability
tests with resazurin assays are shown. Finally, immunocytochemistry procedures are

described, as well as the process for fluorescence image acquisition and analysis.

It is important to note that a cycle of work is constituted by the following points:

1. Produce the matrices.

2. Carry out cell culture.

3. Perform resazurin assays and analyze them.
4. Perform immunocytochemistry staining.

5. Analyze the immunocytochemistry staining images and assess ECM deposition.

However, many precursory studies which led to the definition of a well-established

procedure were also performed, which are also described along the following sections.

4.1 Matrix Production

For the assembly of the dermal scaffold, electrospinning was performed. The matrices
were either constituted by one of the polymers (unitary matrix) or by the association
of the three polymers (ternary matrix). In total, four different types of matrices were
produced: GEL matrix, CS matrix, PCL matrix and ternary matrix. The procedure for the
fabrication of these scaffolds will be described next.
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Table 4.1: Polymers used for matrix production.

Polymers MW (kDa) Supplier
CS 500 Cognis
GEL from cold water fish skin n.i. Sigma-Aldrich
PCL 80 Sigma-Aldrich
PEO 2000 Sigma-Aldrich

Table 4.2: Reagents used for matrix production.

Reagents Chemical Composition MW (Da) Supplier
Acetic Acid, Glacial C,H40, 60.05 Thermo Fisher
GTA 50 % C5Hg0, 100.1 Merck

Distilled Water H,O 18.02 -

Table 4.3: Polymer concentration (expressed in percentage of polymer mass relative to
total solution mass) and solvent composition (given by the ratio of the masses of acetic
acid and distilled water) of the solutions used in this work.

Solution (w/w) PCL CS GEL PEO Acetic Acid: H,O

PCL 20 0 0 0 100:0
CS 0 2 0 0.4 90:10
GEL 0 0 25 0 90:10
Ternary 2 2 2 0.2 90:10

4.1.1 Materials and Reagents

Table 4.1 provides the molecular weight (MW) and the supplier of the various polymers
used for matrix assembly. Table 4.2 describes the characteristics of the reagents used in

matrix production.

4.1.2 Solution Preparation

Table 4.3 summarizes the concentrations used to produce the solutions for electrospin-
ning. These concentrations have been studied and optimized in preceding work done in
the Tissue Engineering Group [65]. A combination of glacial acetic acid and distilled wa-
ter constituted the solvent in CS, GEL and ternary solutions, while in the PCL solution the
solvent was 100% acetic acid. As described in [65], high molecular weight poly(ethylene
oxide) (PEO) was added to solutions containing CS in order to overcome the adversities
related to the electrospinning process of these solutions, due to their high conductivity

and CS’s cationic behavior.

The solutions were prepared and placed in the magnetic stirrer (MS-H-Pro, Scaninst)
overnight. For PCL solutions, if the polymer was not dissolved properly, an ultrasonic
cleaner (UD100SH-3L, Eumax) was used.
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4.1.3 Electrospinning

The matrices were assembled using a rotating electrospinning setup (figure 4.1). Ad-
ditional translational movements were implemented to provide a more uniform distri-
bution of the fibers through the aluminium sheet (collector). All the solutions were
processed equally, connecting a 5 ml syringe with the solution to a 23-gauge needle. Elec-
trospinning was then performed using a high voltage power supply (T1CP300304p, ISEG)
providing a voltage of 18 kV. The rate used was of 0.3 mL/h, and 3.5 mL of the solution

was dispensed. The tip of the needle was at a distance of 25 cm from the collector.

Figure 4.1: Electrospinning technique illustration.

4.1.4 Crosslinking

Matrices containing GEL and CS need crosslinking to be an effective scaffolding structure,
since these polymers dissolve in water at room temperature [65]. GEL, CS and ternary
matrices were crosslinked by being exposed to glutaraldehyde (GTA) vapour: an open
recipient containing a 50 wt% GTA solution in water and containing scaffolds was placed
in a hermetically sealed container, in order to expose the matrices to an atmosphere
saturated with GTA vapour. This container was placed in an oven at 37 °C for 3 hours.
Then, the scaffolds were kept in a vacuum desiccator for three days to remove any residual
absorbed GTA.

4.2 Cell Culture

After matrix production, cell cultures were performed, where MMC was incorporated.
This section comprises the procedures done in this ambit. First, the preparation of scaf-
folds and crowders for cell culture is described. Then, the different culture studies per-

formed will be explained.
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Table 4.4: Reagents used for cell culture.

Reagents Supplier
DMEM low glucose BioWest
Ethanol (70% v/v) Home-made
TrypLE™ express Gibco
Trypan blue stain (0.04%) Gibco
FBS Biowest
Penicillin (100 U/ml) Invitrogen
Streptomycin (100 pg/ml) Invitrogen
PBS Home-made
Ascorbic Acid Alfa Aesar
Fc 70 kDa GE Healthcare
Fc 400 kDa GE Healthcare
PVP 55 kDa Sigma-Aldrich

4.2.1 Materials and Reagents

Table 4.4 provides the reagents and respective suppliers used during cell culture proce-
dures described in this section.

The following equipment was used: centrifuge (K3 Series, Centurion Scientific),
CO,; incubator (MCO-19AIC, Sanyo), hemocytometer (Biirker, Hirschmann), microscope
(Eclipse Ti-S, Nikon), biological safety cabinet (E-series, Labculture), deep freezer (Cry-
ocell), waterbath (Memmert). All the instruments used during such experiments were

sterile and non-pyrogenic in order to avoid cell culture contamination.

4.2.2 Matrix Preparation

The scaffolds produced as descibed in 4.1 were cut into 12 mm diameter disks utilizing
punch-holes. Matrices were then sterilized with ethanol v/v 70% for 20 minutes and
washed 3 times with phosphate buffered saline (PBS). Glycine was then used to neutralize
non-reacting aldehyde groups (given their toxicity) of matrices that were crosskinked.
Before cell culture, the matrices were washed once more with PBS. Protocol B.1 was

followed.

4.2.3 Crowder Preparation

Two different crowders were utilized in this dissertation: Fc and PVP.

4.2.3.1 Preparation of Ficoll

Fc mixtures were prepared by utilizing Fc 70 kDa at a concentration of 37.5 mg/mL
and Fc 400 kDa at a concentration of 25 mg/mL dissolved in low glucose Dulbecco’s
modified Eagle’s medium (DMEM) supplemented with 1% penicillin/streptomycin (Pen
Strep) and 10% foetal bovine serum (FBS), with associated FVO of 18%, as it is the most

used/efficient Fc mixture described in the literature.
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Before application in cell culture, the crowders were sterilized. Thus, the solution
with the crowder was filter-sterilized utilizing 0.22 pm filters. The solution was kept at
4 °C.

4.2.3.2 Preparation of Polyvinylpyrrolidone

PVP 55 kDa was also studied as a crowder. Since the literature only reports the use of
PVP 40 kDa and PVP 360 kDa, it was necessary to assess the intended concentration
of PVP 55 kDa to achieve a FVO of 18%. Rashid et al. [38] showed that a FVO of 18%
produced the highest collagen production in crowding conditions with PVP 40 kDa and,
considering that PVP 55 kDa possesses a similar molecular weight to PVP 40 kDa or, at
least, more similar in comparison with the other studied MW (360 kDa), a FVO of 18%
was selected to be used in this work.

To calculate the concentration of PVP 55 kDa associated to a FVO of 18%, the protocol
described in [38] was followed. Equation 4.2 was obtained to determine the concentration
to be used. The volume of each macromolecule (V) was calculated using equation 4.1,
with PVP 55 kDa having a hydrodynamic radius of Ry=5.65 nm [66].

4

V= gnRg (4.1)

m _FVO MW
Ve 100% ~ 6.023x 1023 xV

(4.2)

The concentration obtained was m/Vy = 21.76 mg/mL. Thus, PVP 55 kDa was dis-
solved in low glucose DMEM supplemented with 1% Pen Strep and 10% FBS at a con-
centration of 21.76 mg/mL. The sterilization was performed in the same way as for Fc

mixtures. The solution was kept at 4°C.

4.2.4 Cell Culture

Human caucasian foetal foreskin fibroblasts (HFFF2) (see figure 4.2) were cultured in T75
or T25 flasks with DMEM low glucose supplemented with 10% FBS and 1% Pen Strep
and maintained in a incubator with a humidified 5% CO, atmosphere at 37 °C.

4.2.4.1 Cell Culture for Crowder Optimization

Preliminary studies were performed in order to:

* Assess the influence of seeding cells together with MMC-supplemented medium or

supplementing the cells with MMC only 24 hours post-seeding;

* Assess the influence of supplementing cell medium with L-ascorbic acid 2-phosphate
(AA);
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Figure 4.2: Microscope image of HFFF2 cells. Magnification of 100x was used.

* Perform immunocytochemistry optimization studies.

For this, HFFF2 were cultivated for 7 days in 24-well culture plates. Cells were seeded
at a density of 50000 cells/well (25000 cells/cm?) onto coverslips placed in the bottom
of each well following protocol B.2. Six different culture conditions were assessed as

following:

Standard medium: low glucose DMEM with 10% FBS and 1% Pen Strep (DMEM);

Supplementation with AA (DMEM + AA);

Supplementation with MMC (MMC);

Supplementation with MMC and AA (MMC + AA);

Supplementation with MMC 24-hours post seeding (MMC 24h);

Supplementation with MMC 24-hours post seeding and AA (MMC 24h + AA).

