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RESUME

L'ingénierie tissulaire représente une approche potentielle pour promouvoir la
réparation du cartilage, en utilisant une matrice extracellulaire (ECM) artificielle 3D
pour générer de nouveaux tissus. Aucune des procédures actuelles de rénovation du
cartilage n'a réussi a obtenir une régénération durable et le tissu a une tendance faible
a s'auto-réparer.

Les ECM natives peuvent étre efficacement imitées par des membranes de nanofibres
électrofilées, notamment en utilisant des polymeres d'origine naturelle. Dans ce
travail, des systemes a base de chitosane (CS) (CS et CS/Hyaluronan (HA)) sont
transformés, par électrofilage, en matrices nanofibreuses biocompatibles et
biodégradables adaptés au développement des chondrocytes. Les matériaux a base de
CS sont censés favoriser l'adhésion et la croissance des cellules, fournissant le
microenvironnement adéquat pour la préservation du phénotype des chondrocytes.
Des solutions homogenes de CS, HA et du complexe polyélectrolyte CS/HA sont
préparées a différents rapports de charge, en utilisant des mélanges acide
formique/eau comme solvant. La stabilité du complexe est améliorée par traitement
thermique a 120°C. Apres ce traitement, les échantillons du complexe CS/HA plus
rigides sont obtenus. La cristallisation du matériau et la formation de ponts amides
sont liées aux modifications des propriétés.

Pour permettre 1'électrofilage, de 'oxyde de polyéthylene (PEO) est incorporé aux
solutions de CS et HA. La teneur en PEO dans le mélange est fixée a 30 % en masse et
des fibres électrofilées CS/PEO et CS/HA/PEO sont produites, avec des diametres
compris entre 100 et 200 nm. Plusieurs types de collecteurs permettent la production
de matrices nanofibreuses avec un arrangement spécifique de fibres visible selon la
structure du collecteur. Ces membranes de fibres sont appliquées comme bio-substrat
pour la culture de chondrocytes et 1'observation de la morphologie cellulaire.

Les mesures effectuées par microscopie a force atomique entre des chondrocytes
individuels et le film et les fibres de CS, permettent de comparer la force d'adhésion
en fonction de la topographie du substrat. La force d'adhésion cellule-substrat est
légerement supérieure dans le cas du film de CS par rapport aux fibres. Néanmoins,
I'adhésion est plus efficace sur les dernieres, étant donné que la cellule est en contact
avec quelques fibres, compte tenu d'une surface de contact effective plus faible
(porosité du support ~40%), alors qu'elle est en contact total avec le film.

Pour la culture cellulaire, I'importance de la stabilisation des fibres de CS, par
neutralisation, est mise en évidence. Des tests de prolifération cellulaire, réalisés sur
des matrices de fibres de CS, ont révélé que les fibres conduisent a des taux de

prolifération plus élevés par rapport aux films.



La topographie des membranes de nanofibres de CS électrofilées pourrait avoir un
impact sur les modeles de colonisation cellulaire. L'alignement des cellules dans
certaines zones des échantillons de fibres alignées est détecté. De méme, une
concentration des cellules est observée sur des zones du substrat plus densément
chargées en fibres.

En comparant le développement des chondrocytes sur les substrats de CS et CS/HA,
on constate que la confluence cellulaire est atteinte plus tot sur le complexe CS/HA que
sur les fibres de CS. Le développement cellulaire pourrait étre amélioré par la présence
de HA dans le support étant un composant naturel de 'ECM, favorisant I'adhésion
cellulaire. Dans les deux cas, des valeurs élevées de viabilité cellulaire (>90%) sont
enregistrées.

En ce qui concerne la morphologie cellulaire, les chondrocytes primaires sont contenus
individuellement dans le cartilage, conservant une forme ovoidale. Cette forme est
également observée lorsque les chondrocytes sont cultivés sur des matrices fibreuses
de CS et CS/HA. Au contraire, les cellules deviennent adhérentes lors de cultures en
monocouche sur des surfaces planes telles que des films de méme composition et des
boites de Pétri. La préservation de la morphologie pourrait indiquer la conservation
des caractéristiques des cellules natives.

Comme procédure alternative pour l'implantation de cellules/substrats, la faisabilité
d'injections intra-articulaires de suspensions de cellules/fibres est étudiée. Les profils
de prolifération different significativement de ceux sur des fibres de CS, différence
principalement attribuée a la surface limitée disponible pour le développement des
cellules sur la suspension de fibres fragmentées, contrairement a des supports fibreux
continus.

En conclusion, l'optimisation du processus d'électrofilage et la caractérisation du
matériau ont permis ['utilisation de matrices de nanofibres stables pour le
développement des chondrocytes dans le but d'applications de réparation tissulaire.
La compatibilité des fibres a base de CS est confirmée et 1'efficacité du substrat est
comparée en fonction de la topographie du matériau.

Compte tenu des résultats prometteurs obtenus ici, les nanofibres CS et CS/HA
peuvent étre considérés comme des substrats potentiels conservant la forme native des
cellules et des profils de prolifération adéquats. Comme certains patients ne sont pas
aptes a subir une intervention chirurgicale, 1'approche injectable proposée vise a

devenir un traitement réalisable pour la régénération du cartilage.



Electrospinning of chitosan based polymeric systems for the production of
nanostructured scaffolds. Characterization and potential application in tissue

engineering.
ABSTRACT

Tissue engineering represents a potential approach to improve cartilage mending,
where an artificial 3D extracellular matrix (ECM) is essential to generate new tissues.
No current procedures for cartilage renovation have successfully achieved long-
lasting regeneration and, the tissue shows little tendency for self-repair.

Native ECMs can be effectively mimicked by electrospun nanofiber membranes,
specially using natural sourced polymers. In this work, chitosan (CS)-based systems
(CS and CS/HA) are transformed, by electrospinning, into biocompatible and
biodegradable nanofibrous mats adapted for chondrocyte development. CS materials
are claimed to favor cell adhesion and growth, providing the microenvironment
adequate for chondrocyte phenotype preservation.

Homogeneous CS, HA, and CS/HA polyelectrolyte complex solutions are prepared at
different charge ratios, using formic acid/water mixtures as solvent. Stability of the
complex is improved by thermal treatment at 120°C. After this treatment, more rigid
samples of CS/HA complex are obtained. Material crystallization and amide bond
formation are related to the property modifications.

Enabling electrospinning, 1000 kg/mol polyethylene oxide (PEO) is incorporated to the
CS and HA solutions. The PEO content in the blend is set at 30 % w/w and electrospun
CS/PEO and CS/HA/PEO fibers are obtained, with diameters ranging between 100-200
nm. Several collector types allow the production of nanofibrous mats with a visible
fiber arrangement depending on the collector structure. Patterned fiber mats are
produced and applied as a bio-substrate for chondrocyte culture and cell morphology
observation.

Atomic force microscopy measurements between single chondrocytes and CS film and
fibers, help to compare the adhesion strength as a function of the substrate
topography. The cell-substrate adhesive force is found slightly higher in the case of CS
film compared to the mat. Nevertheless, adhesion is more effective on the mats given
that the cell is in contact with several fibers, considering a lower effective contact area
(porosity of the support ~40%), whereas in full contact with the film, the cell expands.
For cell culture, the importance of CS fiber stabilization, by neutralization is
highlighted. Cell proliferation tests, performed on CS fiber mats, revealed that fiber
mats lead to higher proliferation rates compared to casted films.



Topography of electrospun CS nanofiber membranes could impact cell colonization
patterns. Cell alignment in certain zones of aligned fiber samples is detected. In the
same way, concentration of cells is observed on zones of the mat denser in fibers.
When comparing chondrocyte development on CS and CS/HA substrates, it is found
that cell confluency is achieved earlier on the complex CS/HA than on CS fibers. Cell
development could be improved by the presence of HA in the support which is a
natural component of the ECM, favoring cell adhesion. In both cases, high chondrocyte
viability values (>90%) are detected.

Regarding the cell morphology, primary chondrocytes are individually packed in
cartilage, maintaining an ovoidal shape. This form is also observed when chondrocytes
are cultured on CS and CS/HA fibrous mats. On the contrary, cells become adherent
and expanded during monolayer cultures on flat surfaces such as films and Petri dish.
Morphology preservation could indicate native cell characteristics maintaining.

As an alternative procedure for cell/substrate implantation, the feasibility of intra-
articular injections of cell/fiber suspensions is studied. Proliferation profiles differ
significatively from CS fiber mats, mainly attributed to the limited available surface
for cell development on the fragmented fiber suspension in contrast with continuous
fibrous supports.

In conclusion, electrospinning process optimization and material characterization
allowed the use of stable nanofiber mats for chondrocyte development in pursuit of
tissue repair applications. The compatibility of CS-based fiber mats is confirmed and
substrate efficiency compared as a function of material topography (films, fibers,
patterned mats).

Considering the promising results herein obtained, CS and CS/HA nanofibrous mats
can be considered as potential scaffolds maintaining native cell shape and adequate
proliferation profiles. Since some patients do not fit for surgery, the proposed

injectable approach aims to become a valuable treatment for cartilage regeneration.

Mots clés : Electrofilage, chitosane, acide hyaluronane, développement cellulaire,

cartilage, régénération tissulaire.

Key words: Electrospining, chitosan, hyaluronan, cell development, tissue

engineering, cartilage.
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Introduction to Tissue Engineering. Multidisciplinary tool for specific
tissue regeneration.

Tissue engineering is an interdisciplinary field that comprises applying principles of
life sciences and material engineering to heal, regenerate and restore the tissue
damage. The main purpose is the repairing and creation of tissues and/or organs for
the restoration of native functions (Askari et al., 2020). By the early 1990s, the concept
of applying engineering for biological tissue repairing resulted in the fast growth of
tissue engineering as a wide domain with the potential to revolutionize important

areas of medicine (Rogers, 2018).

As part of regenerative medicine, the use of cells, growth factors or signaling
molecules, and biologically compatible and active materials are considered tissue
engineering guidelines (Rajpoot et al., 2020). By harvesting cells from a patient (or
other sources) and seeding onto a tissue scaffold, the cell-scaffold ensemble tends to
maturation to become a functional structure. Thus, it could be implanted into the

patient to help repair or heal the damaged zone.

The understanding of scaffold composition and organization strongly influences the
design of functional constructs. Accordingly, appropriate material architecture and
convenient biomaterial/cell set should be carefully selected in order to reproduce the
main tissue properties (Bakhshandeh et al., 2017; Mazzoni et al., 2021). In this regard,
a wide variety of cells, biomaterials and other supporting components have been
investigated to create efficient structures.

Regenerative medicine and tissue engineering have been developed in order to
overcome current limitations and find revolutionary therapies. However, scaffold-

based strategies have often failed to imitate the complex structures of native tissues.

Most of the mammalian cells are adherent and require a matrix to attach and
proliferate. To be successfully used for tissue regeneration, scaffolds should exhibit
basic characteristics, such as (i) support cell adhesion, proliferation and differentiation
in specific cell lines; (ii) provide the diffusion of oxygen and nutrients from the
surrounding environment; and (iii) show clear biocompatibility and do not promote

any rejection or inflammation (Biswal, 2019).

Nowadays, biomaterials of very different nature, including ceramics, bio-glasses,
polymers, and related composites, are investigated and tested for regeneration of
tissues (Mazzoni et al., 2021). In the case of polymers, as a vast and practical material

source, the development of composites has enabled the association of natural and
10



synthetic polymers to develop scaffolds for both, soft and hard tissue repair. In
particular, composite biomaterials have been extensively studied for several
applications involving skin tissue engineering (Chaudhari et al., 2016), nerve (Shafei

et al., 2017), and cardiovascular tissue repair (Ahmed, 2013).

Polymer characteristics are often complemented with the material morphology.
Several cell-supporting construct types have been proposed according to the target
tissue, final application and structure efficiency. In the context of the scaffold design
criteria, the main conventional and advanced fabrication techniques include 3D-
bioprinting, additive manufacturing, preparation of porous scaffolds and hydrogel
development (Eltom et al., 2019).

Among these technologies, porous ECM-like scaffolds are suitable for regenerating
tissues and are frequently produced by electrospinning (Dersch et al., 2005; Wade &
Burdick, 2014; Xie et al., 2020).

As an efficient way adopted to build fibrous mats, electrospinning allows the
fabrication of non-woven polymer fiber membranes. The relevance of electrospun
materials rests mainly on their morphology, since fibers acquire diameters ranging
from the nano to micro scales (Balagangadharan et al., 2017). Electrospinning offers
some unique advantages, such as a large surface-to-volume proportion (Tong et al.,
2012), surface flexibility, high and adjustable porosity of the nanofiber mats (Smith &
Ma, 2004), interconnected pores (Jiang et al., 2005) and superior mechanical

performance compared to other known forms of the material (Mondésert et al., 2021).

Nanofiber membranes have been applied to understand in vitro cell growth for the
regeneration of organic tissues. Although they have been investigated as scaffolds for
multiple tissue types, nanofibrous matrices for musculoskeletal tissue application is
probably the most studied. Included in this category, it is found skin, muscular, bone,
nerve and cartilage repairing approaches (S. Chen et al., 2018; dos Santos et al., 2020;
Gangolphe et al., 2021; Malik et al., 2020).

Related to cartilage regeneration, a major challenge is faced considering that cartilage
shows little tendency for self-repair, injuries remain unhealed for years and can lead
to further degeneration. The more common diseases of this tissue, affecting millions
on people worldwide, are trauma surgery, rupture or detachment, rheumatoid
arthritis, and osteoarthritis (Rai et al., 2017; Y. Wang et al., 2015; Wei et al., 2021).
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Several approaches, mainly based on hydrogels and intra-articular injections, to
improve cartilage natural mending response have been proposed and tested (Dantas
et al,, 2021; Maumus et al.,, 2018; Mohan et al., 2017; Rai et al., 2017; Varady &
Grodzinsky, 2016). However, no current pharmacological procedures for cartilage
renovation have successfully regenerated long-lasting hyaline tissue to repair lesions,
leading to chirurgical interventions as the viable option (Dantas et al., 2021).
Considered as an alternative therapy for articular cartilage defects, artificial three-
dimensional (3D) fibrous ECMs have been considered as one of the most promising
therapeutic approaches. ECM can be effectively mimicked by electrospun fiber mats,
acting as a scaffold adapted for cells to adhere and grow, while cells maintain their

original functions and differentiation process is minimized.

To this end, in this project it is proposed to transform, by electrospinning, two
chitosan-based polymeric systems: chitosan/polyethylene-oxide (CS/PEO) and
chitosan/hyaluronan/polyethylene-oxide (CS/HA/PEO). The produced
nanostructured materials, owing to their properties, could favor cell adhesion and
growth (Balagangadharan et al., 2017; H. Liu et al, 2017). The electrospinning
processing of CS and its blends with different polymers and biopolymers (collagen,
alginate, hyaluronan), is frequently proposed in the literature, to produce materials,
especially for biomedical application purposes (J.-P. Chen et al., 2012; Z. G. Chen et al.,,
2010; Haider et al., 2015; Jalaja et al., 2016; Jayakumar et al., 2010; Y. Zhang et al., 2010).

It has been described that the CS/HA hybrid support serves as an ideal biomaterial to
create a three-dimensional scaffold with adequate strength, high cellular adhesivity,
and excellent support for chondrogenesis, preserving the phenotype and enhancing
production of type II collagen (Yamane et al., 2005). Data obtained on CS/HA hybrid
fibers indicate that materials including HA provide excellent adhesivity for seeded
chondrocytes and enhance their biological behavior on the 3D scaffolds with different

pore sizes (Majima et al., 2007; Yamane et al., 2007).