For MMC conditions, Fc cocktail as described in 4.2.3.1 was used. AA at 100 pM
was added to MMC or DMEM solutions. In conditions where MMC was only added 24
hours post-seeding, the cells were initially seeded with DMEM. AA supplementation was
performed right at day 0. Conditions containing AA had their medium changed every
day, while the remaining were changed every 2 days. In every condition, the amount of
culture medium used was 1 mL/well. The plates were kept in 37 °C, 5% CO, conditions.

All the samples were fixed at day 7.

4.2.4.2 Cell Culture in Gelatin, Chitosan and Ternary Matrices

The auto-fluorescence of CS and GEL can impair the visualization of cells and ECM pro-

teins through immunocytochemistry assays. Thus, preliminary cultures were performed
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with adjustments in the fluorescent staining protocol in order to assess the possibility of
performing immunocytochemistry assays in these mats.

HFFF2 were seeded in the GEL, CS or ternary mats that were placed inside home-
made Teflon inserts with an internal area of 0.5 cm?, at a concentration of 12500 cells per
insert, according to protocol B.2, and cultured for 7 days. MMC supplementation was
performed right at day 0. 250 pl of culture medium, with or without MMC, was added to
each Teflon insert and changed every two days. The plates were kept in 37 °C, 5% CO,
conditions. All the samples were fixed at day 7.

4.2.4.3 Cell Culture in PCL Matrices

HFFF2 were cultured for 7 days in 24-well culture plates, similarly as described in CS,
GEL and ternary matrices. In total, four different conditions were used for each crowder
studied: +MMC in PCL matrix, +MMC in coverslips, -MMC in PCL and -MMC in cover-
slips. Samples were fixed at each time point (3, 5 and 7 days). The plates were kept in
37 °C, 5% CO, conditions.

4.3 Cellular Viability

To assess the viability of the seeded cells, and to determine if MMC would have any

detrimental effect on cells, resazurin assays were performed.

4.3.1 Materials and Reagents

Culture medium as described earlier and resazurin (Alfa Aesar) at 0.04 mg/ml in PBS

were used in this phase of the work.

4.3.2 Resazurin Assay

Fibroblast viability in the different crowding conditions (with or without MMC) and in
the different supporting materials (coverslip or PCL matrix) was assessed via resazurin
assays performed at each time point (day 3, 5 and 7 post-seeding), according to protocol
B.3.

4.3.3 Analysis of Results

The data obtained at each time point was analyzed using Microsoft Excel. The optical
density (OD) difference between 570 nm and 600 nm wavelengths for each well was
calculated, as presented in equation 4.3. The final OD value for each condition was
assessed by calculating the mean of the values of all the wells corresponding to that
condition, and subtracting the average OD value of the resazurin control group, as in

equation 4.4.
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ODyif = ODs70um — ODgoonm (4.3)

OD¢ondition = ODdifsamples = ODesazurincontrol (4-4)

The uncertainty of the absorbance data was calculated through the law of propagation
of uncertainty. Experimental standard deviation of each condition and control group was
calculated, with the uncertainty of the final OD value of each condition being given by
equation 4.5.

Statistical significance was assessed via t-tests as described in appendix C.

u’ =52
C(ODcandirian) m(ODcondition) m(ODresazurinconrral)

4.4 Immunocytochemistry

In this section, the optimized immunocytochemistry procedure will be provided, as well
as the optimization process. Additionally, the methods to study ECM deposition, from

image acquisiton to ECM quantification will be described.

4.4.1 Materials and Reagents

Table 4.5 shows the reagents used during this phase of the work. The solutions produced
for the development of these experiments are presented in table 4.6. The staining agents

used were:

1. Primary Antibodies

* Rabbit Anti-Collagen type I, Rockland 600-401-103-0,1

* Mouse monoclonal IgG; A Anti-Collagen type I Alpha 2 (COL1A2), Santa Cruz
SC-393573

* Mouse monoclonal IgG; x Anti-Fibronectin, Santa Cruz SC-8422
2. Secondary Antibodies

* Mouse IgGxk light chain binding protein (m-IgGx BP) conjugated to CruzFluor™
555, Santa Cruz SC-516177

* Mouse IgG A light chain binding protein (m-IgGA BP) conjugated to CruzFluor™
555, Santa Cruz SC-516191

* Mouse IgGA light chain binding protein (m-IgGX BP) conjugated to CruzFluor™
488, Santa Cruz SC-516190

* Goat Anti-rabbit Alexa Fluor 488 conjugated, Elabscience E-AB-1055

3. Other Fluorescent Stains
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Table 4.5: Reagents used during immunocytochemistry procedures.

Reagents Supplier
Albumin, Bovine Amresco
Glucose n.i.
Triton X-100 Sigma-Aldrich
PBS Homemade
PFA AppliChem Panreac
Mowiol Sigma-Aldrich
Glycerol VWR

Table 4.6: Solutions used during immunocytochemistry procedures.

Solution Composition
4% PFA 4% PFA in PBS
Fixing Solution 4% PFA with glucose at 40 mg/mL
Fixing Permeabilization Solution Fixing solution with 0.1% Triton
2% BSA Solution 2% Bovine Serum Albumin in PBS
. 10% Mowiol, 25% glycerol, 15% H,O,
Mowiol

50% Tris-HCI (0.2M, pH 8.5)

* Acti-stain™ 488 Fluorescent Phalloidin, Cytoskeleton, Inc.
* Acti-stain™ 555 Fluorescent Phalloidin, Cytoskeleton, Inc.

* DAPI Nucleic Acid Stain, Invitrogen™

4.4.2 Optimized Immunocytochemistry Protocol

For immunocytochemistry analysis, protocols in section B.4 were followed. Cells were
washed with PBS, permeabilised with 0.1% Triton in fixing solution and fixed in 4%
paraformaldehyde (PFA) supplemented with glucose at 40 mg/mL, at each time point (3,
5 and 7 days). Non-specific sites were blocked with 2% bovine serum albumin (BSA) in
PBS for 1 hour at room temperature.

Cells were incubated overnight at 4 °C with primary antibodies for collagen type I
(Rockland 600-401-103-0,1) and fibronectin (Santa Cruz SC-8422) at 1:50 dilution. Sec-
ondary antibodies, goat anti-rabbit AF488 conjugated (Elabscience E-AB-1055) at 1:100
dilution (for collagen type I) and mouse IgGxk light chain binding protein, Santa Cruz
SC-516177, at 1:50 dilution (for fibronectin), were incubated for 1h30 at room tempera-
ture. Cell nuclei were counterstained with 4% 4’,6-diamidino-2-phenylindole (DAPI) in
2% BSA for 5 minutes.

Slides were mounted with 10 nl of Mowiol. Images of the samples were acquired
using an epi-fluorescence microscope (Nikon Eclipse Ti) with a magnification of 400x,

and then analysed with the Image]J software, as described in subsection 4.4.4.
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4.4.3 Optimization of Immunocytochemistry Protocol

To reach the above-described protocol, precursory studies had to be performed, since
several difficulties were experienced along the work to obtain the desired images. The
protocols in section B.4 were followed as well, but different antibody conditions were
experimented, as described ahead.

Firstly, to make a comparison between the available red secondary antibodies, pri-
mary antibodies anti-fibronectin SC-8422 and anti-collagen type I Alpha 2 SC-393573 at
1:50 dilution were incubated in different samples. The secondary antibodies used were
fibronectin anti-mouse IgG kappa, SC-516177, and collagen anti-mouse IgG lambda,
SC-516191, both at 1:50 dilution. Acti-stain™ 488 Fluorescent Phalloidin was also incu-
bated for 1h30 together with the secondary antibodies at 1:500 dilution to visualize actin
filaments.

The two available primary collagen antibodies were also compared. For that, mouse
collagen type I alpha 2 SC-393573 (COL1A2) and rabbit collagen type I (Rockland 600-
401-103-0,1) were incubated at 1:50 dilution in different samples. Then, secondary an-
tibodies were added to the respective primary antibodies: anti-mouse IgG lambda, SC-
516190, at 1:50 dilution and goat anti-rabbit AF488 conjugated (Elabscience E-AB-1055).
Acti-stain™ 555 Fluorescent Phalloidin was also incubated for 1h30 together with the
secondary antibodies at 1:500 dilution.

After this procedure, the antibodies to be used for the remaining immunocytochem-

istry experiments were defined, as stated in section 4.4.2.

4.4.4 Study of ECM Deposition

After incubation of the samples with the antibodies, these were visualized in an inverted
microscope. After the images were acquired, ECM deposition was quantified. In the next
subsections, the processes of image acquisition and of ECM deposition quantification are

explained.

4.4.4.1 Image Acquisition and Treatment

The samples were visualized using an epi-fluorescence microscope (Eclipse Ti-S, Nikon)
with a digital camera (D610, Nikon). Camera Control Pro version 2 was the software used
to acquire the images. For each channel, different exposure times and neutral filters were
used, as presented in table 4.7. Unless otherwise mentioned, these were the parameters

for image acquisition.

4.4.4.2 Nuclei Counting

Nuclei counting was performed to normalize the quantification of ECM deposition. Since
it is expected that images containing a higher number of cells also contain more ECM,

dividing the mean intensity of each image by the number of counted nuclei in the same
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Table 4.7: Exposure time and microscope filter usage in fluorescence image acquisition
of collagen, fibronectin and cell nuclei.