It has been shown that CS presents the microenvironment favoring osteoblast and
chondrocyte phenotype preservation, as well (Ching et al., 2021). This character is one
of the main concerns about chondrocyte treatments since original cell functions are
modified out of the native tissue ECM. It was also found that topography of
electrospun membranes of CS nanofibers enhanced attachment, and proliferation
during chondrocyte cultivation (Shim et al., 2008). Moreover, the porous material
obtained favors cell development due to large surface available allowing also oxygen

diffusion and metabolites migration.
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Chitosan-based electrospun materials with promising characteristics for satisfactory
acceptance in the human body have been in observation, considering antimicrobial
and healing properties for use as support in tissue repair (Tonda-Turo et al., 2017).
This polymer can induce low biodegradability rates in the body depending on its
degree of acetylation (DA) (Yang et al., 2007). Then, chitosan can be considered as a
long-term biodegradable material in the body.

Nevertheless, chitosan solutions exhibit some difficulties in terms of electrospinning
processing due to their high viscosity and chitosan polycationic nature in acidic
solutions, where CS is soluble. Such properties leads to jet break up during the
electrospinning procedure (Pakravan et al., 2011).

Avoiding these processing difficulties, without compromising biocompatibility, CS
nanofiber fabrication has been attempted using blends with easy spinnable polymers,
such as poly(ethylene oxide) (PEO) (Bhattarai et al., 2005; Correlo et al., 2007; Pratap
et al., 2020; Varnaite-Zuravliova et al., 2019). The interaction of the CS/PEQO blend has
been observed to influence the solution viscosity and interfacial tension, affecting
directly the blend spinnability (Lemma et al., 2016; Ridolfi et al., 2017; Varnaite-
Zuravliova et al., 2019).

The realization of this work seeks to deepen the understanding of the electrospinning
technique, and find the optimal conditions for the obtention of nanofibers of the
systems CS/PEO and CS/HA/PEO. In this way, it is necessary to adopt the correct
polymer proportions and the appropriate solvent(s) to favor processing. In the case of
the CS/HA blend, the choice of solvent should also limit phase separation, a current
problem when preparing opposite charged polymer blends.

Aiming to produce stable and durable materials, a high yield of polysaccharides in the
blends is maintained. The stability of chitosan-based materials (under fiber and film
forms) in aqueous solutions, emulating the physiological environment, is covered in
this work. Neutralization step to get pure chitosan fibers is applied in order to assure
chitosan stability, this treatment is sometimes neglected when transforming CS in
acidic conditions. Considering the relevance of the physicochemical properties on the
substrate performance, characterization of the materials in terms of the swelling
degree, partial solubility and uniaxial mechanical behavior are carried out.

The main interest of producing chitosan-based fibers stands on the utilization as a
biodegradable natural substrate for chondrocyte proliferation and potential cartilage
regeneration strategy. In this manner, it is important i) to evaluate the biocompatibility
of chondrocytes with the chitosan fiber mat, ii) to observe and assess proliferation rates
on the substrates and iii) to study the effect of the matrix topography on chondrocytes
attachment, migration, and expansion, in terms of the fiber arrangement in the mat

and polymer films as control surface.
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The subject is developed in 2 main sections. In chapters I and II, the literature review
and materials and methods are presented, Then, in Chapters III-V, the research
findings are reported and discussed accordingly to the field of interest: Material
preparation and characterization, biological application and treatment strategies for
repairing of the target tissue: Cartilage.
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Chapter I. Literature review

1. Cartilage and characteristics

In this project, research is focused on an articular cartilage repairing approach.
Cartilage is an important tissue in the body with key biomechanical and structural
functions. There are three major types of cartilage found in humans: hyaline, fibrous
and elastic cartilage. Hyaline (articular) cartilage has a glassy appearance and is the
most common form of cartilage in the human body. It is the firm but flexible tissue that
covers the ends of the bones in a joint as it is depicted in figure 1.1. This cartilage also
gives shape and support to other parts of the body such as the ribs, nose, trachea,
bronchi, larynx, and growth plate (Hoemann et al., 2012; Krishnan & Grodzinsky,
2018).

Bone
) Ligament
Synovium
Synovial fluid
Cartilage
Bone

Figure 1.1. Articular joint elements. Image Credit: Blamb / Shutterstock

1.1. Composition, functioning and pathology
Cartilage is a non-innervated and non-vascularized connective tissue that helps to

distribute the forces of locomotion onto the underlying bone, providing a smooth low-
friction surface for joint articulation (C. H. Wu et al., 2010). These properties are

furnished by the expanded and highly specialized extracellular matrix. ECM is
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predominantly formed by a dense and highly hydrated network of type II collagen
fibers and a high content of proteoglycans, mainly with attached hyaluronic acid and
chondroitin sulfate (glycosaminoglycans GAG) (Bosworth & Downes, 2011). In
general, the fibrillar collagenous network resists tensile and shear forces while the
interfibrillar aggrecan resists compression loads and interstitial fluid flow (Hoemann
et al., 2012). Considering cartilage composition, water represent the majority of the

volume, the rest of component proportions are presented in table 1.1.

Table 1.1 Articular cartilage composition (Bhosale & Richardson, 2008; Krishnan &
Grodzinsky, 2018).

Component Percentage
Collagen (t?/pe II 10-20%
collagen mainly)

Proteoglycans 10-20%
Chondrocytes 1-5%
Water 65-80%

Articular cartilage is composed of a single cell type, the chondrocytes, which are
specialized cells embedded in the ECM, giving them structural and biochemical
support (Gao et al., 2014). The main function of chondrocytes is to synthesize and
degrade the various elements of the extracellular matrix such as proteoglycans and
collagen. Chondrocytes are regarded as mature cells that maintain the cartilage-
specific matrix phenotype under low turnover conditions (Mary B Goldring et al.,
1994).

The fact that hyaline cartilage, as an aneural and avascular tissue, lacks the ability to
generate a typical tissue response to injuries, provokes that cartilage affections remain
undiagnosed and unhealed for years. Then, stages such as inflammation, repair and
scar remodeling are inexistent and after any overstress or damage, the intrinsic

reparative ability of cartilage is very low (Krishnan & Grodzinsky, 2018; Mandl, 2019).

Considering the variety of cartilage diseases, two categories can be identified based on
the affected components of the tissue. They involve from extremely common
conditions such as osteoarthritis to rare genetic disorders (Krishnan & Grodzinsky,
2018). From one hand, we have direct mechanical trauma to the ECM without
damaging the cells, the ability of chondrocytes to synthesize new proteoglycan
molecules is not exceeded and cartilage can be restored. From the other hand, the

second category involves mechanical destruction of the ECM and cells, which is the
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most commonly seen situation in clinical practice and tissue repair depends on
external medical factors (Bhosale & Richardson, 2008).

1.2.0steoarthritis

Worldwide, the most recurrent articular cartilage disease is osteoarthritis, causing
substantial personal and health care costs (Murray & Azari, 2015). It is considered as a
degenerative rheumatic illness leading to the destruction of the cartilage of one or
more joints (Mora et al., 2018; Rai et al., 2017). The joints most frequently affected are
the knee, hip, spine and hands. The osteoarthritis physiopathology shows that it is
mainly related to an imbalance between the synthesis and degradation of cartilage
proteins (Mary B Goldring, 2000; Umlauf et al., 2010), however other factors may also
cause the illness, as it is discussed thereafter. Overall, it can be considered as a disease
of chondrocytes since they are the main actors in the evolution of this condition. It
affects the whole joint, causing synovial inflammation, cartilage damage, bone

remodeling, and osteophyte formation (Emery et al., 2019; Loeser et al., 2012).

The prevalence of osteoarthritis has dramatically risen in recent years due to many
factors such as the progressive aging of the population, obesity, abnormal physical
constraints, but also genetic issues (Dantas et al., 2021). Typical symptoms include
pain, muscle weakness, joint instability, brief morning stiffness, and functional
limitations (Lawson et al., 2020a; Mandl, 2019). According to epidemiology studies,
654.1 million individuals (40 years and older) were affected by knee osteoarthritis up
to 2020 worldwide (Cui et al., 2020), which places this disease as a real public health
problem, mostly in developed countries. Osteoarthritis develops in 3 different stages
described in table 1.2.

Table 1.2. Main phases of osteoarthritis articular disease (Dantas et al., 2021;
Krishnan & Grodzinsky, 2018).

Initial stage Second Stage Final stage

17
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1.3.Current treatments and approaches for cartilage repairing

Multiple efforts to fully understand osteoarthritis have been attempted in the last
decades. Despite the extensive amount of research regarding this topic, there are still
marked controversies but also new findings. Nowadays, osteoarthritis is considered
as a multifactorial disease involving aspects like trauma, mechanical forces,
inflammation, biochemical reactions, and metabolic disorders (Ayhan et al., 2014).
Cartilaginous and non-cartilaginous tissues are concerned at early and advanced

stages of the disease, being the source of pain, swelling and then, evident damage.

Osteoarthritis is a progressive and degenerative condition, with low tendency to
regress and restore the damaged structures. Big part of the existing treatments aims to
control the symptoms unless a clear need of surgical intervention with articulation

replacement (Dantas et al., 2021).

Academic and professional associations, such as the Osteoarthritis Research Society
International (OARSI), American College of Rheumatology (ACR) and American
Academy of Orthopedic Surgeons (Jevsevar, 2013; Kolasinski et al., 2020; McAlindon
et al., 2014), have developed standard guidelines in order to suggest the appropriate

and available medical actions.
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Key treatments against this cartilage disorder are categorized in (i) non-
pharmacological and (ii) pharmacological, as a function of the type of management
selected (Abramoff & Caldera, 2020; Dantas et al., 2021).

1.3.1. Non-pharmacological treatments
In current clinical practice, non-pharmacological therapies conform the first line

treatment for osteoarthritis as suggested by the experts. It mainly includes education,
exercise and weight loss (when needed). However, less than 40% of patients with knee

osteoarthritis receive this kind of intervention.

Inactivity and disuse are lethal for the health of the joint, the absence of mechanical
stimulation induces a more rapid cartilage degeneration due to cartilage
softening/thinning, decrease of glycosaminoglycan content, impaired joint mechanics
and flexibility (DeFrate et al., 2019; Kloppenburg & Berenbaum, 2020).

Exercise routines should be tailored to every patient’s needs/tolerance and
preferences. High impact activities should be avoided, and long-term adherence
should be maximized to increase success. It is proved that physical activity prevents
superior damage and decreases pain, while increasing joint functionality and patient
quality life (Maly et al., 2020; Mora et al., 2018). Any other procedure based on manual

therapies are included in this category.

1.3.2. Pharmacological treatments

Pharmacological strategies aim to control pain and inflammation, the main symptoms
in osteoarthritis. Interactions and side effects are of special attention since the majority
of patients are elderly (Mora et al.,, 2018). In table 1.3, several types of systemic
medications, proposed nowadays as treatment for osteoarthritis, are presented and
briefly described.

Table 1.3. Pharmacological strategies currently applied for osteoarthritis therapy
(Dantas et al., 2021; Kloppenburg & Berenbaum, 2020; Mora et al., 2018).

Approach Characteristics
Strongly recommended by OARSI and ACR.
Most commonly used medications
Long-term oral administration limited du to possible
affectation to gastrointestinal, renal and cardiac systems.

Non-steroidal ani-

inflammatory drugs
y aris Topical application is safer with minimal adverse effects.

Suggested with glucocorticoid injections.

Acts as an anti-inflammatory agent directly on nuclear

Corticoid injections
receptors.

19



Corticoids approved for intra-articular injections:
Methylprednisolone Acetate, Triamcinolone Acetate,
Triamcinolone Hexacetonide, Betamethasone Acetate,
Betamethasone Sodium Phosphate, and Dexamethasone.
Corticoids have similar performance in terms of pain
relief. The latter is related to the drug dosage.
More than 3 injections in a year should be avoided.

Considered as potent pain-relievers.
Produce serious adverse effects.

oid
Opioids Have small effect on pain and patient physical function.

Aims to prolong pain relief benefit and decrease adverse
effects.

Extended-release i ) .
Triamcinolone Acetate is contained in PLGA

triamcinolone .
microspheres.

tonid
acetonmde Analgesic effect lasting up to 24 weeks after dosage.

Food supplements thought to benefit health.
Glucosamine and Chondroitin sulphate are commonly
used by patients with osteoarthritis.

Not recommended by associations guidelines.

Low efficacy and effects of insufficient clinical relevance.

Nutraceuticals

It provides viscous lubrication, high absorbing capacity
and possible anti-inflammatory/anti-oxidant functions.
Effect lasting up to 6 months.
Recommendation by drug societies is conflicting.
The treatment might be more effective in patients with
higher levels of knee pain, younger and with lower
cartilage erosion.

First single-injection Synvisc-One® approved in 2009
(Muzzarelli et al., 2012).

Visco-
supplementation with
hyaluronic acid

Since osteoarthritis provokes different reactions and have multiple causal factors, a
wide variety of pharmaceutical procedures against the symptoms are available in our
days, as can be seen in table 1.3. The recommendation of each treatment is still
questionable considering the affectations to other organs and its level of efficiency and
acceptation. Besides, all treatments are not long-term solutions to the cartilage disease

and chirurgical interventions are considered as last alternative in severe cases.
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The surgical procedures performed in osteoarthrosis mainly include:

Arthroscopy: Remotion of damaged tissues from the joint.

Arthroplasty (Articular Endoplasty): Replacement of the joint surface, remotion of the
damaged joint and replacement with new plastic or metal implant.

Osteotomy: Correction of the placement of joint surfaces and bones.

Corrective surgeries: In case of extensive joint damage, corrective surgeries are
performed to fix the placement of bons and ligaments, improving the function of the
limb.

From this options, arthroscopic surgery, specifically knee joint lavage, is the most
common procedure performed (Siemieniuk et al., 2017). Nevertheless, it has been
demonstrated that arthroscopy present a low efficacy in terms of pain relief and
function improvement in patients, suffering of knee osteoarthritis (Reichenbach et al.,
2010; Thorlund et al., 2015). Some other disadvantages of this surgery are the
increasing possibility to subsequent knee replacement surgery (Rongen et al., 2017)
and multiple complications associated with the procedure, including venous
thrombosis, infection, pulmonary embolism, and in some cases, death (Thorlund et al.,
2015). Clinical practice guidelines, strongly recommend against the use of arthroscopy

in nearly all patients with degenerative knee disease (Thorlund et al., 2015).

Articular endoplasty is another popular surgery in individuals with advanced knee
osteoarthritis. It is a cost-efficient procedure, considered when all non-surgical
treatment options were unsuccessful after 6 months of therapy (Higashi & Barendregt,
2011). Although joint replacement is a successful treatment for relieving many
symptoms of individuals with knee osteoarthritis, persistent pain after surgery is
reported by some patients (Wylde et al., 2011). Individuals with severe osteoarthritis,
are most likely to report considerable improvements in pain and function after knee

replacement, with a recuperation time around 8 weeks (Dowsey et al., 2012) .

Even though research in osteoarthritis has been documented for more than 100 years,
there are still no successful therapies to stop or reduce the progression of joint
degeneration. However, with technological advancements, new approaches and

therapies are emerging to aid osteoarthritis patients.

From one hand, domains such as computer technology, could help to reinforce and
facilitate data analysis. Consistent databases could provide possible relationships
between variables to then propose specific prediction models and design effective
personalized therapies (Dantas et al., 2021). Modern technology can help to advance
in imaging techniques, analytical electronic devices and sample analysis to obtain real-
time data and monitor patients by using mobile equipment (Deveza et al., 2019; M. B.
Goldring, 2000; Jamshidi et al., 2019).
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From the other hand, biomaterials such as scaffolds, hydrogels, microspheres, and
nanofibers associated with cutting-edge advances in cell-based approaches that focus
primarily on cartilage regeneration, hold promise in the regeneration of the
osteoarthritic joint (M. B. Goldring, 2000; Lawson et al., 2020b). However, robust

evidence still scarce regarding this topic.