Channel Exposure Time Neutral Filters

Collagen Green 1/2 sec Both
Fibronectin Red 1/6 sec Both
Nuclei Blue 1/4 sec None

image would allow to establish a comparison between images with different cell density.
Accordingly, the main factor for higher or lower ECM deposition would not be the number
of cells, but possibly the use of MMC or different scaffolds.

To count the nuclei, Image] was used and protocol B.4.4 as described in [67] was
followed. Figure 4.3 shows the initial image obtained from the fluorescence microscope

(a) and the image post-processing from which the nuclei counting is performed (b).

Figure 4.3: Image processing for nuclei counting. (a) Fluorescence image before process-
ing; (b) Image used for nuclei counting after processing.

4.4.4.3 ECM Quantification

To establish an estimation of the amount of collagen or fibronectin deposited in each
image obtained from immunocytochemistry, Image] was used. For each fibronectin or col-
lagen staining image, mean gray value (MGV) was measured, which indicates the image’s
average intensity. Then, for each image, the MGV of at least three areas corresponding to
the background were measured and averaged, providing an estimation of the background
intensity of each image. This value was then subtracted from the image MGV, allowing
to make a correction to the useful intensity for ECM quantification by removing the back-
ground intensity. Finally, this value was divided by the number of counted nuclei in the
image, providing a value of MGV per cell (see equation 4.6), which is the normalized
relative intensity measure used to compare the ECM deposition of the various conditions.

Image MGV — Average MGVBackground

MGV/Cell = (4.6)

Number of Nuclei
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For each condition studied, the average of MGVs per cell were obtained from all the
corresponding images, and their respective standard deviations. Statistical significance

was assessed via t-tests as described in appendix C.
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REsuULTS AND DISCUSSION

This chapter comprises the results obtained in this dissertation and their discussion. It
is organized in five sections, with the first two presenting and discussing the results
regarding the optimization of the immunocytochemistry procedure and of the crowder
optimization cultures. Then, the results obtained in CS, GEL and ternary matrices will be
discussed. Moreover, cellular viability assays will be presented and discussed. Finally, the
results concerning the MMC effect in ECM deposition in PCL matrices will be discussed.

5.1 Immunocytochemistry Optimization

It was of great importance to perform initial studies where various antibodies were tested,
since obtaining an efficient staining and, thus, good ECM deposition visualization was an
indispensable requirement for the development of this work.

Firstly, the available antibodies for fibronectin and collagen red staining were tested
as described in section 4.4.3. Figure 5.1 shows a comparison of the immunocytochemistry
images obtained with these two available red staining agents. Foremost, it is important
to note that the images, for both fibronectin and collagen, correspond to the same culture
condition (with MMC), which allows a more adequate comparison. By analysing the
images, both fibronectin and collagen appear to be stained by the respective antibodies,
however, some differences can be observed: fibronectin staining appears to be more
noticeable in comparison with collagen staining. This could be due to the presence of a
higher amount of fibronectin than collagen in the respective samples, as fibronectin and
collagen may not be produced equally by the cells, which is unlikely since collagen type I
is the most abundant protein in the ECM. However, since it is expected that samples with
higher cell concentration produce more ECM, and considering that the sample associated
with collagen staining has a higher cell concentration, it would be expected that collagen
staining presented higher intensity, which is not verified. Therefore, this difference in
intensity could be associated not to the actual amount of protein deposited, but to the
staining process. Additionally, only the alpha 2 chains of collagen type 1 are stained,
when it is intended to stain the collagen type 1 protein as a whole, which of course affects
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the intensity of the image.

A good method to evaluate the presence of non-specific binding is the utilization of
primary antibody controls, which consists in merely incubating the secondary antibod-
ies, with no previous application of primary antibodies. This ensures that staining is
produced from the antigen detection by the primary antibody, and not due to unspecific
binding [68]. Therefore, it is expected that the images acquired with these controls are
mostly dark. The second row of images in figure 5.1 were obtained after performing
this procedure. It is evident that non-specific bindings occur in the image related to col-
lagen staining, while a way more darker image is obtained for the fibronectin staining,
which indicates that the collagen staining process with the secondary antibody used is
quite unspecific. Considering all this, fibronectin staining in the remaining work was
performed using these antibodies (Mouse Anti-Fibronectin SC-8422 at 1:50 concentration
+ Anti-mouse SC-516177 [red] at 1:50 concentration). It was also necessary to test other

antibodies for collagen staining.

For a more convenient experiment, it would be useful that collagen staining was
carried out with green fluorescence, so that, for the same sample, blue, green and red
stainings were all done, showing, respectively, nuclei, collagen and fibronectin. For that,
two combination of primary + secondary antibodies were tested, as described in section
4.4.3. It is important to point out that one of the primary antibodies only bound to alpha
2 chains present in collagen type I (labeled as COL1A2 from now on), while the other
primary antibody bound to collagen type I protein as a whole (labeled as COL1 from
now on). Obviously, this work intended the visualization of collagen type I protein, not
just the alpha 2 chains, so it would be expected that COL1 antibody was more adequate
in comparison with COL1A?2 for our purposes. However, studies were still performed
to assess the staining by each antibody, with the results being shown in figure 5.2. By
performing a similar analysis as before, it is evident that COL1A2 staining is nearly null,
while COL1 staining achieves the expected outcomes. The fact that COL1A2 staining
is reduced has to be related to the green secondary antibody efficacy, since in figure
5.1, where the red secondary antibody was utilized, it is possible to visualize fibronectin
staining. It is also relevant to stress that primary antibody controls (only incubating
the secondary antibody) were actually as awaited in COL1 staining, since the image is
almost completely dark, which again ensures that non-specific bindings did not occur.
As for COL1A2, the primary antibody control image is quite similar to the image with
primary and secondary antibody incubation, which is indicative of the inefficiency of this
staining process. With this being said, collagen type I staining in the remaining work
was performed using these antibodies: Rabbit Anti-Collagen type I, Rockland 600-401-
103-0,1 at 1:50 dilution + Elabscience goat anti-rabbit AF488 conjugated [green] at 1:100

dilution.
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Figure 5.1: Comparison of fibronectin and collagen type I alpha 2 red staining in opti-
mization studies. For each protein, an image is shown with the primary and secondary
antibodies used, an image without the use of primary antibody (primary antibody con-
trol), and a composite image with nuclei and protein staining. Additionally, phalloidin
staining of the given samples is also shown. All cultures were performed under the same
crowding condition (Fc). Nuclei, fibronectin, collagen, and phalloidin images obtained
with an exposure time of 1/4 seconds, 1 second, 1 second and 1/2 seconds, respectively.
All the images were obtained with a 40x objective.
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Figure 5.2: Comparison of collagen type I and collagen type I alpha 2 green staining in
optimization studies. The presented images follow the same description as in figure 5.1.
All cultures were performed under the same crowding condition (Fc implemented 24
hours post seeding). Nuclei, collagen and phalloidin images obtained with an exposure
time of 1/4 seconds, 1/2 seconds and 1 second, respectively. All the images were obtained
with a 40x objective.
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5.2 Crowding Optimization

Figure 5.3 shows the images obtained for collagen type I and nuclei staining after crowd-
ing optimization cultures, after 7 days of culture. As one can observe, collagen type I
deposition occurred in all conditions. Fibronectin deposition also occurred in all condi-
tions, as can be observed in figure 5.4.

These cultures were performed with the objective of determining if any of the con-
ditions allowed a greater ECM deposition, and understand if it would be useful to per-
form AA supplementation or only introduce crowders 24 hours post-seeding. However,
through direct image visualization, it is difficult to assess if any relevant differences oc-
curred. Actually, collagen type I and fibronectin deposition seems to be similar in all the
conditions, and directly proportional to the number of cells. The reduction of cell density
in such assays could enable an easier direct perception of an increase or decrease in the
deposition of these proteins.

Having this in consideration, to complement this direct analysis, intensity measure-
ments of the images present in figures 5.3 and 5.4 were performed. Figure 5.5 displays
a relative amount of collagen deposition (a) and fibronectin deposition (b) in each condi-
tion, given by MGV per cell. Since there was only one sample for each condition, these
results have no statistical significance, yet they still provide a more analytical approach
to analyze collagen and fibronectin deposition, complementing image visualization.

Regarding collagen deposition, some differences in the intensity of the images of
each condition are observed. For instance, MMC groups did not seem to consistently
enhance collagen deposition in comparison to DMEM groups, especially when MMC
was implemented 24 hours post-seeding. Only MMC groups with AA supplementation
showed a slight increase in collagen deposition, with the remaining groups supplemented
with AA not showing any improvement in this ambit.

Analyzing the intensity graph corresponding to fibronectin images, MMC groups
actually seem to significantly increase fibronectin deposition. Again, using MMC only on
the day after cell seeding does not seem to enhance fibronectin deposition, while the use
of AA has distinct outcomes depending on the culture medium used.

Considering the above stated observations, for further work, AA supplementation
was not performed, since these results were not clear about its effects. Even though AA
utilization is very common in studies regarding MMC, we chose not to use it since the
main focus of this work is to study the MMC effect by itself. Therefore, reducing the
implementation of other factors could help to better assess the impact of MMC. More-
over, the implementation of MMC only 24 hours post-seeding did not seem to increase
collagen nor fibronectin deposition and, since the reports in literature suggest that in-
troducing MMC together with cells at seeding is more effective than only adding MMC
on the following day (as discussed in chapter 3), the remaining work was performed
introducing MMC right at day 0. Since it is expected that MMC has an immediate effect
in cell metabolism, only using it 24 hours post-seeding would be inconsistent with all the
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evidences. However, to reach more significant conclusions regarding the effects of using
AA and only implementing MMC in the day following cell seeding, more studies should
be conducted.

5.3 Autofluorescence in Chitosan and Gelatin Scaffolds

One of the main objectives of this dissertation would be to address ECM deposition by
fibroblasts in the dermal scaffold, which is composed by GEL, CS and PCL, via immuno-
cytochemistry. It is important to consider that, alike non-specific antibody binding, high
autofluorescence of tissues or materials could present an important obstacle to the effi-
cient immunocytochemistry procedure, as it makes discerning the background noise from
the specific binding challenging. As a matter of fact, all tissues have autofluorescence
to a certain degree, which may not be an impediment for immunocytochemistry. GEL is
mentioned in literature to have an emission profile along the visible spectrum [69]. Pure
CS is not referred as a polymer with high autofluorescence.

By observing figure 5.6, one can note the existence of an intense background in the
green and red channels, especially in ternary and GEL matrices. CS matrices, although
also presenting autofluorescence, show less background intensity. Overall, collagen and
fibronectin visualization is impracticable in any of the mentioned matrices. Regarding
the blue channel, nuclei visualization is possible as the background intensity is quite
reduced in CS and GEL matrices, only seeming to increase in ternary matrices, but still
allowing decent nuclei visualization.

Despite the inherent fluorescence of these materials, other factors such as the use of
chemical cross-linkers for cell fixation can contribute to increased autofluorescence. A
consequence of using aldehydes as fixing agents (in this work, PFA is used) is that their
combination with amines forms Schiff bases, which results in an increased autofluores-
cence of the matrix [70]. Actually, Hu et al. [71] defends that although pure CS does
not present autofluorescence, CS cross-linked with GTA becomes autofluorescent. To
assess if the use of PFA could be the root of the autofluorescence problem, other fixation
methods without PFA were tested. However, matrices containing GEL and CS were still
cross-linked using GTA.

On the one hand, samples were immersed in 0.1% sodium borohydride solution in
PBS for 5 minutes after fixing and permeabilization, as this treatment is reported to help
dealing with autofluorescence problems, namely by removing aldehyde groups [72]. On
the other hand, methanol fixing at -20°C for 20 minutes was also tested as an alternative
to formaldehyde fixing.

However, these alterations did not improve the fluorescence images obtained, with
the high autofluorescence still not allowing to perform an adequate analysis or quantifi-
cation of collagen or fibronectin deposition. No images were saved, as they were simi-
lar to those in figure 5.6. Future immunocytochemistry studies should be performed
considering alternatives to the crosslinking method used, since it is very likely that
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Figure 5.3: Immunocytochemistry images of collagen deposition in crowder optimization
studies. Collagen and nuclei images were obtained with an exposure time of 1/2 seconds
and 1/4 seconds, respectively. In the last column, composite images of collagen and
nuclei staining are displayed. All the images were obtained with a 40x objective.
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Figure 5.4: Immunocytochemistry images of fibronectin deposition in crowder optimiza-
tion studies. Fibronectin and nuclei images were obtained with an exposure time of 1
second and 1/4 seconds, respectively. In the last column, composite images of fibronectin
and nuclei staining are displayed. All the images were obtained with a 40x objective.
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Figure 5.5: Deposition of ECM proteins in crowder optimization studies. Uncertainties
are not provided since only one sample of each condition was analysed. (a) Collagen
deposition (MGV/cell of images in figure 5.3). (b) Fibronectin deposition (MGV/cell of
images in figure 5.4).

GTA is at the origin of the high autofluorescence problem. Genipin or N-ethyl-N’-(3-
(dimethylamino)propyl)carbodiimide/N-hydroxysuccinimide (EDC/NHS) are crosslink-
ing agents to take in consideration for further assessment. Dehydrothermal (DHT) treat-
ment should not be considered as a crosslinking method for the dermal scaffolds since
it requires matrix exposure to temperatures above 100 °C, which is impracticable since
PCL has a melting point at around 60 °C. Considering these adversities, the remaining
work was performed only with PCL matrices, which present almost no autofluorescence

and allow good ECM visualization.

5.4 Analysis of Fibroblast Viability

The focus of this work is now the study of MMC on PCL matrices. However, beyond
assessing ECM deposition, it is mandatory to understand if the metabolic activity and
viability of fibroblasts is affected by the presence of MMC and in association with PCL
scaffolds. For that, six different conditions were studied: to each supporting material
condition, PCL or coverslips, three different culture media were used: without MMC,
with PVP or with Fc.

Figure 5.7 shows the results of the resazurin assays performed. Through the analysis
of the graph, it is relevant to highlight several points. Firstly, cellular viability signif-
icantly increases (p < 0.05) from the third day to fifth day in every condition, which
indicates good cell proliferation along these days. However, from the fifth day to the
seventh day, cellular viability slightly decreases in almost every condition, with the ex-
ception of cells cultured in PCL matrices crowded with PVP. These differences, with the
exception of the condition PCL + Fc (p < 0.05), are not statistically significant (p > 0.05).
The reduced variation in fibroblast viability from the fifth day to the seventh could indi-

cate that cells reached a metabolic plateau. This could be associated to the fast fibroblast
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Figure 5.6: Immunocytochemistry images of GEL, CS and ternary matrices. For each
matrix, a image of the blue, green and red channel is provided, where the staining of, re-
spectively, nuclei, collagen and fibronectin, was performed. The visualization of collagen
and fibronectin is impossible due to the autofluorescence of the matrices.

proliferation, resulting in confluence at around the fifth day, with posterior reduction in
cellular metabolic activity. Considering that cells were seeded at a high density (25000

cells/cm?), this hypothesis is even more likely.

Another important point to stress is that the determining factor of lower cellular
viability is the use of PCL instead of coverslips. PCL conditions significantly decreased
(p < 0.05) cellular viability in every crowding condition, at any time point, in comparison
to the respective coverslip equivalent, with the exception of PVP supplementation at
the seventh day, which significantly increased (p < 0.05). Previous studies with these
matrices showed that cells seeded on PCL scaffolds present a cellular viability of 50%
on the second day of culture in comparison to cells seeded on glass coverslips, due to
low cell adhesion [73]. The authors suggest that the hydrophobic nature of the polymer
and the few surface sites available for cellular interactions could be associated with the
reduced adhesion. In our results, the lowest percentage of cellular viability at the third
day in PCL matrices in comparison with control coverslips is 61%, which is achieved
under DMEM supplementation. In the case of Fc and PVP supplementation, this value
increases to 72% and 76%, respectively. Considering this, although our data is obtained
at the third day (in [73], cell adhesion is measured at the second day), the cell adhesion
in this work appeared to be above the expected. The authors suggest that, along the days,
the proliferation rate of cells in PCL matrices matches the proliferation rate of cells in
glass surface, which is also verified in our work. Therefore, the lower cellular viability in
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PCL matrices is mostly due to the low cellular adhesion.

With these considerations being made, one should now focus on assessing if MMC
had any impact on cell viability. PVP supplementation in coverslips at the third, fifth
and seventh day time-points significantly decreased (p < 0.05) fibroblast viability in
comparison to no MMC supplementation, which indicates that PVP implementation may
directly affect the metabolic activity of these cells in coverslips. To our knowledge, only
Rashid et al. [38] performed MMC-related studies with PVP. In this report, PVP 40 kDa
at 18 % FVO (the most similar PVP condition to the one utilized in this dissertation)
significantly increased the proliferation rate of fibroblasts seeded directly at the bottom
of 24-well plate wells, which is indicative of high cellular viability. Rashid et al. [38] also
suggest that viscosity could play an important role in cellular viability, as it is necessary
that crowding solutions possess a viscosity level between the physiological range. No
viscosity tests were performed with the PVP used in this work, so, to assess the possibility
of viscosity being at the origin of this reduced viability, further tests should be performed,
especially considering that PVP 55 kDa was never reported in the literature as a crowder.

Regarding the effect of PVP supplementation on cells seeded on PCL matrices, the
results show that PVP significantly increased (p < 0.05) cellular viability at the 7 day time-
point. However, in the remaining time-points, no significant differences (p > 0.05) are
visualized in comparison to the uncrowded media. This difference at the seventh day is
related to the fact that, unlike all the other conditions, cells in PCL matrices with PVP did
not reach a plateau of proliferation between the fifth and seventh day (despite presenting
similar cellular viability to the other groups in the previous time-points), remaining
mitotically active and possibly proliferating until the seventh day. This indicates that PVP
could have a distinct impact on cellular viability depending on the supporting material.
However, further studies should be performed to assess this possibility.

Fc supplementation in coverslips significantly reduced (p < 0.05) fibroblast viability
at the 7-day time-point. At the other time-points, no significant differences (p > 0.05)
were visualized in comparison to uncrowded conditions. This suggests that, unlike PVP,
Fc does not negatively impact cellular viability in coverslips, performing similarly to un-
crowded conditions in the initial days. This meets what is widely mentioned in literature,
as Fc does not appear to interfere significantly with cellular viability in comparison with
typical culture medium. Although Fc decreases cellular viability at the seventh day, it
still significantly allowed higher (p < 0.05) cellular viability in comparison with PVP.
These results suggest that Fc may outperform PVP regarding fibroblast viability in glass
coverslips.