2. Polymer-based systems

The main properties of the polymers and composites, studied during this research
work, are described in the next section. As it has been introduced, tissue engineering
is mainly based in 3 aspects; scaffold design, cell line selection and grow factors (active
molecules) incorporation. Related to the scaffold preparation, several polymer systems
have been proposed for medical applications. The 3D scaffold is critical to preserve
cells’ properties and constitute a structural template to support new tissue. In this
context, systems based on chitosan are claimed to favor cell adhesion and development
in tissue engineering models (Balagangadharan et al., 2017; Bhattarai et al., 2005; H.
Liu et al., 2017).

2.1.Chitosan characteristics and properties

Chitosan is a partially deacetylated derivative of chitin, consisting of random mixtures
of B-(1-4)-linked D-glucosamine and N-acetyl-D-glucosamine in the polymer chain, as

it is illustrated in figure 1.2.

B OH I ]

0) HO NH,

O \O/
HO L0
NH 0
/K o
@]

- DA 100-DA

Figure 1.2. Structure of repeat units involved in Chitosan, DA = degree of acetylation

(%).

The fraction of the N-acetyl-D-glucosamine units in chitosan determines the degree of
acetylation (DA); it is also expressed in percentage of acetylated units. DA has been

shown to play an important role on the physicochemical and biological properties of
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chitosan. Unlike most of other polysaccharides, the amino groups on the D-
glucosamine units are protonated in aqueous acidic solution forming a cationic

polyelectrolyte soluble in aqueous medium at pH<6.5 (Younes & Rinaudo, 2015).

One advantage of CS, compared to other polymers, is that it is obtained from a natural
source, and it is a biodegradable and biocompatible polymer with bacteriostatic and
antifungal properties (Ridolfi et al., 2017; Rinaudo, 2006). Moreover, under
unprotonated form, CS is stabilized by a network of hydrogen bonds in the solid state,
which provides good mechanical properties under film or fiber morphology (C. E.
Garcia et al., 2020; Garcia Garcia et al., 2018). Chitosan materials with promising
characteristics for satisfactory acceptance in the human body have been observation,
considering antimicrobial and healing properties for use as support in tissue repair
(Tonda-Turo et al., 2017). Chitosan fibrous membranes have been also developed into
wound dressings due to its excellent hemostatic properties, antimicrobial activity, and

anti-inflammatory responses (Sapkota & Chou, 2020).

Chitosan biological activity studies have revealed that it promotes cartilage matrix
compounds expression and reduces the production of inflammatory and catabolic
mediators by chondrocytes. In matrix enriched with chitosan, a homogeneous
distribution was observed, as well as direct contact between the polymer chains and
chondrocytes. It has been observed that chondrocyte homeostasis could be restored

after 4 weeks of encapsulation in chitosan matrix (Comblain et al., 2017).

From behavior in solution, protonated chitosan allows the molecular chains to form
electrostatic complexes or multilayered structures with other polymers having
negatively charged groups. In addition, the presence of amine groups on chitosan
makes it possible for specific modifications on C-2 to include functional groups for

biomedical applications (Sapkota & Chou, 2020).

2.2.Hyaluronan characteristics and properties

Hyaluronan, also called hyaluronic acid, is an abundant polysaccharide, component
of the extracellular matrix of living organisms, widely used in biomedical applications
for tissue engineering and regenerative medicine (G. Ma et al., 2012; Petrova et al.,
2019; Sandri et al., 2019). HA is a large linear glycosaminoglycan, with typical molar
mass of a few million Daltons (Toole, 2001). HA is composed of units of D-glucuronic
acid and N-acetyl-D-glucosamine joined alternately by -1,3 and -1,4 anhydroglycosidic

bonds (Creuzet et al., 2006; Petrova et al., 2019), as it is shown in represented 1.3.
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Figure 1.3. Structure of Hyaluronan (CisH21NO11)x

A relevant point of similarity between hyaluronan and partially deacetylated chitin is
the N-acetylglucosamine repeating unit present in both polysaccharides. Due to the
carboxyl group of the glucuronic acid, hyaluronan is highly negatively charged at
physiological pH, and behaves in solution as an anionic polyelectrolyte, with
viscoelastic behavior (Almond, 2007; Hillel et al., 2007). HA is highly soluble in water,
under the sodium salt form, favored by the disaccharide structure, strongly adsorbing
a large number of water molecules, generating intra- and inter-molecule hydrogen
bonds, and interactions with aqueous solvents. This provides solutions of entangled
HA chains with extraordinarily high viscosity at low concentrations, as well as shear-
thinning behavior (Creuzet et al., 2006; Yao et al., 2013).

Hyaluronan can either be secreted by the cells to the ECM or associated with the
plasma membrane. As an ECM component hyaluronan is involved in mediating and
modulating ECM physical properties, cell adhesion as well as in maintaining osmotic
balance and reducing friction in tissues such as the synovium, vitreous humor, and
cartilage (Creuzet et al., 2006; Petrova et al., 2019).

Hyaluronan can enhance or block cell adhesion, depending on whether it is present on
the cell surface, on the substrate, or on both. It is also involved in the activation of
signaling pathways that control cell proliferation, differentiation, adhesion, migration
and the entire cell cycle, as well as in processes such as morphogenesis, and
inflammation. (Hosseini et al., 2020; Murano et al., 2011; Schaefer & Schaefer, 2010).

2.3.Polyelectrolyte complex

Polyelectrolyte complex (PEC) represents an interesting type of macromolecular
materials formed by the association of a polycation and a polyanion (Rusu-Balaita et
al., 2003). The formation of PECs is mainly driven by the electrostatic attraction
between polymer chains carrying opposite charges (Meng et al., 2017). A strong PEC
is obtained if the polyions reach their fully ionized forms. Although other intra- or
inter-molecular forces including hydrogen bonding and van der Waals forces may also

play minor roles in the complexation process (Cai et al., 2018). In this consideration,
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PEC systems are usually difficult to process due to phase separation related to the

electrostatic interactions (Iwasaki et al., 2011; Meng et al., 2017; Petrova et al., 2019).

PECs generally contain two distinctive polyelectrolytes, and integrate the respective
virtues of both components, offering competitive advantages in their physicochemical

properties, enhanced from any single constituent polyelectrolyte (Cai et al., 2018).

PECs made from natural ionic polysaccharides are generally non-toxic, biocompatible
and bioresorbable. These properties are valuable for their use in medicine and
pharmacy (Cai et al., 2016; Ji et al., 2012). Intensifying attentions on PECs study are
aroused in academia and industry since PEC-related fabrication process is mild and
materials are ideal vectors for susceptible drugs and macromolecules (D. Wu et al,,
2020). They present a wide range of applications, such as encapsulation of substances,
drug delivery systems, and waste-water treatment, medical prosthetics,
environmental sensors and protein separation systems (Lehmann et al., 2005; Tsao et
al., 2011).

PEC scaffolds, have been fabricated by several methods such as gas foaming (Barbetta
et al., 2010), phase separation (Nam & Park, 1999), freeze drying (Sadeghi et al., 2008)
and electrospinning (Yu et al.,, 2020). With the integration of a nanostructure,

electrospun nanofibers have gained increasing interest as well.

Chitosan, with its unique cationic character, has been used for the preparation of
various PECs with natural polyanions such as carboxymethylcellulose, alginic acid,
dextran sulfate, carboxymethyldextran, hyaluronan, heparin, collagen, pectin, gelatin
and xanthan (Bernabé et al., 2005; J. Xu et al., 2013) highlighting potential biomedical
applications. For instance, according to Iwasaki et al., chitosan combined with
glycosaminoglycans may be a novel class of polyion complex effective for cartilage
specific scaffolds (Iwasaki et al., 2011). PECs fibrous mats have been produced from
sulfated dextran sulfate sodium-chitosan PEC membranes for high separation
performance and hydration ability (X. S. Wang et al., 2015), and chitosan/gelatin
nanofiber membranes for wound dressing (J. Xu et al., 2013).

The PEC composed of CS/HA, has been successfully prepared in water/formic acid
20/80 w/w as solvent, and electrospun to produce nanofibers at several NHs*/COO-
charge ratios (G. Ma et al., 2012). A bilayer chitosan/hyaluronan CS-HA-PEO material
was produced by sequential electrospinning of HA-PEO onto a freshly formed CS-
PEO layer, with a CS/HA layer thickness ratio of 2:1 (Petrova et al., 2019).
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3. The electrospinning technique

Electrospinning is a broadly applied technology for electrostatic fiber formation. It is
founded on the application of electrical forces to produce fibers, from both natural
and synthetic polymer, with diameters ranging from 2 nm to several micrometers,
recovered on a metallic collector (Bhardwaj & Kundu, 2010). A tremendous increase
in research and commercial attention on the electrospinning process of polymer
solutions has been reached the last two decades, since the first use of this term to
describe the phenomenon in 1995 (Doshi & Reneker, 1995; Haider et al., 2018).

In regenerative medicine, polymeric electrospun nanofibers that mimic the structure
and function of the natural ECM got interest as potential scaffolding materials with
innumerable applications (S. Chen et al., 2018; Malik et al., 2020). Electrospinning has
been widely accepted as the simplest and least expensive way to fabricate ultrafine
fibers, via a contactless procedure, compared to mechanical drawing, self-assembly
and phase separation methods (Garg & Bowlin, 2011). Throughout a simple setup, it
involves a practical manipulation, and it allows production of highly porous scaffolds,
spun into a variety of shapes and sizes (Garg & Bowlin, 2011). It is considered as an
efficient method to produce fibrous mats for cell development (Balagangadharan et
al., 2017).

Currently, vertical and horizontal electrospinning setups are the most commonly used.
With the constant expansion of this technology, more sophisticated arrangements have
been adapted to fabricate complex nanofibrous structures, and to control operating
parameters. The typical electrospinning setup consists of three major components: a
high voltage power supply, a conducting spinneret and a grounded collecting plate
(usually a metal plate, or rotating cylinder) separated at a defined distance (Haider et
al., 2018), as depicted in figure 1.4.

a) b)
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Figure 1.4. Diagram of electrospinning equipment. (a) Vertical setup and (b) horizontal

setup (Bhardwaj & Kundu, 2010).
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In laboratory, a syringe serves as polymer solution container and the needle tip acts as
spinneret. In this way, the system can be fed at a constant and controllable rate with

the use of a syringe pump, as it is illustrated in figure 2.1 (Materials and methods).

3.1.Electrospinning mechanism

Electrospinning is considered as an electrodynamic process. It is initiated by the
application of a high voltage, in the range of 5-30kV, which creates an electric field
between the needle of the polymer solution container and the metallic collector
(Haider et al., 2018). Then, electric charges move into the polymer solution causing
instability due to the induction of charges on the solution droplet, as depicted in figure
1.5A.

Polymeric
solution
Pendant
dre p
B A 1 1
i +

v

Figure 1.5. Schematic illustration of the Taylor cone and jet formation: (A) surface
charges in the polymeric solution; (B) drop elongation; (C) polymeric jet formation
(Casasola, 2016). Vc = critical voltage.

With the increasing voltage, the pendant drop, formed at the needle tip, elongates,
undergoing two electrostatic forces: electrostatic repulsion between the surface
charges and Columbic force exerted by the external electric field. Then, electrostatic
forces in the charged drop will overcome the surface tension, and a conical shape
(Taylor cone) will be formed at the nozzle, ejecting a liquid jet once achieving the
critical voltage (figure 1.5B-C) (Theron et al., 2004).

The stable jet travels from the droplet to the metallic collector. In this trajectory,

internal and external charge forces cause liquid jet whipping, which provokes polymer

chains stretching and slipping. After strong elongation and jet thinning, dry polymeric
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fibers with diameters in the nanoscale are deposited onto the collector (Haider et al.,
2018; Theron et al., 2004).

3.2.Process affecting parameters

Even though electrospinning process has become popular because of its relatively
simple setup, smooth fiber formation by electrospinning involves the optimization of
several processing factors, solution parameters and environmental conditions (Haider

et al., 2018) that influence the complex physicochemical behavior of the system.
The applied electric field, spinneret-collector gap and polymer solution flow rate are
considered electrospinning processing. In table 1.4, a description of the process

affecting variables is presented.

Table 1.4. Summary of processing parameters and their effect on the electrospinning

process.

Parameter Description

e Voltage plays a key role in electrospinning, modulating Taylor
cone formation. It causes the stretching of a liquid jet during
fiber formation. Ultrafine fibers are formed at a critical voltage
which varies for each system (Laudenslager, M.]., Sigmund,
2012).
Voltage
e Atlow voltages, only small beads reach the collector. Further
increase of voltage (>Vc) might lead to Taylor cone reduced
size, reducing the diameter of fibers (Sill & von Recum, 2008).
e For too high electric tension, Taylor cone instability and jet
break-up are observed, resulting in an irregular fiber
morphology (Deitzel et al., 2001).
¢ The distance between metallic needle tip and collector
influences the force of the electric field, applied during fiber
formation, which is indirectly proportional to the electrode
Tip-to- separation (Haider et al., 2018).
collector e When increasing the tip-to-collector distance, the electric field
strength will decrease, as well as the fiber diameter (Bhardwaj
& Kundu, 2010).

e Other factors such as evaporation, jet stretching and fiber

distance

deposition time could be also affected. Therefore, fiber

morphology and diameter might be also disturbed.
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e The flow rate of the polymer from the syringe is an important

process parameter as it influences the jet velocity and the
material transfer rate (Bhardwaj & Kundu, 2010).
) e For diluted solutions, by increasing the feed rate, bead size will
Solution ) ) ]
increase, and no fibers will be formed.
feed rate . , : . .
e Normally, by increasing the feed rate, the fiber diameter will
increase as well, all due to the increased solution volume drawn
out of the spinneret.(Z. Li & Wang, 2013). A minimum flow rate

is preferred to maintain a balance during fiber obtention.

Processing parameters are adjusted for optimal electrospinning and uniform fiber
production. Solution properties are equally important for the process and define
spinnability of the system. This category involves polymer concentration and
molecular weight, viscosity, surface tension, and solvent type, which effect is
described in table 1.5.

Table 1.5. Summary of solution properties effect on the electrospinning process.

Parameter Description

e For fiber formation, a minimum solution concentration is
required and an optimum should be found. At low
concentrations, a blend of beads and fibers is obtained. With
the increasing polymer concentration, beads transform into
uniform fibers. However, high concentration provoke an
Polymer . . _ . _
instable solution flow leading to larger fibers (Bhardwaj &
Kundu, 2010).

e According to the critical entanglement concentration (Ce)

concentration

definition, a concentration of around 1-2Ce is needed for
stable jet maintaining during electrospinning (Chi Wang et
al., 2011).
e Polymer molecular weight significantly influences the
rheological and electrical properties of the system. In general,
high molecular weight polymers are used for fiber fabrication
Molecular (Bhardwaj & Kundu, 2010) but chain entanglement is also
weight important to consider.
e The molecular weight of the polymer reflects the number of
entanglements of polymer chains in a solution, thus solution

viscosity.
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e Too low molecular weight polymers tent to form beads

instead of fibers.
e Viscosity is determining for fiber size and morphology. It is
correlated to polymer concentration and molecular weight.
Viscosity helps to determine the range of concentrations from
which continuous fibers can be obtained (Bhardwaj &
Kundu, 2010).

Solution e With very low viscosity there is no continuous fiber

viscosity formation, while very high viscosity results in difficult jet

ejection from polymer solution.

The study on the effect of the concentration/viscosity on fiber
morphology has reported an optimum viscosity for the
generation of PEO nanofibers of 800—4000 cp (Doshi &

Reneker, 1995), this range varies for each system.

e Surface tension is a critical factor for electrospinning
process. It can be considered as a function of the solvent
and the composition of the solution.

e Generally, the high surface tension of a solution inhibits
Surface the electrospinning process because of jet instability and
Tension generation of sprayed droplets. A lower surface tension of

the spinning solution helps electrospinning to occur at a
lower electric field (Haghi & Akbari, 2007).
e Basically, surface tension determines the upper and lower

boundaries of the electrospinning window if all other
variables are held constant.
e When exposed to an applied voltage, polymer jet solutions
with high conductivity, show greater tensile force.

e Generally, it has been observed that an increase in
solution conductivity results in a substantial decrease in
nanofiber diameter (Pillay et al., 2013).

. . e By increasing the net charge density of the jet solution, a
Conductivity ) o o
decrease in the resistivity of the solution is observed
(increase of spinnability), as uniformity of nanofibers
increases.
e Charge density can be improved by adding salts,
polyelectrolytes or surfactants to the electrospinning
solution.
e The selection of the solvent is another vital factor for the
Solvent

formation of electrospun nanofibers, since the solvent
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nature and its evaporation kinetics directly influence the
fiber morphology and possible pore formation (Haider et
al., 2018).
e For solvent selection, it must be considered that, the
preferred solvents are those enabling complete polymer
solubilization and have a moderate boiling point.
e For consideration, highly volatile solvents are mostly
avoided because their high evaporation rates cause the
drying of the jet at the needle tip, blocking the needle tip.
e Similarly, less volatile solvents are also avoided because
their high boiling points prevent their drying during the
nanofiber jet flight. The deposition of solvent-containing
nanofibers on the collector will cause the formation of
beaded nanofibers (Pillay et al., 2013).

Besides processing and solution parameters, environmental factors such as relative
humidity and temperature also affect the diameter and morphology and surface

texture of the obtained nanofibers.

Depending on the chemical nature of the polymer, humidity cause changes in the
nanofibers diameter by controlling the solidification process of the charged jet. (Haider
et al., 2018). A high increase in humidity could led to bead fiber formation and a
decrease in spinnability. On the opposite, at very low humidity, a volatile solvent may
dry rapidly as the evaporation of the solvent is faster. Sometimes the evaporation rate
is so fast than compared to the removal of the solvent from the tip of the needle and
this would create a problem with electrospinning (Bhardwaj & Kundu, 2010).
Humidity also plays an important role in the creation of porous nanofibers when a
binary solvent system is used. However, a more significant effect is observed in the
pore formation during electrospinning of hydrophobic polymers while minor

influence is related to hydrophilic polymers (Lancuski, 2013).

Related to temperature variations, it causes two opposing effects to change the average
diameter of the nanofibers: (i) it increases the rate of evaporation of solvent and (ii) it
decreases the viscosity of the solution. The increase in the evaporation of the solvent
and the decrease in the viscosity of the solution work by two opposite mechanisms,
however, both lead to decrease in the mean fiber diameter (Bhardwaj & Kundu, 2010;
Haider et al., 2018)
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3.3.Electrospinning of chitosan-based systems for tissue engineering

Introduced in the past section, electrospinning of chitosan and its blends with other
polymers has been widely studied. Applications of the electrospun materials comprise
from industrial to medical domains, taking advantage of the valuable properties of
chitosan.

Systems based on chitosan materials are claimed to favor cell adhesion and growth for
tissue engineering (Bhattarai et al., 2005). Nevertheless, chitosan solutions exhibit
some difficulties in terms of electrospinning processing due to their high viscosity and
the polycationic nature of chitosan in acidic solutions, leading to jet break up during
the spinning procedure (Pakravan et al., 2011). In order to achieve the electrospinning
process of chitosan systems, this biopolymer is blended with other synthetic polymers,
mainly polyethylene oxide (PEO) and polyvinyl alcohol (PVA), influencing the
solution viscosity and chain interactions which affects directly the blend spinnability
(Ridolfi et al., 2017; Varnaite-Zuravliova et al., 2019).

In relation with the main objective of this project, studying cartilage regeneration, a
major issue is faced, since generating well-integrated, stable cartilage, presents a real
challenge to tissue engineering. In that effort, scaffolds play a key role recreating the
extracellular matrix, directing cells to appropriate phenotyping and location. Several
approaches and characterization protocols of chitosan-based biomaterials have been

proposed in this subject.

CS/PEO electrospun fibers were fabricated using 5000 kg/mol PEO and have been
evaluated in terms of chondrocyte gene expression modification as a function of the
topography of the substrate. Fiber diameter (from 300 nm to 1 um in the obtained
fibers) and substrate structure were considered relevant for phenotype preservation,
since cells are responsive to their environment once extracted from their native EMC
(Noriega et al., 2012). CS/PEO fiber alignment has also been highlighted, since it could
lead to pore orientation and promote control load transfer onto the scaffold, for better
performance in the articulation (Subramanian et al., 2005). Electrospun CS/Ethylene
glycol fibers, forming a 3D-scaffold with nanofibrous walls and micro-sized pores, are
claimed to provide a great microenvironment for chondrocyte proliferation towards
regeneration therapy (In et al.,, 2009). Other systems have been studied towards
chondrocyte dedifferentiation process and mechanical scaffold enhancement in
cartilage tissue engineering, such as electrospun CS-Polycaprolactone scaffolds (W. J.
Li et al., 2003) and genipin crosslinked CS/PEO nanofibers (Ching et al., 2021).
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Regarding polyelectrolyte complex, a synergic effect is observed on the final material
characterization, from physicochemical to biological properties (J. Xu et al., 2013). The
PEC obtained from the blend CS/HA is claimed to enhance cell adhesion during cell
culture. Moreover, it was demonstrated a significantly higher number of living cells
on the surface of the CS/HA compared with CS with a better biocompatibility.
However, few references are found related to electrospun CS/HA, reporting better
spinnability of the solution at higher contents of CS in the blend (G. Ma et al., 2012).
Avoiding phase separation for the system CS/HA, co-axial (H. Ma et al., 2017;
Chongyang Wang et al., 2017) and bilayer CS-HA (Petrova et al., 2019) electrospun
fiber mats have been proposed in literature, as viable scaffolds for drug delivery and

tissue engineering, respectively, as it is presented in Chapter I, Section 2.3.

Otherwise, chitosan/hyaluronan hybrid biomaterials proposed in cartilage tissue
engineering have been formed by wet-spinning of chitosan solubilized in 2% Acetic
acid immersed in presence of calcium solution and coated with hyaluronan (Iwasaki
etal., 2011; Kasahara et al., 2008; Yamane et al., 2005). Accordingly with in vitro studies,
it has been shown that the CS/HA hybrid support serves as an ideal biomaterial to
create a three-dimensional (3D) scaffold with adequate strength, high cellular
adhesivity, and excellent support for chondrogenesis, preserving the phenotype and
enhancing production of type II collagen (with increase of type II/ type I collagen ratio)
(Yamane et al., 2005).

Data obtained on CS/HA hybrid fibers indicate that materials including HA provide
excellent adhesivity for seeded chondrocytes and enhance their biological behavior on
the 3D scaffolds with different pore sizes (see Table 4 of (Iwasaki et al., 2011)). In
addition, it is shown that large pores (400 nm) in the structured 3D materials have
much better mechanical properties and better cartilage regeneration (Iwasaki et al.,
2011; Yamane et al., 2007).

Different from electrospun CS and PEC fibers, cartilage reconstruction has been
approached by applying CS-based hydrogels (Garcia-Lopez et al., 2015; Rai et al., 2017;
Wei et al., 2021) and scaffolds prepared from other techniques such as wet spinning
(Yamane et al., 2005), freeze-drying (Tan et al., 2007; TIgIl & Gumiisderelioglu, 2009),
lyophilization (Rogina et al., 2021) and recently, bioprinting (Askari et al., 2020).

In this application domain, CS-based electrospun materials are developed towards the

production of adapted scaffolds, promoting cartilage healing defects in patients and

avoiding illness progression which leads to joint replacement surgery.
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Chapter II. Materials and Methods

1. Obtention and characterization of polymer fibers and films

1.1. Polymer solution preparation

1.1.1. Reagents
The chitosan (CS) sample was obtained from Northern cold-water shrimp (Pandalus

borealis) and bought from Primex Ehf (ChitoClear®, Batch TM4778, code 42010,
Siglufjordur, Iceland). The CS molecular weight (MW) was measured around 160
kg/mol and a degree of acetylation (DA) of 0.05 was determined using 'H NMR.
Hyaluronan (HA) sample from Soliance (Pomacle, France) has a weight-average
molecular weight MW= 540 kg/mol.

Poly (ethylene oxide) (PEO) with two different molecular weights, 1000 kg/mol and
5000 kg/mol, respectively, were used to prepare the fibrous mat. Acetic acid (AcOH)
(299.7%) and formic acid (FA) (ACS reagent >98%) from Sigma-Aldrich (Product of
Finland, lot #STBJ3705) were utilized as solvent for both polymers.

For substrate treatments, ethanol (EtOH) and K:COs were purchased from Sigma-
Aldrich (France). Similarly, Dulbecco’s Phosphate Buffered Saline (PBS), with a pH =
7.4 (ref. 14190-094, Lot 2118924) from Gibco (Made in UK). Deionized water was
utilized to prepare the solutions. All reagents and polymers were used as received
without further purification.

1.1.2. Studied systems, individual solutions and blend composition

1.1.2.1. System CS/PEO
For this system, two series of polymer solutions were studied at different stages of the

research work, based on the influence of the solvent.
Initially, CS and PEO (MW= 1000 kg/mol and 5000 kg/mol) homogeneous solutions
were prepared separately at 5% (w/w) in 0.5 M acetic acid, at room temperature with
slow stirring for 4 days. CS and PEO solutions were mixed at CS/PEO weight ratios (in
%) of 90/10, 80/20, 70/30 and 60/40. The weight ratios are expressed as weight of CS or
PEO normalized by the total polymer content.
The same polymer blend was studied using Water/Formic acid (W/FA) as solvent. CS
and PEO (MW=1000 kg/mol) homogeneous solutions were prepared separately at 4%
(w/w) in W/FA at ratios 25/75, 50/50 and 75/25 (v/v) to obtain stable solutions.
Similarly, CS and PEO solutions were mixed at CS/PEO weight ratios (in %) of 90/10,
80/20, 70/30 and 60/40.

1.1.2.2. System CS/HA
The polyelectrolyte complex (PEC) formed with chitosan and hyaluronan was

prepared from individual solutions of both polymers. The choice of a convenient
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solvent is essential hence W/FA mixtures were selected as previously proposed (G. Ma
et al.,, 2012). Using W/FA 25/75, 50/50 and 75/25 (v/v) as solvents, CS and HA were
dissolved to separately get 4% w/w polymer solutions. In these conditions, the total
functional group contents were 0.233 [-NH:]/L in chitosan and 0.1 [-COOH]/L in
hyaluronan, respectively. Subsequently, HA and CS solutions were mixed, under
stirring, getting a homogeneous blend at several volume ratios corresponding to -
NH:/-COOH charge ratios, Rc=0.5, 1, 1.8, 2.35 and 3.0.

In order to favor PEC spinnability, the addition of a 4% PEO w/w solution was needed
for fiber production. Using the same solvent as for the corresponding biopolymer
mixture, final contents in PEC/PEO equal to 80/20 and 70/30 (w/w) were selected such
as to preserve a high yield in polysaccharides in the fibers.

1.2. Fiber production by electrospinning
The nanofibrous scaffolds were fabricated by using a conventional vertical

electrospinning arrangement, as shown in figure 2.1.

uonnjos jawkjod

Figure 2.1. electrospinning device for chitosan nanofiber production. (A) Syringe
pump, (B) plastic syringe and metallic needle, (C) power supply and (D) metallic

collector.

The polymer blend solutions were placed in a 5 mL plastic syringe (figure 2.1B) fitted

with a 21-gauge stainless steel needle with an internal diameter of 0.510 mm. The
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syringe pump (KDS Legato 200, KD Scientific, Holliston, MA, USA) (figure 2.1A)
delivered the polymer solution at a specified flow rate. The electrospinning process
was carried out with an applied voltage around 25 kV between the electrodes using a
homemade dual high voltage power supplier (figure 2.1C) (20 kV, iseq GmbH,
Radeberg, Germany).

Nanofibers were recovered on aluminum foil on metallic collectors (figure 2.1D).
During electrospinning, A gap of 15-17 cm was left the tip of the needle and the
collector surface. Flow rates varying from 0.05 to 1.5 mL/h were applied during
electrospinning processing considering the system in study.

Experiments were carried out at room temperature in closed Plexiglas® box with
relative humidity ranging between 20% and 60%. The produced nanofibers matrices
were left in ambient conditions to evaporate excess of acid and water and reserved for

further analyses.

1.2.1. Micro-structured collectors
Several collector types were used for fiber recovery according to further biological

analysis proposed. Squared and hexagonal patterned metallic plates utilized for

electrospinning are illustrated in figure 2.2.

(a) (b) (c)

Figure 2.2 Micro-structured metallic collectors assisting fiber collection during
electrospinning. (a) Square pattern, (b) hexagonal pattern and (c) collector plus

aluminum foil for sample

The metallic micro-structured collectors are composed of regularly distributed peak
arrays, forming a particular pattern, as it is shown in figure 2.2. This type of 3D
collectors is fabricated by electro-erosion.

Aluminum foils cut in cross have been chosen to remove the mat after processing,
avoiding sticking to the metallic support, as shown in Figure 2.2c. In these conditions,
the probes for further tests are easy to take out.

1.2.2. Rotatory cylinder
In this study, a cylindrical collector was used for fiber orientation and recovery (Figure

2.3). High speed rotation of the disk (in rpm) can be set by a revolution-counter.
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Conductive contact during rotation is maintained by a metallic sheet assuring

conductivity between the power supply and the disk surface.

Figure 2.3. Rotatory metallic collector, d = diameter, L = length.

1.3. Casting of polymer films
A constant amount (~1.0 g) of chitosan solution and each of the PEC mixtures was

placed in a Teflon mold to obtain uniform polymer films with nearly the same
thickness between 40-50 um (measured with a Mitutoyo Digimatic micrometer, with
precision of 0.00lmm). The probes were stored at room temperature for 3 days until
complete evaporation of the solvent until measuring constant dried weight.
Different samples were taken from the films (CS and PEC) for application in cell
culture and future measurements of solubility, swelling degree in aqueous medium
and cell-substrate adhesion strength measurements. For mechanical properties,
rectangular samples were prepared for analysis in wet and dried states.

1.4. Substrate stabilization
Materials based on chitosan and PEC need stabilization steps in order to reduce partial
solubilization and render the substrate suitable for application.

1.4.1. CS Neutralization

As-spun nanofiber mats samples were weighted and cut before being immersed in
alkaline ethanol/water 80/20 v/v mixture, prepared by dissolving K2COs until
achieving a pH value around 12. This step helps to neutralize the amino groups (-NH>)
in the chitosan chains that are protonated when dissolving CS in acidic conditions
(Rinaudo, 2006), eluding solubility thanks to high yield of ethanol. Further, nanofibers
membranes were washed during 3 days, four times in a day, with deionized water
until neutral pH to remove the salt formed from chitosan solutions, K2COs excess and
PEO. At last, the membranes were dried at room temperature for further stability
observations and cell culture tests. The stabilization step was followed for CS/PEO and
CS/HA/PEO fibers.

1.4.2. Thermal treatment
As proposed in literature, amide linkage is formed between -NH: and -COOH under

controlled thermal treatment (Peniche et al., 1999; Recillas et al., 2011). Chitosan and
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CS/HA complex (fibrous mats and films) were treated at 120°C during 4 hours in air
conditions for structural stabilization. In electrospun fibers, the heating process was
carried out in presence of PEO. On films, as model, the procedure allowed
physicochemical characterization.