Fc supplementation in PCL matrices significantly increased (p < 0.05) fibroblast via-
bility at both 3 days and 5 days time-points. At the seventh day, no significant differences
(p > 0.05) were obtained in comparison to the uncrowded group. Once again, there is a
different effect of crowding supplementation on cellular viability depending on the sup-
porting material. Alike PVP, Fc also increases the viability of fibroblasts cultured in PCL

matrices in comparison to non-MMC groups. Literature findings are quite unclear about
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the effect of MMC in cellular viability in 3D environments. On the one hand, Camara-
Torres et al. [61] showed that Fc maintained human mesenchymal stromal cells viability
in 3D additive manufactured scaffolds. Additionally, Tsiapalis ef al. [62] reported that
CR did not significantly affect tenocyte viability in Biosyn™ scaffolds. On the other hand,
Chen et al. [60] showed that Fc supplementation significantly decreased porcine chondro-
cytes viability in 3D models of engineered cartilage, while not showing any detrimental
effect in 2D environments. Our work points towards the direction of the former results,
as MMC effect actually seems to allow the increase, or at least the maintenance, of cellular
viability in 3D models (PCL matrices). However, additional studies should be performed

to confirm these results.

Figure 5.7: HFFF2 cell viability in the different crowding and supporting material con-
ditions, at 3, 5 and 7 day time-point. The graph bars represent the cellular viability and
respective uncertainty for each condition, which had at least three replicates. Statistically
significant differences (p-value < 0.05) are represented by *, ** and #, where * is associated
to a significant difference of the crowding condition to the control group (DMEM), in the
same material and at the same time point; ** is associated to a significant difference to the
previous time-point of the condition; # is associated to significant differences between
materials (coverslip and PCL) at the same crowding condition and same time point.
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5.5 Evaluation of ECM Deposition with Immunocytochemistry

This section assesses the results regarding ECM deposition in PCL with the different
crowding conditions, which is the main objective of this work. Firstly, the immunocy-
tochemistry images are analysed through direct observation. Then, average intensity
measurements are provided in order to quantify protein deposition in the various condi-

tions.

5.5.1 Image Analysis

Collagen type I and fibronectin deposition images are displayed, respectively, in figure 5.8
and figure 5.9. These are examples selected from a wide set of images for each condition
which attempt to represent the typical deposition in the given condition. By analysing
these images, the first thing that is noted is the increase in the number of nuclei along
the days in every condition, which is partially consistent with the results obtained in
5.4. Although DAPI staining shows a typically greater number of cells at day 7, the
highest cell population is achieved at day 5. This difference may be explained by the
fact that cells present at day 7 are not as metabolically active as they were at day 5 and,
thus, do not process resazurin as quickly as metabolically active cells do. Considering
this increasing number of cells along the time-points, it is obviously expected that ECM
deposition also increases in accordance to that. This tendency is verified in both figures,
with some exceptions, such as fibronectin staining in the presence of supplementation,
both in matrices and coverslips. Therefore, to compare the effect of MMC in images with
different cell densities, normalization to the number of nuclei counted was performed.
Moreover, it is relevant to also point out differences in cell density and respective
ECM distribution in PCL matrices, in comparison with glass coverslips. Cells are more
equally distributed along the whole surface of coverslips, while in PCL matrices the cells
seem to present cluster patterns, being localized in specific regions of the scaffold. This is
related to the low cellular adhesion in these matrices, and is in accordance with previous
studies [73], where PCL matrices showed a reduced coverage area by cells (less than 50%

on the fourth culture day).

Additionally, some images regarding PCL matrices may present some blurriness. This
may be due to the fact that cells migrated within the pores to a more interior region
of the matrix. Therefore, by focusing the objective in more superficial cells, cells more
incorporated inside the matrix may still be observed, but present blurriness. Although
PCL scaffolds present high porosity (at around 80%), the internalization of cells in the
matrices is more dependent of the pore size. Since pores size of PCL scaffolds is rela-
tively small, cells may have difficulty in migrating to more interior regions of the matrix,
which explains why the majority of the cells are present in the more superficial layers
of the PCL matrices. However, this behavior is not clear, as two previous studies report

opposite observations. In [74], Vero cells did not adequately migrate into the interior of
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the structure, while in [73] HFFF2 showed good incorporation into the matrix. In our
work, we were able to identify adhered cells in several plans along the PCL matrix by
using different focus, which seems to corroborate what was observed in the latter study,
although no confocal microscopy images were obtained to confirm this. A justification
for this difference could be related to the size of the cells, however, HFFF2 present a
way bigger length in comparison to Vero cells, which would, in theory, result in a more

difficult infiltration onto the matrix, which is not verified.

With this being said, the focus is now to understand how the production of the pro-
teins studied was affected by the different conditions at the same time-point. An interest-
ing occurrence verified both in collagen and fibronectin deposition images, and both in
coverslips and PCL matrices, is that Fc seemed to enable a better ECM formation between
more separated cells, in comparison to DMEM groups. Fc appeared to allow greater
fiber elongation, forming sequences of ECM-interconnected cells, while in groups with-
out MMC, ECM deposition appeared to be more localized within the proximity of each
cell. This is specially verified at the third day time-point, as the lower number of cells
allows an easier assessment, however, in the subsequent days this can also be observed.
These observations are consistent with what is found in the literature, as Fc seems to
promote higher collagen type I and fibronectin deposition. However, several reports in
literature mention that Fc even allows a 5-fold increase in ECM deposition in comparison
to uncrowded groups [38], [52], [64], which clearly does not occur in our work, being con-
firmed by intensity quantification further analysed (figure 5.10). Actually, by comparing
our images with the ones in figure 3.2, these differences are quite evident. Nonetheless,
in conditions with PCL matrices, which to our knowledge no MMC studies have been per-
formed with, Fc also seems to outperform no-MMC groups, showing a similar behavior

to what is observed in glass coverslips.

In regard to images with PVP crowding, one should note that some images may show
some blurriness, which could affect to a certain degree image perception. By visualizing
the images for both fibronectin and collagen, the behavior of deposition of these proteins
is less clear than what was verified with Fc. In coverslips, collagen deposition under
PVP appears to be increased and also show an easier ECM interconnection between
cells, when in comparison with MMC untreated groups. However, in PCL matrices, it
is quite hard to understand collagen deposition behavior, especially in day 5 and day
7. Regarding fibronectin images, cells in coverslips supplemented with PVP appear
to have increased fibronectin deposition. Even though these images have an exposure
time superior to the remaining images, which necessarily increases average intensity and
difficults comparison, it seems that an increase in fibronectin deposition was verified, at
least in comparison with groups without MMC. When it comes to PCL matrices, again,

the behavior is quite unclear.
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Figure 5.8: Immunocytochemistry images of collagen deposition in the different crowding
and supporting material conditions, at 3, 5 and 7 day time-point. These images were
obtained by overlaying collagen staining images with nuclei staining images. All the
images were obtained with a 40x objective. Green channel images (collagen) had an
exposure time of 1/2 seconds, while blue channel images (nuclei) had an exposure time
of 1/4 seconds.
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Figure 5.9: Immunocytochemistry images of fibronectin deposition in the different crowd-
ing and supporting material conditions, at 3, 5 and 7 day time-point. These images were
obtained by overlaying fibronectin staining images with nuclei staining images. All the
images were obtained with a 40x objective. Red channel images (fibronectin) had an
exposure time of 1/6 seconds, except in PVP + coverslips conditions where it was 1/2
seconds (some difficulties were faced in assessing fibronectin deposition with the usual
1/6 seconds), while blue channel images (nuclei) had an exposure time of 1/4 seconds.
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5.5.2 Intensity Quantification

To complement direct image observation, fibronectin and collagen deposition were quan-
tified through intensity measurements of several images, as described earlier in section

4.4.4. The results are presented in figure 5.10.

Starting by analysing the graph referent to collagen deposition, statistical tests show
that PVP supplementation in glass coverslips significantly reduced (p < 0.05) collagen
deposition in comparison to DMEM supplementation at all-time points. Comparing these
outcomes with cellular viability results, it is possible to associate a lower cellular viability,
which was verified at all time-points in glass coverslips with PVP, with lower ECM depo-
sition. Actually, collagen type I is the key structural constituent of the ECM of fibroblasts,
and a reduced production of this protein impairs ECM formation and, ultimately, impairs
proper cell proliferation. Rashid et al. [38] reports that PVP 40 kDa at 18% FVO signif-
icantly increased (p < 0.01) collagen type I deposition by human dermal fibroblasts (in
glass surface) in comparison to non-MMC groups. The authors suggest that this increase
was due to moderate levels of polydispersity of PVP 40 kDa (polydispersity index = 0.304,
measured via dynamic light scattering), as high polydispersity is associated with a greater
ECM deposition, as already explained. Actually, PVP 40 kDa has a higher polydispersity
index than Fc 70 kDa and Fc 400 kDa (0.224 and 0.240, respectively), which is indicative
of the potential of PVP as a macromolecular crowder. Our work, although using PVP 55
kDa at the same FVO, is contradicting with these findings. This could be due to the fact
that PVP 55 kDa has a more reduced polydispersity index than what would be expected
considering the polydispersity index of a PVP with a relatively similar molecular weight
(40 kDa), however, it is not possible to confirm this since it was not measured along the
work nor was found in literature. Another possible cause is viscosity, which was also
not assessed, as high viscosity is known to decrease the diffusion rate and the kinetics of
reactions controlled by this transport method, which is the case of procollagen conversion
to collagen, and collagen deposition. Rashid et al. [38] defends that matrix deposition de-
pends on the tradeoff between EVE and viscosity, enhancing the importance of studying

crowders viscosity, which should be performed in the continuation of this work.