1.4.3. Two-phases fibers by stabilization in Ca* bath
In the case of fibers based on two polyelectrolytes, also named hybrid biomaterials,
chitosan fiber coating with hyaluronan in the presence of calcium salt has been studied
(Dumont et al., 2018; Iwasaki et al., 2011; Majima et al., 2007; Yamane et al., 2005). After
electrospinning, CS/PEO nanofibers were immersed in HA solution (1 g/L) during 24
hours and passed through CaClz saturated solution in EtOH/water (80/20 v/v) and
washed in deionized water.
The yield in hyaluronan is determined from the weight increase in the dried state. It
comes that the mass ratio CS/HA =1.38, corresponding to a PEC charge ratio Rc = 3.44
(C. E. Garcia et al., 2020). These fibers were swollen in aqueous medium and found
fully insoluble. Due to easier control of the polymer composition, homogeneous PEC
biomaterials were preferred and no extensive work was performed on core-shell fibers.

1.4.4. Solubility and swelling degree
Stability and swelling degree of the biomaterials (fiber mats and films) were
determined at equilibrium in phosphate buffer saline (PBS), at pH = 7.4. For
characterization of the complex CS/HA, these properties were also measured at pH=3
and pH=12.
Final dried weight (W4) compared with the initial dried weight (W) allows to control
the eventual partial solubility (%). Measurement of material swelling was examined in
terms of water loss between swollen state in PBS and final dried weight at room
temperature. The wet swollen samples were weighed (Ww) after blotting with tissue
paper to remove excess surface water. Accordingly, the dried samples were also
weighted repeatedly until the mass became constant (W4) at room temperature. The
measured values correspond to the first swelling and were carried out three times
each. The average data were taken for the determination of swelling ratio S, expressed

as mass (g) of retained water per gram of dried material, using the following equation:

Wy, — Wy
S(gH,0/g) = ———
(8 H,0/8) W,
For swelling degree determination, density values of inner solvent and buffer are

considered close to density of water.

1.5. Fiber structure characterization

1.5.1. Nuclear Magnetic Resonance (NMR) material characterization
Analysis of the spectra allows the determination of PEC, CS nanofibers and films

composition, as well as the presence of PEO and remaining solvent on selected
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samples. The yield of PEO remaining in the samples before and after extraction in
different conditions (Lemma et al., 2016; Vasiliu et al., 2005) is of especial interest. The
weight ratio of chitosan and hyaluronan are also obtained for each PEC studied once
solubilized in D20. Protons NMR spectra were recorded on a Bruker Avance III 400
spectrometer (Billerica, MA, USA), operating at a frequency of 400.13 MHz for 'H,
processing 5 mg samples, solubilized in 1 mL of D20/DCl. Residual signal of the
solvent was used as internal standard: HOD at 4.25 ppm at 353 K. Proton spectra were
recorded with a 4006 Hz spectral width, 32,768 data points, 4.089 s acquisition times,
10 s relaxation delay and 32 scans.

1.5.2. X-ray Diffraction
Nanofiber mats of CS/PEO oriented fibers were analyzed on X-ray diffraction to
confirm fiber alignment as a function of collector rotational speed. The mat was folded
several times along the major orientation direction and taped on a sample holder with
a pinhole, and X-rayed with a Ni-filtered Cu Ka radiation (A =1.542 A), using a Philips
PW3830 generator operating at 30 kV and 20 mA. Diffraction patterns were recorded
on Fujifilm imaging plates placed at about 5 cm from the sample and read with a
Fujifilm BAS-1800II bioimaging analyzer with 50 pm resolution.

1.5.3. Scanning Electron Microscopy (SEM)
SEM analyses of the samples were performed at CERMAV(CNRS) and CMTC-INP
platforms (Grenoble, France). The morphology of electrospun nanofiber membranes
samples were observed with a scanning electron microscope FEI Quanta 250,
ThermoFischer Scientific TM in CERMAYV, and Zeiss ultra 55 SEM FEG (Oberkochen,
Germany) in CMTC, both equipped with a field emission gun and operating at 2.5 kV
and 1 kV, respectively. The nanofibers samples were coated with 3-4 nm
gold/palladium prior to SEM imaging. The average fiber diameter (AFD) was
calculated by randomly selected diameter of 500 nanofibers from each sample.

1.6. Tensile Tests

The measurements were carried out using an ARES-G2 rheometer (TA Instruments,
New Castle, DE, USA) equipped with grips dedicated to tensile tests. Samples were
cut in rectangular shapes (6 mm x 40 mm) from films and the nanofibrous electrospun
matrices (randomly oriented and aligned fibers), in order to maintain a free
length/width ratio around 2.69. The results are expressed as the Stress o (Pa) = Force
applied (N)/section area (m?).
Tensile tests were performed starting from a zero-applied force until the material
presented a breaking point, with a deformation rate of 0.01 mm/s. The experiments
were carried out at constant temperature around 25 °C. For tests in the humid state, a
cylindrical device around the sample was adopted to maintain the relative humidity

in the surrounding environment of the samples.
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The rheometer also allowed obtaining the thickness of the samples by measuring the
gap between the two plates when they approach film or fiber mat as close as possible
until the detector perceives a minimal axial force (0.001-0-01 N) during compression.
This measurement was confirmed with a micrometer (Mitutoyo Digimatic
micrometer; 25 mm with precision of 0.001 mm) giving very close values. Both
techniques used to determine the thickness are in good agreement with a precision of

1 pum.

1.7. Cell-substrate adhesion strength and energy characterization
In order to show the effect of the electrospun chitosan mat topography on cell adhesion

strength for further biological interests, force measurements at the nanoscale provided
by atomic force microscopy (AFM) have been performed using single cell-force
spectroscopy (SCFS). The behavior on fiber mats is compared with the adhesion
response on chitosan films as well as a Bovine Serum Albumin (BSA)-coated Petri dish
surface as reference.

1.7.1. Single cell force spectroscopy
The method known as single-cell force spectroscopy consists in the immobilization of
a single living cell on an AFM cantilever and the measurement of the interaction forces
between the cellular entity and a bio-interface, which can be a tissue, another cell or a
surface (Puech et al., 2005; Ungai-Salanki et al., 2019). In SCEFS, the cell attached to the
cantilever is pushed until contact with the substrate or to the other cell, allowing direct
measurement of cell-surface or cell-cell adhesion, respectively. Since both spatial
resolution and force sensitivity are high, the AFM was the first method able to measure
cell adhesion (Puech et al., 2005; Ungai-Salanki et al., 2019).

1.7.2. Substrate preparation
For AFM analysis, the different substrates were taken from the materials already
studied. Firstly, chitosan nanofiber mats were prepared through conventional
electrospinning of the system CS/PEO at 70/30 (w/w) polymer proportion. PEO with a
MW = 1000 kg/mol was used for the blend and 0.5 M acetic acid as solvent.
Nanofibrous scaffolds were collected on a square-patterned metallic collector. The so-
formed-mats were left at ambient conditions to evaporate the excess of acetic acid and
water.
Chitosan films were prepared by casting of a 5% CS solution. After drying, uniform
polymer foils were obtained. Both films and fiber mats, were submitted to a
neutralization step for CS stabilization. Finally, the substrates were dried at room
temperature before being used in AFM measurements.

1.7.3. Substrate fixation
Substrate samples, covering the majority of the circular surface (9.2 cm?) of the culture

Petri dish (Techno-Plastic product AG, Switzerland), were selected.
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UV curing NOA 68, Norland Optical Adhesive 68 (Lot 319, Norland Products, INC,
Cranbury, NJ, USA), was used to stick the solid substrates to the bottom part of the
culture dish. Different adhesion points were created by putting a small amount of the
product between the substrate and the dish; NOA 68 was left acting during 15 minutes
under UV radiation before AFM tests.

In order to have a reference surface for the adhesion response, a culture dish was
treated with a 5 mg/mL BSA solution in PBS buffer during 60 minutes. In such a case,
the surface was negatively charged in the presence of the PBS buffer (pH=7.4). As
culture plates are frequently treated to improve cell adhesion and spreading (Zeiger et
al., 2013), control BSA coated surface represents a substrate where chondrocyte
adhesion is partially inhibited.

1.7.4. AFM measurements

1.7.4.1. Experimental approach
In AFM, a minute tip is used as a sensor, and the cantilever serves as a transducer to

measure surface and force interactions between the tip and the sample by means of
cantilever deflection signals. This optical signal can be converted into an electric
response by using a photodiode detector with 4 quadrant phases and recorded on a
computer. When the AFM cantilever is bent by an applied force during the scanning
topography or force measurement, the angle of the deflected laser beam changes and
is reflected onto the photodiode detector (Akai et al., 2005). The position of the laser
spot moves on the photodetector, inducing voltaic signal changes. These signal
changes can be read to quantitatively estimate cantilever bending and force. This
technique allowed the investigation of the adhesion response of chondrocytes attached
to tipless cantilevers on different chitosan supports using normal force measurement

in the process depicted in figure 2.4.
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Figure 2.4. Global strategy for the cell adhesion measurements performed in this work.
(A) Approach. Chondrocyte is attached to the cantilever and approached to the
chitosan substrate at constant velocity. (B) Contact. Chondrocyte is in contact with the
substrate during the contact time (tc) under force (Fc). (C) Retraction. The cantilever is

retracted and the cell interaction response is obtained.

The experiments were performed on a Nanowizard II AFM from JPK Instruments

(Berlin, Germany). Soft tipless V-shaped commercial cantilevers MLCT-O (Bruker,
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France) with a spring constant (k) around 0.01 N/m were used to measure force
strength. The spring constant was calibrated following a classical method, first the
sensitivity (~50nm/V) was found by contact on a rigid surface, then the method of
thermal fluctuations (Hutter & Bechhoefer, 1993) was used to find k ~ 0.01 N/m.
1.7.4.2. Cell binding

The global strategy consisted in the attachment of an individual chondrocyte, which
was extracted from its original culture medium. The cantilever was pre-treated with
several proteins allowing the binding of the cell to the tipless cantilever tip, as depicted

in figure 2.5a.
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Figure 2.5. (a) Cantilever functionalization for cell attachment prior adhesion
measurements. (b) Living chondrocyte adherent to the cantilever tip (as pointed by the
black narrow) and placed on the top of chitosan film as substrate. The diameter of the

chondrocyte determined by fluorescence cell counting is around 20 pm.

The cantilever functionalization consisted in using Biotin-BSA ( an overnight
treatment by incubation at 37°C) followed by Streptavidin during 10 minutes under
the same conditions, and the final step of the treatment involved the immersion of the
tips into a Biotin-conA solution for 10 minutes (Laurent et al., 2014; Sundar Rajan et
al., 2017). Intermediate cantilever rinsing with PBS between each step was carried out.
The chondrocyte was first captured, as shown in figure 2b, with the cantilever in 2 mL
serum-free culture medium at 37°C. Complete culture medium was added and the cell
was then approached to the chitosan support which was fixed at the bottom of the
Petri dish. During the experiment, physiological conditions (temperature and inner air
flow) were maintained. The force set point (Fc) was selected to 500 nN (applied force
in the normal direction during the contact time) and the cantilever speed was set to 1
pmy/s.

As tipless cantilevers are used for this approach, the influence of the cell on the
cantilever does not change the cantilever properties (in particular stiffness, k), as

shown previously (Laurent et al., 2014). The most important point is that the cell
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should be effectively in contact with the fiber mat or chitosan film which is the case
according to the force curves obtained by microscopy. Cell membrane damage and
deformation were verified after each measured point to avoid adhesive response
perturbations.

1.7.4.3. Analysis of AFM response
The system response to the AFM experimental procedure consists in two curves
corresponding to the approach and retraction processes. Vertical force F (nN) of the
cantilever is represented versus piezo-height (z). The piezoelectric device, placed at
height (z) ~15 um, moves from its position towards the bottom of the Petri dish until a
vertical deflection according to the setpoint is observed. Once the contact time is
achieved, the cantilever retracts until the cell is completely detached from the
substrate.
When the retraction region is analyzed, we are able to determine the number of
significant adhesion events and the forces required to break each adhesion bond. This
response could be directly related to the adherent protein distribution (large families
of lectins and integrins, for instance) among the cellular membrane. In chondrocytes,
they mediate the ability of the cell to develop specific interactions with the ECM and
regulate cartilage structure (Changhsun et al., 2008; Toegel et al., 2013).
Each event, representing cell-substrate bond detachments, has a relative position (z)
and intensity (Af). In figure 2.6 a detachment event is exemplified, with a force jump
Af~70 pN observed at z=1.55 um on the retraction curve.
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Figure 2.6. Retraction curve analysis. Force jump location (z) and intensity (Af) for
adhesion test of chondrocytes on chitosan supports. Adhesion Energy (shaded area)
represented as the integration of force (f) vs. cantilever displacement (z) for the
detachment response of chondrocytes on the chitosan film. Contact time = 60 s (Garcia
Garcia et al., 2022).
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Another relevant aspect, helping to characterize the interaction of chondrocytes to
artificial scaffolds, is the adhesion energy (Ead). The adhesion energy represents the
detachment work done by the cantilever to completely detach the cell from the
substrate. This parameter involves the whole cell contact area and is derived through
integration of the area under the force (nN) curve as a function of displacement (z),
presented in figure 2.6. In the same context as the other parameters studied, the base
line is chosen as the final limiting value, where all bonds are considered detached
(Laurent et al., 2014).

Since cell adhesive response can be obtained during short cell-substrate contact time
(Laurent et al.,, 2014; Sundar Rajan et al., 2017); two durations were used at contact
times of 60 and 120 seconds. As mentioned before, two chitosan substrates were
studied: a casted film as model and an electrospun nanofiber mat with an average fiber
diameter around 100-250 nm depending on of the experimental conditions (Garcia
Garcia et al., 2018). A reference surface was prepared by coating the plastic Petri dish
with BSA. Under the same buffer conditions, zeta-potential indicates that cells are
negatively charged.

1.7.5. Statistical analysis for AFM

Data for adhesion assays were generated at three independent experiments, using
around 15 contact points on each sample. All results are reported as mean with
standard deviation (mean + SD) as the error bar. The value p<0.01 was considered
statistically significant for comparison between sample groups, and it was obtained by

one-way analysis of variance (ANOVA) using Excel.

2. Cell Development on Chitosan-based substrates

For cell culture, the C-20/A4 chondrocyte cell line (Mary B Goldring et al., 1994) was
selected as model. Dulbecco’s Modified Eagle Medium (DMEM) supplemented with
10% v/v of fetal bovine serum (FBS) and 1% v/v penicillin, streptomycin and a dose of
glutamine was used as culture medium. All biological reagents were acquired from
Gibco by Life technologies (UK). From the same source, 0.05% Trypsin-EDTA and
Phosphate Buffered Saline (PBS) solution with a pH value, measured in laboratory,
equal to 7.4 were acquired for cell culture treatments.

Chondrocytes C-20/A4 initial sample was disposed in a culture flask with 20 mL of
complete DMEM. Cell sample was preserved into a cell incubator (inCu safe,
Panasonic) at 37 °C and 5% CO: constant inlet flow during few days until 80-90% of
confluence. During incubation, culture medium was renewed every 2 days.

For turther cell quantification and seeding on other substrates, cells were detached by

trypsinization and resuspended in complete DMEM.
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2.1. Substrate conditioning
Samples of fiber mats after neutralization were selected, cut and weighted for cell

culture. The nanofiber mats, with a surface of ~1 cm?, were directly placed in a Petri
dish and washed 2 times with the PBS solution to be subsequently hydrated in the
DMEM culture solution during 2 days, before cell seeding.

The same procedure was used for cell culture on neutralized CS fibers, CS/HA fibers
and CS films as control, depending on the case.

2.2. Cell seeding

From the final cell suspension obtained in DMEM. A volume of 10 pL of the
suspension with a concentration of 1x10° cell/mL, measured by fluorescence (see
section Cell quantification), was disposed on the substrate (fiber mat or film) followed
by the addition of 2 mL of complete DMEM. The samples were preserved into a cell
incubator (inCu safe, Panasonic) at 37 °C and 5% CO: constant inlet flow during few

days before cell quantification, the culture solution was renewed every 3 days.

2.3. Cell detachment
For cell detachment, 0.05%Trypsin-EDTA solution was applied. In the case of fibrous

substrates, cells were resuspended in DMEM in order to quantify the number of cells
as a function of time. The ensemble cell-substrates in culture were placed in a 15 mL
conical tube (Falcon™, Fisher-Scientific) and carefully washed twice with 1 mL of in
order to remove remaining DMEM solution and unattached cells. Washing was
followed by the detachment step consisting in the addition of 0.5 mL of Trypsin-EDTA
0.05% and vortex agitation at 1000 rpm during 60 seconds repeated times. Further
addition of DMEM and PBS washings helped to resuspend the extracted cells. Then,
cell counting was carried out for adhesion and proliferation analysis.
2.4. Cell quantification

2.4.1. Brightfield/Fluorescence counting
Resuspended detached cells are required to apply this analysis. Therefore, a previous

cell detachment step was carried out for the concerned cell-substrate sets. The cell
suspension was stained with Acridine Orange/Propidium Iodine fluorescent marker
(F230001, Logos biosystems, Villeneuve d’Ascq, France) and cell quantification, in
cell/mL, was performed by triplicate, on a dual brightfield and fluorescence cell
counter (LUNA-FL, Logos biosystems, Villeneuve d’Ascq, France). This technique
allows to identify and quantify the amount of total and living cells, for cell viability
calculation. It gives also information about average cell size.
2.4.2. Colorimetry

For cell quantification based on intracellular Iodonitrotetrazolium chloride (INT)
reduction, the substrates were disposed in a microtube and washed with 500 uL of

PBS. PBS rinsing was followed by a 10-second centrifugation cycle at 10000 g. Since
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cell detachment from the substrates is not needed, 500 uL of fresh DMEM and 200 pL
of the INT solution were added to the sample pellet to be incubated during 1 hour at
37 °C.

During incubation, INT is reduced to furazan which is visually identified by its purple-
red characteristic color. Then, the culture medium is removed and the substrates
washed twice with PBS, alternated with centrifugation cycles. For furazan extraction,
500 uL of DMSO are added. The microtubes are vortexed until complete dissolution
of the extract.

Samples were placed on a 96-well microplate by duplicate and absorbance was
measured on a UV/Vis microplate spectrophotometer (Thermo Scientific Multiskan
Sky Spectrophotometry) at a wave length of A=490 nm.

Calibration measurements were performed in order to relate a known number of cells
to an absorbance value. One calibration curve was elaborated each measurement to

evaluate also repeatability.
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Figure 2.7. Plate schema (a) and spectrophotometer (b) for colorimetry tests.

2.5. Cell adhesion protocol
In order to reduce the quantity of cells out of the substrate, samples for the adhesion

analysis were cut following the well shape, with a sample surface around 1 cm?. For
this study, detachment and counting steps were carried out at times between 1 and 24
hours after cell seeding.

2.6. Cell proliferation protocol
In the case of proliferation analysis, cell counting measurements were performed at
longer periods leaving time for cell colonization.
Once cultured, chondrocytes they were detached from the nanofibrous substrates and
resuspended in DMEM in order to quantify the number of existent cells as a function
of time (t).
Cell counting by fluorescence helped to characterize proliferation rates of

chondrocytes attached to chitosan fibers and films. Measurements were performed at
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time =7, 14 and 21 days of culture. Samples were analyzed by duplicate and average
values are presented in terms of proliferation rate or detached cells number.

As an improving way for cell development measurements, chondrocyte proliferation
by colorimetry was performed. Cell quantities were directly related to absorbance
values, by formazan extraction, at different culture times between 1 and 30 days in
order to stablish the proliferation behavior.

2.7. Cell observation

In order to qualitatively verify cell viability and visualize the presence of cells on CS-
based substrates, the samples were treated through several observation techniques
and cell development behavior was put in evidence. Procedures are detailed

separately in the next sections.

2.7.1. Viability test by redox agents
Cell viability on the surface of the studied substrates was performed by Nitroblue

Tetrazolium (NBT) reduction. This specific dye penetrates the cell membrane where
reacts with the free oxygen radicals in the cytoplasm. NBT reduction helps to evidence,
by coloring, the presence of cell activity and therefore, living cells.
Samples of cell/substrates in culture, were carefully washed twice with PBS and,
treated with a 6 mg/mL of NBT solution. Models were observed on a microscope
Nikon Eclipse TS100, using magnification 10x and 20x, after 30 minutes of NBT
immersion at 37°C in cell incubator.

2.7.2. Fluorescence staining
Adherent cells look transparent in the microscope and are difficult to identify on the
substrates. As an auxiliary tool for continuous cell observation, fluorescence staining
was applied. Initially, cells were stained with Red-Fluorescent Protein (Red-FP’) which
apports a fluorescent character in living cells. With the same purpose, cells were
marked with Hoechst-33342, which enters in the cell nucleus and emits a blue
fluorescence. Details are described in the next sections.

2.7.21. Markers

Red-FP staining implies a cell transfection step which is effectuated during cell culture.
For this, the defective retrovirus Red-FP is introduced into the cell DNA using the
plasmid pLenti-C-tRFP as vector, shown in Figure 2.8.
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Figure 2.8. Plasmide pLenti-c-tRFP used for Red-FP cell transfection. The incorporated
sequence corresponds to 5" LTR -3’SIN-LTR.

The retrovirus is commercialized by Origen and it encloses a gene that is retro-
transcribed in ADN allowing the integration in the hosting cell by the sequences LTR.
As a defective virus, a stable transfection is obtained since no more particles of the
virus are produced. Once the vector is assimilated and replicated by cells, it allows to
express the fluorochrome Red-FP and the cytosol to emit yellow-red fluorescence,
when observed under a fluorescence microscope. Red-FP is excited between 488 nm
and 532 nm with optimal detection at 588 nm as presented in the excitation/emission

spectrum in figure 2.9.

Figure 2.9. Excitation /emission (yellow zone) spectrum of Red-FP fluorochrome.

In order to contrast Red-FP fluorescence, Hoechst marker was incorporated into the
cells. It is one of the most popular fluorophores used to stain DNA in living and fixed

cells. It binds by specific and non-specific interactions to DNA chain sites. Hoechst
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33342 is preferred since it offers greater cell permeability and lower cytotoxicity

(Bucevi” & Lukinavi’, 2018). It is excited at ~360 nm and emits a broad spectrum of

blue light with a maximum in the 460 nm region, as shown in figure 2.10.

Figure 2.10. Excitation/emission (blue zone) spectrum of Hoechst-33342 fluorochrome.

2.7.2.2. Cell staining process
Initially, Red-FP transfection was effectuated at low cell concentration. Small cell

quantity is preferred to favor the integration between the transfecting virus and cells.
In this consideration, C20-A4 cells were seeded in a 24-well plate, containing ~ 5000
cell per well. A volume of 10 pL of the pLenti-C-tRFP vector solution, comprising 2x10”
TU/mL, was incorporated into each of the seeded wells. Then, the ensemble cell/virus
was complemented with 500 uL of culture medium DMEM and incubated during 7
days at 37°C and 5% CO:z inlet flow.

In order to select the wells with the higher proportion of transfected cells, a limit
dilution was effectuated. Once identified, transfected cells were seeded in new culture
dishes with fresh culture medium until confluence. At the end, cells strongly
expressing the Red-FP were harvested and seeded on CS-based substrates for cell

observation.

Red-FP staining was coupled with Hoechst dying for microscopy observations.
Differently from the former, Hoechst staining is effectuated at the moment of analysis
since, with time, the marker can be rejected from the nucleus.

For cell marking, the samples were extracted from the culture medium to be placed in
a new culture dish and carefully rinsed with 500 puL of PBS. Then, 1 mL of a Hoechst-
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33342 solution diluted 1/1000 was added to the samples and reacted during 7-10
minutes in absence of light before microscopy observations.

Enhancing cell staining with Hoechst 33342, a cell fixation step was included after PBS
rinsing. For this treatment, samples were immersed in 1% p-formaldehyde during 30
minutes in an ice bath and in absence of light. Samples were washed with PBS to be

stained with the Hoechst dye for further analysis and observations.

2.7.2.3. Staining verification by Flow cytometry-FACS
Flow cytometry was performed in order to assess the transfection process. For this

purpose, cell suspensions were prepared from transfected (Red-FP and Hoechst33342)
and non-transfected cells. For analysis, the cytometer Becton Dickinson CE-IVD
FACSLyric flow cytometer, presented in Figure 2.11, was utilized. It is equipped with
3 lasers having wavelengths of 405, 488 and 640 nm respectively, and allowing the
analysis of the fluorescence markers in addition to the size and structure parameters

of a cell mixture. Cells are driven by sheath liquid, pass in front of the 3 lasers and the

collected fluorescence is then analyzed with the FACSuite software.

]
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Figure 2.11. FACSLyric flow cytometer utilized for cell staining verification.

2.7.24. Fluorescence microscopy
For cell visualization, the samples were kept in the well plate and were observed on

an inverted fluorescence microscope Nikon Eclipse TS100 corresponding to figure
2.12. Different filters were used conforming to the wavelengths of excitation and
emission: Blue. Excitation: 325-375 nm/Emission: 435-485 nm. Red: Excitation: 510-560
nm Emission: 590 nm. Images were acquired using the software NIS-Elements (Nikon

Instruments).
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Figure 2.12. Microscope Nikon Eclipse TS100, used for cell visualization.
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Chapter III. Production, physicochemical
properties and cell-interactions of
electrospun CS-based nanofibrous materials.

The present section is devoted to the production of chitosan-based fibrous substrates
as well as a characterization of their mechanical and physicochemical properties up to
surface interaction with cells. This could be considered as the first step before material
validation and application. Solutions of the polymeric systems CS/PEO and
CS/HA/PEO were processed by electrospinning in order to produce homogeneous
fiber mats. Blending with PEO is frequently applied to mend low spinnability
observed in biopolymers. Stabilization steps of the fiber mats were carried out and
verified by analytical techniques. Partial solubility and material morphology, under

the further biological environment, were analyzed.

1. Nanofiber production

1.1. Operating Conditions
Fabrication of fibrous substrates by electrospinning is the results of a complete

research of the operating parameters of the process. Conditions of electrospinning of
the blends CS/PEO and PEC/PEO, were explored in order to fabricate smooth fibers
and uniform nanofiber mats with several collector types.
1.1.1. Optimization of CS/PEO system

The system CS/PEQ, initially prepared in 0.5 M acetic acid as solvent, was transformed
by electrospinning based on previous works and using similar conditions as reference
(Lemma et al., 2016). Adequate blend spinnability was observed at several polymer
proportions, and fiber mats were produced using PEO with MW = 1000 kg/mol and
5000 kg/mol.

On a second part of the project, it was also found that formic acid could be used as
solvent for chitosan and its blends (Iwasaki et al., 2011; Y. Liu et al., 2011). Based on
terms of solution preparation, electrospinning of CS/PEO (MW=1000 kg/mol) mixtures
was also performed using W/FA 75/25, 50/50 and 25/75 v/v, as solvent. The conditions
for electrospinning process of the bends, for both solvents, and the obtained products

are presented in table 3.1. and 3.2.

Table 3.1. Summary of global electrospinning conditions for CS/PEO fiber production.
PEO MW= 5000 and 1000 kg/mol, solvent: Acetic acid 0.5 M (Garcia Garcia et al., 2018).
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Flow Tip to Applied
CS/PEO Rate Collector Voltage Electrospun
) Products
(mL/h) Distance (cm) (kV)
PEO MW= 5000 kg/mol
60/40 0.7-14 15 20-24 Fibers, few beads
70/30 1.4-15 15 24-27 Fibers
80/20 0.6-1.0 15 21-24 Fibers
90/10 0.65-0.7 15 20 Fibers
95/5 1.2 15 22 Fibers, few beads
PEO MW= 1000 kg/mol
50/50 0.06-0.15 14-15 20-22 Fibers
60/40 0.05-0.2 14-15 22-25 Fibers
70/30 0.05-0.2 13-16 24-27 Fibers
80/20 0.05-0.22 13-15 25-28 Fibers, few beads
90/10 0.05-0.2 15-16 26-28 Fibers, beads,
droplets

Concerning this polymer blend, when it is prepared with 5000 kg/mol PEO,

spinnability was observed to appear at low PEO content, in the range of 5% to 40%

w/w compared to 1000 kg/mol PEO. These results are obtained when chitosan of
medium molar mass is selected (MW=100-160 kg/mol) (Lemma et al., 2016). High

molecular weight polymers are not usually suited for electrospinning process since

highly viscous solutions are produced (G. Ma et al., 2012). Working with 5000 kg/mol

PEO, allowed the production of fiber mats under elevated polymer flow rates to

prevent bead formation. Flow rates are lower in contrast with solutions prepared with

1000 kg/mol PEO as shown in Table 3.1. Nevertheless, fiber production was

compromised with solution jet stability and drop falling during electrospinning, then

beads and droplets were more commonly found on fiber mats containing 5000 kg/mol

PEO.

Table 3.2. Summary of global electrospinning conditions for CS/PEO fiber production.

PEO MW= 1000 kg/mol; Solvent: W/FA 75/25, 50/50 and 25/75 v/v.

CS/PEO

Flow Rate
(mL/h)

Tip to
Collector

Distance (cm)

Applied
Voltage
(kV)

Electrospun
Products

Solvent: 75/25 v/v W/FA
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60/40 0.05-0.1 15 28 Fibers
70/30 0.05-0.15 15-17 27 Fibers, few beads
80/20 0.05-0.1 15 28 Fibers, beads
90/10 0.05-0.1 15 28 Fibers, beads,
Droplets
Solvent: 50/50 v/v W/FA
60/40 0.05-0.1 15 28 Fibers
70/30 0.08-0.2 16-17 23-25 Fibers
80/20 0.1-0.2 16-17 21-28 Fibers
90/10 0.05-0.1 15 28 Fibers, beads,
Droplets
Solvent: 25/75 v/v W/FA
60/40 0.05-0.1 15 28 Fibers
70/30 0.08-0.15 16-17 22-25 Fibers
80/20 0.05-0.2 16 24-28 Fibers
90/10 0.05-0.2 15-16 24-28 Fibers, beads,
Droplets

Considering the experimental conditions explored for CS/PEO solubilized in W/FA,
given in table 3.2, it is constated that PEO 1000 kg/mol favors electrospinning as well
as in Acetic acid. Fibers were produced with PEO proportions between 20% and 50%
w/w. Because chitosan is soluble in acidic conditions both solvents allowed the
obtention of nanofibers at relatively similar electrospinning conditions, especially
considering the flow rates.

According to tables 3.1 and 3.2, spinnability increases with the PEO content; drop
falling and bead formation reduces as long as the PEO content in the blend is 20% or
higher. The uniformity and the presence or absence of beads and spraying on the

nanofiber samples was determined by optical and scanning microscopy.

Considering the ensemble of processing conditions and blend composition, it is
concluded that the proportions 80/20 and 70/30 w/w CS/PEO were optimal for further
fiber production and analysis. A both PEO contents, spinnability is assured and the
high yield in polysaccharides in the fibers is preserved. It must be remarqued that
more stable jets during electrospinning of CS/PEO solutions were observed when

using formic acid as solvent, mainly due to its higher volatility and better
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solubilization of the polymers. At the end, the solvent FA was adopted for the
electrospinning of the blend CS/PEO.

At last, in order to support the solvent and PEO choice as well as to compare fiber
deposition on selected collectors, micro-structured metallic supports were utilized for
electrospinning of the blend CS/PEO. The process was carried out under the conditions

already described and the mats produced are shown in figure 3.1.