Considering fibronectin deposition, the outcomes are quite different to what was
achieved with collagen deposition. The results showed that PVP significantly increased (p
< 0.05) fibronectin deposition at the 5 day time-point, while in the remaining time-points
no statistically significant differences were achieved, in comparison to the uncrowded
group. It is important to stress that it is not possible to perform intensity comparisons
between collagen type I and fibronectin deposition at the same conditions, due to the
influence of several factors in image intensity, namely: the usage of different primary
antibody concentrations, the efficiency of antigen-antibody binding, the usage of different
secondary antibodies, the possibility of variations in the number of fluorophores coupled
to each secondary antibody, or differences in the process of excitation, emission and
detection of radiation. Therefore, these comparisons must only be performed by assessing
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differences observed in each staining to a certain control group in the same staining.
Considering this, PVP could influence differently the deposition of collagen type I and
fibronectin, since in the former the deposition is clearly impaired in all time points,
while in the latter PVP actually allowed greater deposition in one of the time-points (in
comparison to respective uncrowded groups). However, considering that PVP + coverslip
images were obtained with a higher exposure time, even though that image normalization
was performed by background subtraction, this correction is not enough for adequate
comparison. Therefore, the higher MGV of these images is most definitely due to this
difference in the exposure time. Nonetheless, theoretical hypothesis for this difference
should also be considered. Rashid et al. [38] reports that PVP 40 kDa allows greatest
collagen type I deposition at a FVO of 18%, which is the used FVO in our work, however,
concerning fibronectin deposition, the greatest deposition is achieved at a FVO of 36%,
which is indicative of the different impact of MMC in each protein deposition. However,
this is quite the opposite of what is verified in our work, which leaves the idea that
PVP 55 kDa may have a distinct optimal FVO percentage for each protein deposition, in
comparison to PVP 40 kDa. These results could make our assumption that PVP 55 kDa
has a similar impact to PVP 40 kDa at the same FVO fall apart. Therefore, for further
work, physico-chemical properties which could influence the efficiency of PVP 55 kDa as
a crowder like polydispersity index, hydrodynamic radius or viscosity should be assessed
to come close to an explanation for these results, or make use of other, more well tested,
PVP molecular weights like PVP 40 kDa or PVP 360 kDa.

Nonetheless, it is still important to assess how PVP 55 kDa crowding performed
in regard to PCL matrices. The results show that no significant differences (p > 0.05)
were achieved in PCL + PVP conditions, at any time point, in comparison to PCL +
DMEM conditions, both for collagen type I and fibronectin deposition, not seeming to
have a determinant impact in ECM formation. Actually, in PCL matrices PVP did not
significantly decrease collagen type I deposition, as verified in coverslips, not presenting
significant differences to the control group. As already stated, Chen et al. [60] reports
that MMC decreases ECM deposition in 3D environments, despite increasing it in 2D
environments (see section 3.1.9 for more details). However, Tsiapalis et al. [62] and
Céamara-Torres et al. [61] showed that ECM deposition was increased in 3D models in
the presence of MMC. Our studies partially support the latter findings, suggesting that
PVP 55 kDa seems to, at least, not impair collagen type I deposition in 3D environments.
Oddly, in 2D environments it substantially decreased collagen type I deposition.

When it comes to Fc supplementation, it significantly increased (p < 0.05) both col-
lagen type I and fibronectin deposition in glass coverslips at third day post-seeding, in
comparison to the respective non-MMC groups of each protein. However, in the remain-
ing time-points, no significant differences (p > 0.05) were observed for both proteins. As
already mentioned in chapter 3, Fc 70/400 cocktail is widely mentioned in literature as
being able to consistently increase the deposition of several ECM proteins. However, in
our work, it seems that this potential is quite inhibited after surpassing the third day of
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culture. Additionally, as mentioned earlier, in our work Fc supplementation does not
allow substantial fold increases of collagen type I or fibronectin deposition in comparison
to control groups, as is often stated in literature. In here, only Fc supplementation in
coverslips at the third day came close to a two-fold increase, although still not achieving
it, suggesting a clear under-performance of the crowder. Nonetheless, it would be inter-
esting to assess what could provoke this difference in ECM deposition per cell between
time-points. We suggest that this is because Fc utilization, and general MMC utilization,
has the greatest impact in the initial days of culture. In here, the extracellular medium
is extremely uncrowded, as cells are still yet to proliferate and intense ECM deposition
to occur. Therefore, Fc plays an important role in allowing EVE, and ultimately stimulat-
ing greater ECM deposition in the initial days. However, as the culture advances, even
uncrowded conditions begin to achieve a decent ECM deposition and cell proliferation.
Thus, from the moment there has been achieved a decent amount of ECM deposition and
cell proliferation in these, the impact of MMC is not as crucial as in the initial stages,
where there were no ECM proteins present, which also inherently contribute to the MMC
effect. Therefore, at later stages, MMC and non-MMC groups may present similar ECM
deposition, however, in the initial days, MMC groups enable a more immediate and
enhanced ECM deposition. This explains why, during image analysis, the increase of
collagen type I and fibronectin deposition was more clear in images at the third day.

Regarding PCL matrices, Fc supplementation only significantly increased (p < 0.05)
collagen type I deposition at the third day time point, in comparison to uncrowded groups.
In the remaining time-points, and in fibronectin deposition, no significant differences
(p > 0.05) were observed. Unlike PVP, Fc still behaves accordingly in PCL matrices to
what is verified in coverslips, as it seems to also increase deposition of both proteins at,
in least, one time-point (in comparison to DMEM groups in the same material). This
could indicate that, although PCL matrices inherently diminish ECM deposition, Fc sup-
plementation could be beneficial in PCL matrices, as it allowed similar or greater ECM
deposition than DMEM groups.

It is also interesting to assess how using PCL matrices affects ECM deposition in the
same crowding condition, in comparison with glass coverslips. Collagen type I deposition
under Fc supplementation was significantly decreased (p < 0.05) using PCL matrices, in
comparison to glass coverslips with the same crowding condition, at all time points.
At the third day, collagen type I deposition without MMC supplementation was also
significantly decreased (p < 0.05) in PCL matrices. Considering fibronectin deposition,
it was significantly decreased (p < 0.05) for both Fc supplementation at third day and
PVP supplementation at the seventh day, in PCL matrices. There is a clear tendency for
the diminishing of ECM deposition in PCL matrices, relatively to glass coverslips, in all
crowding conditions, as it would be expected considering the lower cellular viability in
PCL matrices.

Overall, our work indicates that Fc outperformed PVP, especially in collagen de-
position. Fc crowding significantly increased (p < 0.05) collagen type I deposition in
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coverslips at all time-points in comparison to PVP crowding, and in PCL at the third
day. However, regarding fibronectin deposition, no significant differences (p > 0.05) were
observed. In [38], Fc cocktail also had the greatest effect in enhancing collagen type I
deposition, outperforming both PVP 40 kDa and PVP 360 kDa, however, the latter ones
offer a good alternative to the former due to their lower cost and better viscosity proper-
ties along the various FVOs. In our work, PVP 55 kDa was actually detrimental for ECM
production in most conditions, not constituting a solid alternative to Fc cocktail. But
even Fc cocktail, although inducing significant ECM deposition (especially collagen type
I) in some conditions, did not have as good outcomes as expected, such as the ones seen
in [38], [52], [64], per example.

Finally, experimental flaws should also be considered as a possible cause for these
results. First off, several different cultures were performed to achieve these results, study-
ing each crowder separately. This was carried out as so because the required material
associated to the high number of samples, and the high number of samples themselves,
offered an important obstacle. Thus, it would be interesting to simultaneously assess all
the conditions studied in just one culture, as a way to reduce variability between cul-
tures, ensuring that the influence of crowders in cellular viability and ECM deposition
is compared without the variability of cell culture. Secondly, in immunocytochemistry
procedures, the amount of samples for each condition, as well as the amount of images
acquired for each sample, may have been insufficient to provide more precise and sig-
nificant results. The usage of confocal microscopy instead of fluorescence microscopy
could also allow a better ECM visualization. Finally, one should consider that there are
various steps involved in the process of ECM deposition quantification, such as immuno-
cytochemistry, image acquisition, image treatment and the quantification process itself,
which may offer some adversities. It would be interesting to carry out other quantifica-
tion methods, or to repeat the experiment using the same culture to confirm the results

obtained.
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Figure 5.10: Deposition of ECM proteins, (a) collagen and (b) fibronectin, in the different
supporting materials and crowding conditions at days 3, 5 and 7. The bars represent
average intensity for each condition, at each time-point, obtained from, at least, two im-
ages in different points of a minimum of two samples. Statistically significant differences
(p-value < 0.05) are represented by *, ** and #, where * is associated to a significant dif-
ference of the crowding condition to the control group (DMEM), in the same material
and at the same time point; ** is associated to significant differences between materials
(coverslip and PCL) at the same crowding condition and same time point; # is associated
so significant differences between Fc and PVP in the same material and at the same time-
point

57






6

CONCLUSION AND FUTURE PERSPECTIVES

This work intended to assess if the MMC effect could enhance the metabolic and regen-
erative ability of dermal fibroblasts, seeded on the dermal scaffold studied in the ambit
of the iSkin2 project. For this, cellular viability via resazurin assays and ECM deposition
visualization and quantification via immunocytochemistry procedures were performed,

in the presence of two crowding conditions: Fc cocktail and PVP 55 kDa.

Before this could be achieved, several optimization studies were performed regarding
both crowding conditions and the immunocytochemistry procedure. In the former, we
concluded that MMC should be implemented right at cell seeding and that AA supple-
mentation should not be performed. In the latter, we concluded which antibodies allowed

a better visualization of collagen and fibronectin, and achieved an optimized protocol.

In this study, we showed that the autofluorescence of the dermal scaffold represents
a major impediment for an adequate visualization of immunocytochemistry images. Ac-
cordingly, these studies were performed using PCL scaffolds, which do not present aut-

ofluorescence.

Resazurin assays showed that Fc cocktail did not significantly impair cellular viabil-
ity in most conditions, while actually allowing better cellular viability than non-MMC
groups in the scaffold studied. PVP 55 kDa reduced cellular viability in 2D environments,
however, in fibroblasts seeded in PCL matrices, it did not impair, or even increased cel-
lular viability. We conclude that Fc supplementation was the best option for fibroblast

viability in PCL matrices.

Moreover, this work showed that Fc supplementation had greater influence in enhanc-
ing ECM deposition in the early culture days, especially collagen type I, including in
PCL matrices. PVP 55 kDa supplementation actually decreased ECM deposition in most
conditions, although in PCL matrices this decrease was less significant. By image analysis,
MMC supplementation appeared to allow greater deposition of both proteins, although
sometimes contradictory to what is verified in ECM deposition quantification. We still
believe that MMC real potential was not evident with these results, as literature shows
greater increase in ECM deposition, especially with Fc cocktail. We propose the realiza-
tion of other complementary methods, such as real-time quantitative polymerase chain
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reaction (RT-qPCR), to assess genetic expressions for ECM production, as the results ob-
tained might have been influenced by difficulties related to the immunocytochemistry
procedure.

The first proposed objective was achieved, as the dermal scaffolds were produced
during this work. However, the studies performed showed that it was not viable to
continue the work with these matrices due to autofluorescence, therefore, the remaining
points were achieved using PCL matrices: analysis of fibroblast viability in PCL matrices
in the presence of the crowders, and analysis of ECM deposition by fibroblast in PCL
matrices in the presence of the crowders. Conducting these studies in PCL matrices not
only allowed to better understand the MMC effect in 3D environments, but also provided
an initial idea about the performance of the dermal scaffold in these conditions, as it is
also composed by PCL. This way, this study contributed to a better understanding about
the MMC effect, and presented advances in regard to the iSkin2 project.

Overall, this work showed that the use of Fc cocktail as a macromolecular crowder,
although not reaching the results seen in literature, outperformed the use of PVP 55
kDa, offering an interesting alternative to the uncrowded cell medium. Additionally, we
showed promising results regarding the MMC effect in 3D environments, namely PCL
matrices, as crowders actually seem to have improved, or at least not impaired, cellular
viability and collagen type I deposition in these matrices.

For further investigation, the following suggestions are made: First, since the autofluo-
rescence of dermal scaffolds conditioned the realization of immunocytochemistry studies
in these matrices, and considering that the use of GTA as a crosslinking agent could be
at the origin of this problem, other crosslinking agents such as EDC/NHS or genipin
should be tested. Secondly, physico-chemical properties of PVP 55 kDa such as polydis-
persity index and solution viscosity should be assessed, in order to better understand its
potential as a macromolecular crowder. Additionally, other macromolecular crowders
described in the literature, such as CR, DxS or PVPs with different MW (40 kDa or 360
kDa) could be assessed. Moreover, alternative methods for the quantification of ECM
deposition or production should be considered, since through immunocytochemistry it
may be quite challenging to obtain accurate quantifications. Accordingly, RT-qPCR pro-
cedures are scheduled to be performed to assess the genetic expression of collagen type I
and fibronectin, indicating if the production of these proteins is altered in the presence
of the MMC effect, and in PCL matrices. Finally, since the studies performed for each
crowder were conducted in separated cultures, it would be interesting to perform them
in the same culture, although it may be quite challenging because of the high number of
samples, and all the material required.

We finish by paraphrasing Tsiapalis et al. [28], saying that it is impossible to expect
a physiological behavior of cells in vitro when we drown them in such a dilute and
macromolecule-deprived sea of medium. Like them, we believe that MMC is an im-

portant component of TE’s future.
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A

LiTERATURE REVIEW TABLE

This appendix contains a table summarizing MMC-related work found in the literature.

Table A.1: Work in the literature utilizing MMC. Adapted from [28].

Crowders Cells Purpose Results Reference
100 pg/ml Dextran Human em- Effect of DxS 500 kDa outper- [49]
(Dx) 670 kDa; 100 bryonic lung negatively formed Dx 670 kDa as it
ug/ml DxS 500 kDa fibroblasts and charged macro- enhanced higher collagen
adult hyper- molecules in deposition and induced
trophic scar the in-vitro  higher  lysyl  oxidase
fibroblasts procollagen activity
processing
100 pg/ml DxS 10 Embryonic lung Effect of DxS 500 kDa and PSS 200  [48]
kDa; 100 pug/ml fibroblasts negatively kDa induced a more accel-
DxS 500 kDa; 100 charged macro- erated conversion of pro-
pug/ml PSS 200kDa; molecules in collagen type I to collagen
50 mg/ml Fc 50 kDa ECM deposition  type I, in comparison with
& 50 mg/ml Fc 500 neutrally charged macro-
kDa molecules; Fibronectin de-
position was not enhanced
100 pg/ml DxS 500 Human lung fi- Development For faster collagen type I  [50]
kDa; 37.5 mg/ml Fc  broblasts of an in witro and fibronectin deposition
70 kDa & 25 mg/ml model to study (2 days), DxS should be
Fc 400 kDa cocktail fibrosis used. For an increased
deposition in 6 days, Fc
cocktail should be used;
MMC facilitated the devel-
opment of a fibrotic in vitro
model
37.5 mg/ml Fc 70 Human bone Effect in ECM Increased deposition of col- [51]

kDa & 25 mg/ml Fc
400 kDa cocktail

marrow MSCs

deposition and
organization
and MSCs

behavior

lagen type I and type IV,
and induced alignment of
ECM fibers
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37.5 mg/ml Fc 70
kDa & 25 mg/ml Fc
400 kDa cocktail

Effect in 2D and
3D models

Increased collagen type II
deposition and GAGs pro-
duction in 2D models; In
3D models, MMC did not
grant any advantage

[60]

100 ug/ml DxS 500
kDa; 37.5 mg/ml Fc
70 kDa & 25 mg/ml
Fc 400 kDa cocktail;
75 pg/ml CR

Assessment of
MMC in several
cell types

Polydispersity and nega-
tive charge are important
modulators of ECM depo-
sition, with CR being asso-
ciated to the highest ECM
deposition

37.5 mg/ml Fc 70
kDa & 25 mg/ml Fc
400 kDa cocktail

Porcine  chon-
drocytes
Various cell
types

Human  bone

marrow MSCs

Fasten of the

protocol of
adipogenic
differentiation

Increase in the deposition
of collagen type IV and
fibronectin during adipo-
genesis; Decellularized de-
posited ECM fastened the
adipogenic differentiation
of MSCs

[75]

18.75 mg/ml Fc 70
kDa & 12.5 mg/ml
Fc 400 kDa cocktail
(9% v/v FVO); 21.5
mg/ml PVP 40 kDa
(18% v/v FVO); 11.34
mg/ml PVP 360 kDa
(54% v/v FVO)

Human dermal
fibroblasts and
human bone

marrow MSCs

Assessment of
ECM deposition

Fc mixture at 9% FVO in-
duces greater collagen de-
position than at 18% FVO;
PVP 40 kDa induced the
highest ECM deposition at
18% FVO; PVP 360 kDa in-
duced the highest ECM de-
position at 54%; Any PVP
used did not outperform Fc
mixtures at both 9% and
18% FVO

37.5 mg/ml Fc 70
kDa & 25 mg/ml Fc
400 kDa cocktail

Human corneal
fibroblasts

Assessment of
ECM deposition
at low serum

concentration

Increased the deposition
of several collagenous pro-
teins and fibronectin

(52]

37.5 mg/ml Fc 70
kDa & 25 mg/ml Fc
400 kDa cocktail

Human dermal
fibroblasts and

keratinocytes

Development
of dermal-
epidermal

junction in vitro

Enhanced deposition of
collagen type I and IV
andfibronectin by fibrob-
lasts; Increased deposition
of collagen type VII by
fibroblasts; Fibroblasts
promote collagen produc-
tion and deposition by
keratinocytes

(31]

100 pg/ml CR at low
oxygen tension

Human  bone

marrow MSCs

Assessment  of
multilineage
potential of
human marrow
MSCs

Increased ECM deposition
at both 2% and 20% oxy-

gen tension
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75 pg/ml CR Human dermal Assessment Increased deposition of col-  [56]
fibroblasts of ECM depo- lagenstypel,III,IV andV,
sition at low and fibronectin
serum concen-
tration (0.5%),
low oxygen
tension (2%)
and crowded
conditions
75 pg/ml CR Human corneal Assessment Highest ECM deposition  [58]
fibroblasts of ECM depo- was achieved after 14 days
sition under in culture at 0.5% serum,
distinct oxygen 2% oxygen tension and 75
tensions, serum  pug/ml CR
concentrations
and crowding
conditions