(A) (B)

Figure 3.1. Electrospun fiber mats produced from the systems CS/PEO 70/30 w/w
using (A) 5000 kg/mol PEO in 0.5 M AcOH, collection time = 60 min (Garcia Garcia et
al., 2018) (B) 1000 kg/mol PEO in 0.5 M AcOH, collection time = 35 min (Garcia Garcia
et al., 2022) (C) 1000 kg/mol PEO in 50/50 FA/W, collection time = 25 min. Fibers

recovered on square patterned collector.

In Figure 3.1, two distinctive results are observed depending on the PEO molecular
weight present in the blend. At the macroscale, the pattern of the collector was not
strictly replicated by the fibers obtained with solutions containing 5000 kg/mol PEO,
thus the fiber mat looked randomly oriented. On the contrary, solutions prepared with
PEO 1000 kg/mol (in both solvents, acetic and formic acid) allowed the production of
thinner nanofibers. These mats dry more rapidly during jet stretching, permitting to
evidence the structure of the corresponding collector used for fiber recovery (figure
2.3). Operation conditions and fiber obtention as a function of the collector type are

covered in next sections.

1.1.2. Optimization of CS/HA/PEO system
The system CS/HA is characterized for the formation of a polyelectrolyte complex

(PEC) due to electrostatic interactions between the polyanion, HA with -COOH
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groups, and polycation, CS with -NH?* groups in acidic conditions. Electrospinning of
PECs is challenging because of phase separation when the blends are prepared. For
this reason, the stability of the mixture was firstly studied in several acidic solvents

and homogeneous final blends were observed when using FA for solution preparation.

Electrospinning of the CS/HA complex, in different charge ratios, was possible when
PEO, MW=1000 kg/mol, was blended with the prepared PEC solutions. Spinnability of
the system appears, and fibers were obtained as long as the proportion of PEO in the
final polymeric mixture is equal or larger than 20% w/w. Other characteristics like
uniformity (beadless morphology) increased with the chitosan content in the initial
PEC solution as it is furtherly presented in Table 4.3. To our knowledge, it is the first
time that nanofibers are produced with the CS/HA polyelectrolyte complex with

variable controlled charge ratio.

In order to optimize the production of nanofibers at high yield in PEC, different
experimental conditions were explored in order to fabricate smooth fibers and uniform
mats. In Table 3.3, the range of the more appropriate parameters for the
electrospinning process, allowing the obtention of fibers without spraying are
presented. Nanofiber formation was studied in solutions using water/formic acid
75/25, 50/50 and 25/75 v/v as solvent for polymer (CS, HA, PEO) solutions. Likewise,
the proportion PEC/PEO for fiber production was fixed at 70/30 w/w.

Table 3.3. Experimental conditions for electrospinning process of
CS/HA/PEO blends in W/FA as solvent.

Charge Ratio | Weight Ratio =~ Flow Tip to Applied Electrospun
NH:/COOH | NH:/COOH Rate Collector Voltage Products
(mL/h) Distance (kV)
(cm)
Solvent: 75/25 v/iv W/FA
0.5 0.21 0.05- 15-17 22-27 Fibers, beads,
0.15 droplets
1.0 0.42 0.09- 16-17 25-26 Fibers, beads
0.15
1.8 0.77 0.11-0.2 17 23-24 Fibers, few beads
2.35 1.0 0.1-0.15 16-17 21-28 Fibers
3.0 1.26 0.09- 15-17 21-25 Fibers
0.17

Solvent: 50/50 v/v W/FA
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0.5 0.21 0.08- 17 18-25 Fibers, few beads
0.12
1.0 0.42 0.15-0.2 16-17 24-26 Fibers
1.8 0.77 0.15-0.2 17 24 Fibers
2.35 1.0 0.10- 16-17 21-29 Fibers
0.15
3.0 1.26 0.12— 16-17 21-23 Fibers
0.17
Solvent: 25/75 v/v W/FA
0.5 0.21 0.08- 17 25 Fibers, few beads
0.13
1.0 0.42 0.11- 17 24-27 Fibers
0.15
1.8 0.77 0.1-0.14 17 24 Fibers
2.35 1.0 0.12— 16-17 20-24 Fibers
0.15
3.0 1.26 0.14-0.2 16-17 20-25 Fibers

From table 3.3, it is observed that the systems were processed by electrospinning under
relatively close parameters for PEC/PEO and CS/PEO in presence of FA. In this
research, electric fields of more than 20 kV between electrodes are applied for CS and
PEC fiber formation which is relatively high compared to uncharged polymeric
systems form which PEO and PVA (Filip & Peer, 2019; Na et al., 2012).

The influence of the solvent resulted important for PEC electrospinning while it was
unnoticeable for PEC solutions stability. Water/ Formic acid 50/50 and 25/75 v/v
allowed fiber production for the PEC charge ratios proposed between 0.5 and 3.0. On
the opposite, when using W/FA 75/25 v/v, more beads of several forms appeared on
the fibrous structure of the mat, mainly attributed to Rayleigh stabilities of the jet

solution during processing (Zuo et al., 2005).

As applied for CS/PEO electrospinning, the square patterned collector was adopted
for PEC/PEO. Fiber matrices were easily recovered from the metallic support helped
with aluminum foils cut in cross as presented in figure 3.2. After processing, the mats

were removed and samples were possible to handle and prepare for further analysis.
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Figure 3.2. CS/HA/PEO nanofibers on metallic collector (square patterned) utilized for
the electrospinning process. Yield in PEO = 30% w/w.

From figure 3.2, it could be mentioned that the pattern of the metallic collector was
macroscopically visible on the mat. However, when fiber time deposition increases so
as the fiber density, the collector structure saturates and the pattern in the mat is
slightly lost. It was observed that long fiber collection times (>10 minutes), on a unique

spot, could lead to thick fiber mats with random orientation in the upper fiber layers.

For further studies, the electrospinning was carried out with solutions prepared in
water/formic acid 50/50 v/v. PEC/PEO solutions in W/FA 25/75 v/v could dry at the tip
of the needle and cause syringe blocking, due to extremely high solvent volatility and

low flow solution rates during the process.

In terms of composition, the NH2/COOH ratio in the blend could affect
importantly the stability of the final material in aqueous medium. As it is
demonstrated in subsequent sections of this chapter, the solubility of the PEC
decreases with the increasing of NH: groups in the blendsi.e., the chitosan content.
In this way, electrospinning of fiber mats with higher proportion of CS are
preferred. Thus, procedures and analysis are focus on one CS/HA ratio (weight

ratio= 1.0, charge ratio = 2.35).

1.1.3. Fiber obtention as a function of the collector
In consideration of the preliminary knowledge of the CS/PEO and PEC/PEO

electrospinning, the process was optimized for different collector types in order to
contrast final material properties based on fiber arrangement (for final material
application). In the overview, the stablished conditions for further fiber production are

presented in table 3.4.
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Table 3.4. Set parameters for fiber production based on previous experimentations.

Parameter Set value/condition
CS/PEO and PEC/PEO composition  70/30 w/w (and 80/20 for some
for electrospinning analysis)
Solvent FA 50/50 v/v
CS/HA =PEC composition Charge ratio =2.35

One of the interests of fiber orientation or structuration is the modification of their
mechanical performance. In the case of biological applications, our main goal in this
project, this specific arrangement of fibers could lead to preferential cell attachment

and development.

Fiber mats were prepared directly on aluminum foil where fibers are randomly
oriented, two structured collectors, with square and hexagonal patterns, were utilized
for fiber deposition as well. Finally, the fiber alignment on a rotatory cylinder as
collector was also studied. The ensemble of operating conditions for the

electrospinning process is summarize in table 3.5.

Table 3.5. Summary of electrospinning conditions for CS/PEO and PEC/PEO fiber

production for each collector utilized.

Tip to
Flow Rate| Collector | Applied | Electrospun | Rotational
Collector i
(mL/h) | Distance |Voltage (kV)| Products speed
(cm)
CS/PEO 70/30
Aluminum
_ 0.08-0.12 15-17 22-24 Fibers NA
foil
Squared .
0.08-0.15 15-17 22-25 Fibers NA
pattern
Hexagonal .
0.08-0.12 15-17 22-25 Fibers NA
pattern
Rotatory
. . From 700-
cylinder 0.08-0.1 17 25-28 Fibers
1500 rpm
PEC/PEO 70/30
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Squared .
0.08-0.12 15-17 22-26 Fibers NA
pattern
Rotatory
cylinder 0.08-0.1 17 24-28 Fibers 1500 rpm

Homogeneous processing conditions were observed for fiber production on varied
metallic collectors with minor deviations for rotatory collector, specifically the voltage
applied for electrospinning. Slightly higher electric tension was needed for

electrospinning when the rotatory collector was employed.

For the CS/PEO system, during rotatory collection of fibers, their alignment was
observed under microscope. At low speed (700 and 1000 rpm) fibers resemble more to
a random arrangement, on the contrary at 1500 rpm, they were clearly aligned. It has
been stablished in literature that gradual fiber alignment increases with the rotational
velocity (Eslamian et al., 2019; C. Y. Xu et al.,, 2004), then a maximal orientation is
achieved. Those variables are closely related to the fiber diameter and molecular
arrangements within the fiber (Baji et al., 2010).

X-Ray Diffraction study was employed to investigate the molecular orientation and
degree of crystallinity of fibers recovered on rotatory collector, reflection patterns are

shown in figure 3.3.

chitosan

Figure 3.3. Two-dimensional XRD patterns for reflections of 70/30 CS/PEO fibers,
aligned at 1000 and 1500 rpm.

From the patterns in figure 3.3, the diffraction arcs of the equatorial reflection (circled
in orange) suggest that the crystal planes in the nanofibers are oriented in a specific
direction. It is indicated that the degree of crystallinity in the aligned fibers at 15000
rpm was higher than that of their counterparts at 1000 rpm. Therefore, crystals might
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be oriented parallel to the fiber axis in the aligned CS/PEO fibers at 1500 rpm, as well
as the polymer chains (Alfaro De Pra et al., 2017; X. Wang et al., 2013).

Aligned fiber obtention was fixed at 1500 rpm, considering that too elevated rotational
speeds could lead to fiber fragmentation before complete fiber deposition. It has been
stablished that fiber diameter decreases with the increasing collector speed (Thomas
et al., 2006).

Regarding the micro-structured collectors, they were observed to define the
arrangement of fibers with identifiable patterns in the macroscale in contrast to other

collectors such as aluminum foil or rotatory cylinders, as it is shown in figure 3.4.

(@ (b)

(c) (d)

Figure 3.4. CS/PEO 70/30 fiber mats collected on several collectors. (a) Fibers on the
aluminum foil (randomly collected fibers), (b) fibers on squared patterned metallic
collector, (c) fibers on hexagonal patterned and (d) aligned fibers from rotatory
cylinder.

Randomly oriented fibers are the intrinsic result of electrospinning. This is affected
just by changing the collector topography as it is contrasted in figure 3.4. On the
cylinder, polymer fiber mats are collected accordingly to the rotational speed and

cylinder dimensions obtaining visible aligned fibers as previously discussed.

On square and hexagonal patterned collectors (figure 3.4bc), fibers were found more

densely deposed on the metallic peaks and between neighboring peaks, according to
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collector pattern. However, for both CS/PEO and PEC/PEO systems, fibers are also
found covering all the collector available surface. This particular behavior of chitosan-
based systems could influence not only the fiber mat mechanical properties but also

biological aspects during cell culture.

1.2. CS/PEO and PEC/PEO fiber characteristics
Fiber morphology of chitosan-based mats were analyzed by SEM. Samples of as-spun

fiber mats of CS/PEO and PEC/PEO were observed and average fiber diameters (AFD)
were calculated by statistical size distribution. Globally, it was found that smooth
fibers and homogenous substrates were obtained. On a first step, mats produced on
squared-pattern collectors and 20-30% w/w PEO content in the material were
analyzed. Then, AFDs of the different fiber arrangements were estimated.

In figure 3.5, SEM images of CS/PEO fibers with a PEO proportion in the blend of 30
and 20 % w/w, are presented. In the same figure, the influence of the two solvents,

involved in experiments (AcOH and FA), on the fiber morphology is shown.

(a) (b)

Figure 3.5. Fiber morphology of 70/30 (a, b) and 80/20 (c, d) CS/PEO fibers obtained
with acidic solvents. 0.5 M Acetic acid (a, ¢) and 50/50 v/v W/FA (b, d). Scale bar = 2

micrometers.
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Overall, after ADF estimation, close fiber diameter values were observed for CS/PEO
fibers. Small differences could be attributed to the solvent and polymer concentration

which define the solution viscosity, an important parameter for electrospinning.

Average fiber diameters in the range 112-156 nm for the CS/PEO systems, presented
in figure 3.5, were found. It was concluded, in this case, that the composition of the
blend slightly influenced the fiber size since 80/20 CS/PEO fibers presented an AFD ~
156 + 41 nm and 139 + 28 nm for AcOH and FA as solvents respectively. In the same
way, 70/30 CS/PEQ fibers presented an ADF ~118 + 36 nm and 123 + 26 nm, for both

studied solvents.

Similar analysis was effectuated for the system PEC/PEO, based on the images
acquired by SEM. Frequency size distributions were obtained and average diameters
were calculated from the statistical analysis. To show the influence of the PEC
composition (charge ratio) on the fiber characteristics, the average diameters are

presented in Figure 3.6, and compared with produced CS/PEO fibers.
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Figure 3.6. Scanning electron microscopy images of nanofibers obtained at different
charge ratios and corresponding average fiber diameters (AFD) (nm) together with
their diameter distribution. (a) Rc=0.5, (b) Rc=1.0, (c) Rc=1.8, (d) Rc=2.35, () Rc=3.0,
and (f) CS. Systems prepared in Formic Acid 50/50 v/v (C. E. Garcia et al., 2020). Scale
bar =3 pum.
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It is found that, at higher content of HA (R. = 0.5), fibers are thinner due to a lower
content in the blend at constant total polymer concentration. Then, the diameter
increases when the chitosan yield increases. The average diameter becomes larger than
for pure CS in the same experimental conditions. This behavior pointed out the interest
of the solvent selected avoiding phase separation between the two oppositely charged

polymers. All average diameters for complex nanofibers are close to 200 nm.

2. Material properties

An important aspect related to the production of a new material is the ensemble of
properties and their relevance for the final application. For biological requests, in
addition to biocompatibility, stable and easy handling materials are needed. For this
purpose, analysis of the solubility, swelling degree and mechanical performance of the
systems CS, CS/PEO, CS/HA and CS/HA/PEO were effectuated. In the same way, the
biological behavior and adhesion strength measurements of CS/PEO fibrous materials
in contact with culture medium and cells, were investigated. The summary of the

results is presented in subsequent sections.
2.1. Solubility and swelling degree

Chitosan based materials, in solid state, are stable in neutral (and basic) aqueous media
(Rinaudo, 2006). However, since CS is solubilized in acidic conditions for
electrospinning, a regeneration step of the protonated groups is needed to obtain
insoluble materials from both systems CS/PEO and CS/HA/PEO.

2.1.1. System CS/PEO
In the case of CS/PEO systems and their physicochemical properties, the effect of the

stabilization step in 80/20 v/v EtOH/Water has already been studied and applied in
order to produced stable pure CS fibers (and films) due to deprotonation of the -NH?3*
groups. At the same time, this washing treatment allows the obtention of PEO free
fibers since PEO is solubilized during the procedure. Neutralization and washing steps
have been verified by RMN and gravimetry (Garcia Garcia et al., 2018). It has been
concluded that solubility of chitosan, after stabilization in ethanolic basic solution, is
minor and fibers and films can keep its morphology unchanged even after months.
Similarly, PEO in the blend can be extracted from electrospun fibers and films with a
high efficiency. However, long polymer chains of elevated MW PEO could lead to a
less effective PEO extraction (Garcia Garcia et al., 2018; Lemma et al., 2016).