Several = concentra- Human dermal Assessment of Negatively charged and [55]

tions and molecular fibroblasts ECM deposition  polydispersed  crowders

weights of CR, Fc induce the greatest ECM

(alone or in cocktail) deposition; CR is the most

and DxS (alone or in effective crowder, however,

cocktail) mixtures of other crowders

can induce significant
ECM deposition as well

500 pg/ml HA 1500 Human dermal Production of HA did notsignificantly in- [39]

kDa and 37.5 mg/ml fibroblasts cell-derived crease ECM gene expres-

Fc 70 kDa & 25 matrices sion or deposition

mg/ml Fc 400 kDa

cocktail

0.5, 1.5 and 10 Adipose- Assessment of HA at different concen- [53]

mg/ml HA of dif- derived stem the influence of trations and molecular

ferent molecular  cells HA in adipose- weights enhanced col-

weights (10, 60, 100, derived stem lagen type I, IIl and IV

500 and 1000 kDa) cells deposition, but did not

outperform CR or Fc
mixture

37.5 mg/ml Fc 70 Human dermal Development Enhanced deposition of [63]

kDa & 25 mg/ml Fc fibroblasts of  ECM-rich collagen type I and IV;

400 kDa cocktail matrices for Decellularised matrix
keratinocyte promoted keratinocyte
expansion proliferation

37.5 mg/ml Fc 70 Human dermal Developmentof Increased deposition of col- [64]

kDa & 25 mg/ml Fc
400 kDa cocktail

fibroblasts

ECM-rich matri-
ces for podocyte

expansion

lagens type I and IV and
fibronectin; Decellularised
matrix promoted podocyte
proliferation and differenti-

ation
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50 pug/ml CR 550 Human adipose- Assessment of Fucoidan, galactofucan [42]
kDa; 250 pug/ml derived stem ECM deposition and ulvan enhanced col-
ulvan 300 kDa; 50 cells and effect on lagen type I and collagen
pug/ml fucoidan human adipose- type V deposition, but
600 kDa; 50 ug/ml derived stem were still outperformed by
galactofucan 700 cells differentia- CR
kDa tion
50 pg/ml CR 550 Human teno- Effect of MMC CR with TGFB3 induced [59]
kDa and growth cytes and growth fac- the highest ECM deposi-
factor supplementa- tors in tenocytes  tion
tion (IGF-1, GDFS5,
TGFp3, PDGFp)
50 ug/ml CR Human teno- Assessment of CR increased ECM depo- [62]
cytes the combining sition and promoted fiber

effect of surface alignment

topography and

MMC in human

tenocytes
Fc at 80, 60, 40 and Human MSCs Assessment of Cellular viability is main- [61]

20 vol% in cell cul-
ture medium; Dx at
10, 5 and 2.5 wt% in
cell culture medium

the influence of
macromolecu-
lar crowders in
cell seeding and
distribution

in 3D additive
manufactured
scaffolds

tained in the presence of
the crowders; Improved
cell distribution which led
to increased ECM produc-

tion
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B

ProTOcCOLS

This appendix contains various protocols used among the experimental work.

B.1 Matrix Preparation for Cell Culture

1.

2.

Immerse the matrices in v/v 70% ethanol during 20 minutes.

Remove the ethanol and wash 3 times with PBS.

. After the removal of PBS, immerse the matrices in glycine, seal the recipient with

parafilm and store it overnight at 4°C. PCL matrices should not be immersed in

glycine, being stored in PBS overnight.

In the following day, remove the liquid from the container and wash the matrices
with PBS once.

. After the removal of PBS, the matrices are ready to be used for culture.

B.2 Cell Culture

. Aspirate culture medium from the T75 flask.

. Wash the adhered cells with 10 mL of PBS, pouring the liquid in the corner and

then gently shaking the flask to wash the whole surface.

. Remove the solution and apply 1000 pl of TrypLE™ against the surface, gently

swirling the liquid to cover all the cell monolayer.

Incubate during 5 minutes.

. Remove from incubator and gently tap the sides of the flask in order to loosen the

cells from the surface.

. Add 10 mL of culture medium, resuspend several times and transfer the suspension

to a falcon.
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7.

10.

11.

Proceed to cell counting, according to protocol B.2.1.

. Transfer to a falcon the pretended quantity of cell suspension.

. Centrifuge the suspension for 5 minutes at 200 relative centrifugal force (RCF),

selecting the BRK5510 protocol.
Remove the liquid and add the pretended DMEM or MMC solution.

After mixing the added solution with the centrifuged cells, it is adequate to proceed

to cell seeding.

B.2.1 Cell Counting

1.

Add 20 pl of trypan blue stain (0.4%) and 20 pl of cell solution to an eppendorf and

mix.

. Prepare the hemocytometer by cleaning it with 70% ethanol and affix a coverslip

onto it.

. Fill both chambers underneath the coverslip with the suspension prepared in the

eppendorf.

Using a microscope, focus on the grid lines of the hemocytometer with 10X objec-

tive.

. Count the live cells, which appear brighter, inside each square limited from 3-line

borders. Choose 3 squares, from a total of 9 squares (each chamber has 9 squares).
To count the cells in the 3-line borders, only two out of four borders should be
considered.

. Move the hemocytometer to the other chamber, and repeat the process.

. Cell density is calculated by equation B.1, where N is the total number of viable

cells counted in all squares, 6 is the number of squares, 2 is the dilution factor and
10* is the chamber factor:

Cells/mL:%xleo‘l (B.1)

. Clean the hemocytometer and the coverslip with 70% ethanol and store at the

proper glass container.
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B.3 Resazurin Assay

1.

Dilute the 0.4 mg/ml resazurin in PBS solution in low glucose DMEM supplemented
with 1% Pen Strep and 10% FBS using a 1:1 (v/v) ratio.

. Remove the culture medium from the wells and add 200 pl of the prepared solution.

. Add 800 pl of the solution in an empty well, serving as the control group.

Incubate for 3 hours.

After incubation, transfer 140 pl of the solution from each well to a 96-well mi-

croplate.

. Measure the microplate photometrically at 570 nm and 600 nm by the absorbance

microplate reader (ELx800™, Biotek).

B.4 Immunofluorescence

For immunofluroescence, the following protocols were followed.

B.4.1 Fixing

1.

Wash the wells 3 times with PBS++.

Apply 200 pl of fixing permeabilization solution for 5 minutes. Apply 200 pl of

fixing solution for 20 minutes.

. After removal of the previously applied solution, apply 200 pl of fixing solution for

20 minutes.
Remove fixing solution and wash 3 times with PBS.

Store at 4°C embedded in PBS or proceed to B.4.2.

B.4.2 Blocking

1.

2.

3.

4.

Apply v/v 0.5% Triton solution for 15 minutes.
After removing the solution, wash once with PBS.
Apply v/v 2% BSA in PBS for 1 hour at room temperature (RT).

Proceed to B.4.3
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B.4.3 Staining

1.

Apply fibronectin and collagen primary antibodies at 1:50 concentration in 2% BSA

and leave overnight at 4°C.
Wash thrice with PBS.

Exert fibronectin and collagen secondary antibodies at 1:50 and 1:100 concentration

in 2% BSA, respectively, for 1h30 at RT. The samples should not be exposed to light.
Wash once with PBS.

Apply 4% DAPI in 2% PBS for 5 minutes.

. Wash 4 times with PBS.

. Wash twice with distilled water.

Utilize 10ul of Mowiol to mount the samples in glass surfaces.

B.4.4 Nuclei Counting

1.

2.

Open the intended image.

Go to ’Edit’” —’Options’” —’Conversions’ and select the "'Weighted RGB Checked’

option.

. Go to 'Image’ —’Type’ and select "8-bit’ option.

In tab "Process’, select the option "Subtract Background’. Then, all the appearing

options were not ticked, and the rolling ball radius selected was of 250 pixels.

Go to 'Image” —’Adjust’ —'Threshold’. Then select the pretended 0-255 interval in

order to maximize the number of nuclei and minimize the amount of noise.

. Select "Process” —’Binary’ — Fill Holes’.

Select 'Process’ —’Binary’ — Watershed’.

Go to tab ’Analyze’ and select "Analyze Particles...’. Then, the ticked options were
'Display results’, ‘Clear results’ and "Summarize’. The selected size range was 500-
Infinity, circularity range was 0.00-1.00 and outlines were shown.

The displayed results provide the number of nuclei counted in each image.
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C

STATISTICS

Statistical tests are performed with the intent of assessing if there was enough evidence
to reject the null hypothesis (Hy) about a certain data. The alternative hypothesis (H;),
which is the one the user would like to demonstrate, is compared to the null hypothesis
and, if there is a statement of difference between both hypothesis, the null hypothesis
should be rejected. However, the user should define a risk threshold, varying between a
probability of 0 and 1, above which the null hypothesis should not be rejected, referred
as the level of significance. If the obtained value from the test is inferior to that defined
threshold, then the null hypothesis should be rejected with a probability of being wrong
equal to the threshold. Several different types of statistic tests can be performed, but in

this dissertation only Student’s t-tests were performed.

C.1 Student’s t-test

This statistical test compares the average value of two data-sets and analyzes if they are
originated from the same population, with the null hypothesis assuming that both means
are equal. The defined level of significance was 0.05. Microsoft Excel was used to perform
t-tests using T.TEST (arrayl,array2,tails,type) function. Arrayl and array2 are the data-
sets to test, tails = 2 was used for a two-tailed distribution, and type = 3 to perform a
two-sample unequal variance test. If the obtained result was inferior to 0.05 (p-value
< 0.05), then the compared data-sets were significantly different (the null hypothesis is

rejected with a confidence of 95%).
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