Water retention capacity, at neutral pH, has also been analyzed for CS films and fibers
(Garcia Garcia et al., 2018). It was observed that CS films presented swelling degrees,
at neutral pH, in the range of 1.2 to 2.5 g Water/g dried substrate, depending on the
composition. In contrast, CS fibers produced from the blend CS/PEO, shown capacities
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varying between 3.1 and 5.3 g Water/g dried CS regenerated fibers, influenced by the

polymer concentration and blend composition (Garcia Garcia et al., 2018) .

2.1.2. System CS/HA
The blend CS/HA is considered an important biopolymeric system with potential in

biomedical domains (Petrova et al., 2019). Nevertheless, less information about the

polyelectrolyte complex behavior, in dried and wet states, can be found in literature.

Using the same experimental conditions, casted films and electrospun nanofibers were
parallelly produced. The use of a film as model allows easier characterization of the
material, in order to find the more adapted methods and conditions to produce stable

materials for the desired application.

Initially, PEC films were hydrated in PBS (pH=7.4) where partial solubility and high
swelling degree were detected. Attributed to the probable presence of remaining
solvent, longer evaporation periods were applied, however the same behavior was

observed.

Contrary to CS, HA is highly soluble in aqueous solutions, for this reason a different
method for PEC stabilization was adopted. The films were submitted to a thermal
treatment at 120 °C for 4 h, the time was selected after a study of the weight loss
kinetics (Figure 3.7).
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Figure 3.7. Weight loss of polyelectrolyte complex at different CS/HA charge ratios Rc
compared with pure chitosan prepared in W/FA 50/50 v/v as a function of time at 120
°C.

Thermal procedure up to 4 hours was considered sufficient for PEC treatment. Even
though CS films need more time to reach constant weight, PEC films shown constant

weight after 60 minutes of heating.
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Over Rc=1, the behavior of complexes is similar for the different Rc ratios increasing
progressively with the time and chitosan content indicating a larger crosslinkage

degree due to H-bonds and probably amide bond formation involving free -NHo.

Comparison with chitosan shows that weight loss is higher for free chitosan than for
complexes due to lower interaction between chains (thermal treatment of chitosan
induces an increase of crystallinity) and lower degree of reaction with residual formic

acid used as solvent.

Firstly, considering partial solubility and swelling degree in aqueous medium, PEC
films prepared from three solvent mixtures W/FA 25/75, 50/50 and 75/25 v/v were
compared. Nearly the same film characteristics were observed for the solvents studied,

as it is shown for solubility in Figure 3.8.
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Figure 3.8. Solubility of PEC films at pH = 7.4 after thermal treatment as a function of
charge ratio prepared in the solvents: W/FA 25/75, 50/50, 75/25 v/v.

Related to solvent selection, the W/FA 50/50 v/v is preferred for the film tests and
electrospinning considering that the processing of PEC solutions was difficult in W/FA
75/25, and due to high volatility of W/FA 25/75 which affected significantly fiber

production.

Then, the swelling characteristics of the films prepared from complex solubilized in
W/FA (50/50 v/v) are tested before and after thermal treatment as it is presented in
figure 3.9.
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Figure 3.9. Influence of the thermal treatment (4 h at 120 °C) on PEC films solubility

(blue and brown) and degree of swelling (green and black) as a function of charge ratio

at pH =7.4. Average values obtained on four independent experiments.

The swelling degree decreases strongly after thermal treatment when the charge ratio

is lower than 2. At the same time, the solubility also decreases when the charge ratio

increases but with a lower efficiency. Thermal treatment clearly allows to stabilize the

PEC films which remain easy to handle even in the wet state. In the following, films

after a thermal treatment are tested in different conditions of solvent and pH (Table

3.6).

Table 3.6. Influence of Charge Ratio Rc and pH on Swelling Degree and Solubility
before and after Thermal Treatment for Solubilization in W/FA 50/50

Charge S Bmes Solubility | Swelling Degree | Solubility
Ratio (R.) Weight Ratio (%) before | (g Water/g) after | (%) after
NH:/COO NH:/COOH pH | (g Water/g) before Thermal Thermal Thermal

Thermal Treatment
H Treatment Treatment Treatment
0.5 0.21 3 3.2 241 4.6 37.2
7.4 16.8 68.7 10.0 59.3
11 — High* 22.6* 69.5%
1 0.42 3 2.6 10.1 3.6 11.5
7.4 14.9 44.0 4.7 37.7
11 21.8 61.0 11.4 39.4
1.8 0.77 3 4.5 14.5 3.8 9.8
7.4 9.3 35.2 3.9 25.1
11 16.0 45.1 6.8 25.9
2.35 1.0 3 6.6 37.1 3.8 8.4
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7.4 7.6 33.5 4.3 23.2
11 13.9 35.4 4.3 21.3
3 1.26 3 7.0 46.9 3.4 7.1
7.4 5.5 26.9 3.6 17.2
11 12.1 28.5 4.1 21.3

(*) Approximative values due to difficult sample handling.

From Table 3.6, few values are presented in the next figures. In Figures 3.10 and 3.11,

the influence of the charge ratio on swelling degree and solubility are represented,

respectively, for different pH after thermal treatment when the solvent used was W/FA

50/50 (v/v).
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Figure 3.10. Swelling degree (g Water/g dried material) as a function of the charge ratio

after thermal treatment.
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Figure 3.11. Partial solubility at different pH on PEC films prepared in W/FA 50/50 v/v

as a function of charge ratio.

From these results, it is shown that the thermal stabilization starts with a ratio
NH:/COOH equal to 1.8, indicating the need of enough chitosan in the blend to
complex HA, due to the fact that HA is a polysaccharide highly soluble in aqueous

medium in a wide range of values.

It is found that stability is larger at pH = 3 as soon as the charge ratio NH2/COOH is
larger than 0.5 independently of the composition. This condition corresponds to the
lower solubility of HA and gel-like behavior (Gatej et al., 2005), preserving the complex
formation. Taking care of the material composition, over R = 1.8, less than 10% is

soluble when the material contents 43.3% w/w of chitosan and consequently 56.6%
w/w of HA.

At pH = 7.4 and 11, the solubility values are close as shown in Figure 4.10 when
chitosan alone becomes insoluble. The solubility is around 22% indicating that the

material is and remains a stabilized polyelectrolyte complex.

The study on films as a model allows, after thermal treatment, to conclude that the
complex formation stabilized the material taking benefit of HA as well as chitosan

biological properties for new applications.

2.2. NMR Analysis on PEC systems
PEC properties modification after thermal treatment led us to investigate changes at

the structural level. For this purpose, an NMR analysis of chitosan and PEC samples,
under film form as model, was performed. This technique allowed the confirmation of
the PEC composition and help validate the solvent selection and thermal treatment

application.

2.2.1. Film Composition by NMR and Influence of Thermal Treatment
In a first step, 'H NMR of chitosan was examined as reference. The spectrum is

obtained after dissolution in acidic D20 of a film prepared in formic acid W/FA 50/50

v/v and presented in figure 3.12.
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Figure 3.12. 'H NMR spectrum obtained on a chitosan film casted from chitosan in
D:>0O/DCl solvent at 85 °C.

This spectrum allows to determine the degree of acetylation of the chitosan obtained
from the ratio between the signals of the methyl group at 2.1 ppm and H-2 at 3.2 ppm,
which give a DA =0.05. In addition, it shows that there is some formic acid left (around

8.4 ppm) before thermal treatment (Berregi et al., 2007).

Once thermal treatment is carried out, the film becomes insoluble in acidic medium
probably due to H-bond network formation and reinforced by partial crystallization
after solvent evaporation as shown by X-rays diffraction (Petrova et al., 2019). Our data
agree with the X-rays spectra given in Figure 2 in Petrova et al. for chitosan/PEO
(Petrova et al., 2019). Furthermore, as proposed in literature, amide bonds involving
the solvent may occur, decreasing free NH: content and increasing the H-bonds
density (Bernabé et al., 2005; Cooper et al., 2011; Zotkin et al., 2004).

It was also demonstrated that the acid used to dissolve chitosan and cast films
influences the solubility of films after thermal treatment. A chitosan film dissolved in
presence of HCl and dried remains soluble in aqueous medium even after thermal

treatment, the NMR spectra are shown in Figure 3.13.

72



o

JA‘_

Figure 3.13. Influence of thermal treatment on 1H NMR spectrum for film of chitosan
obtained after chitosan solubilization in HCl in absence of thermal treatment (a); and
after thermal treatment (b). Solvent D-O/DCl at 85 °C.

After thermal treatment, the films turned brown but remained soluble in acidic
conditions even if a small insoluble fraction is formed indicating few strong H-bond
interchain interactions. Signal corresponding to —CHs groups around 2 ppm is
modified (figure 3.13b) and new signals appear around 3.5 ppm with a decrease of the
—H2 signal at 3.2 ppm indicating probable H-bonds involving the small amount of —
NH-CO-CHs.

As carboxylic acids (formic acid and acetic acid) formed an insoluble material after
thermal treatment, they probably form, as proposed previously, an amide bond with
free -NH: chitosan, increasing the H-bonds network density as found with peptidic

groups (Vasiliu et al., 2005).

Formic acid solvent was selected due to easier feasibility to produce nanofibers by
electrospinning compared to acetic acid used previously (Garcia Garcia et al., 2018;
Lemma et al., 2016). Whatever the W/FA ratio (mainly over 25/75), electrospinning
allows to process chitosan alone, HA/PEQO, as well as the chitosan/hyaluronan acid
complex. Then, W/FA was confirmed as the most convenient solvent for processing
these materials even in absence of other additives such as Dimethylformamide (DMF),
N-methylpyrolidone, or NH4OH as proposed in literature (Brenner et al., 2012; G.
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Chen et al., 2016; Pabjariczyk-Wlazto et al., 2017). Only PEO, extractible in water, was

added to favor electrospinning.

2.2.2. Film Made of Complex and Influence of Thermal Treatment
In the following, a polyelectrolyte complex prepared at a charge ratio, Rc = 0.5, was

dissolved in D:0/DCl after thermal treatment (Figure 3.14). This sample remaining

soluble in acidic conditions can be analyzed as proposed (Peniche et al., 1998).

T T T T T T T
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Figure 3.14. 1H NMR spectrum of a complex film prepared at a charge ratio Rc = 0.5
formed in W/FA 50/50 v/v after thermal treatment. Solvent D20O/DCI at 85 °C.

Taking into consideration two H-1 of HA at 4.5-5 ppm (one of the units being
carboxylated) and the H-1 of chitosan (corresponding to free -NH:) at 4.9 ppm, there
comes a charge ratio CS/HA = 0.54 in agreement with the stoichiometry of the solution
prepared. A large signal occurs around 2 ppm due to —CHs from N-acetyl-D-
glucosamine unit of HA (superposed with the small -CHs signal from chitosan).

To conclude, in large excess of HA, the film is still soluble in water or acidic conditions
even after thermal treatment. After thermal treatment at higher charge ratio, the films
are more stable and only a small amount is solubilized in acidic conditions. In this
consideration, liquid NMR is only useful for material characterization at some specific
CS/HA compositions, due to the insolubility in aqueous medium when the complex

forms.
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2.3. Behavior under uniaxial tension

2.3.1. CS and PEC for thermal stabilization
Mechanical behavior of complex and chitosan films was determined at ambient

temperature before and after thermal treatment. In each case, the thickness of the

material is given for the experimental curves.

From Figures 3.15 and 3.16, it is shown that thermal treatment on CS alone and PEC
films, at several charge ratios, increases the stiffness and decreases strongly the
plasticity of the materials. Additionally, the presence of HA increases the modulus of
the films compared to CS, especially before thermal treatment when Rc > 1.8. The

higher the material R, the higher stress and strain at break under traction tests.
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Figure 3.15. Effect of thermal treatment (TT) on mechanical chitosan film response in

the dried state. The thickness (e) of the film samples was found around 40-50 pum.
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Figure 3.16. Effect of thermal treatment (TT) on mechanical response of PEC films in
the dried state. Stress as a function of strain (%) before and after thermal treatment for

different complexes characterized by Rc.

Considered relevant for application in physiological conditions, it was interesting to
also investigate the material performances in the wet state. Some experimental data
corresponding to CS (before and after TT) and PEC films (after TT) are given in Figure
3.17.
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Figure 3.17. Mechanical response of chitosan and PEC films once treated at 120°C
during 4 h, and in the wet state after stabilization in PBS at pH =7.4.

For determination of the mechanical properties on films after thermal treatment,
the complexes and the treated CS were directly stabilized in PBS buffer but for CS
before thermal treatment, it was necessary to firstly neutralized CS in alkaline medium
before PBS immersion as suggested previously (Garcia Garcia et al., 2018; Lemma et
al., 2016). From data in Figure 4.13, it is concluded that the material is able to be
manipulated only when Rc > 1.8 corresponding to lower values of swelling and
solubility. When the charge ratio Rc increases, the stiffness increases (modulus
increases and breaking strain decreases) remaining in all cases slightly lower than for
CS alone for samples with the same range of thickness.

These data confirm that, for the first time to our knowledge, stable new
biomaterials based on PEC involving HA and CS are obtained in PBS at pH = 7.4, for
biological applications.

2.3.2. CS/PEO and PEC/PEO fiber mats

Traction experiments were performed on as-spun PEC fiber samples, having nearly
the same thickness, in the absence of thermal treatment as it is presented in figure 3.18.
The nanofibrous mats were collected on micro-structured collector with a regular

pattern.
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Figure 3.18. Mechanical behavior of chitosan and as-spun PEC fiber samples in dried

state, obtained on square-patterned collectors.

Firstly, it is shown that the PEC fibers are stronger than CS fibers as soon as Rc is higher
than 1.8, with a relatively large strain at break probably connected with the presence

of PEO. The stress at break is increasing directly as a function of the chitosan content.

For fibrous materials, it must be considered that density of the mat is much lower than
for films as discussed previously (Garcia Garcia et al., 2018). In this regard, the values
obtained for failure stress and strain, after tensile tests, for the mat are lower.
Considering the geometric characteristics of the samples (surface, weight, and
thickness of the probe), the density of the mats is compared with that of the film,

related with the active transverse section of the probe tested, in table 3.7.

Table 3.7. Morphological Characteristics of Films and Fibers Tested in Mechanical

Experiments. Influence of the Charge ratio, Re.

Average Density (g/cm?) . .
. Ratio Density
Composition | Casted Electrospun o
. . Film/fibers
Film Nanofiber Mat
CS 0.846 0.0295 28.7
Re=10 | - 0.0383 e
Rc=1.8 0.949 0.0284 33.4
Rc=2.35 1.127 0.0395 28.5
Rc=3.0 1.163 0.0512 22.7
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The cross-section ratio estimated from the material density is found around 30. In this
way, the performance of nanofibers under tensile tests, is in relatively good agreement
with that of films: for Rc =3, stress at break is 1 MPa and 12% strain (Figure 3.18) while
on compact film it is around 60 MPa and 10% (Figure 3.16), respectively. Large
porosity and low density of fibers in the mats considerably decrease the effective

stress.

Considering the morphology of the samples, uniaxial tensile mechanical tests on
aligned fibers (electrospun on rotatory cylinder at 1500 rpm) were also performed to
compare the response of nanofibers with random distribution with oriented
nanofibers. On the PEC mats (Rc =2.35, mass ratio = 1.0), the mechanical parameters
are determined and compared with that of pure chitosan obtained in the same

experimental conditions in figure 3.19.
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Figure 3.19. Stress at break for CS/PEO and PEC/PEO fiber mats contrasted in terms of
fiber arrangement. (| | I) Aligned fibers and (&é&) aleatory fibers.

From figure 3.19, the role of alignment of nanofibers on their mechanical properties in
the dried state is remarked, as already observed with honeycomb structures based on
polycaprolactone (PCL) (Mondésert et al., 2021). The density of the material is larger
for aligned PEC fibers than for randomly collected mats and larger than that of pure
chitosan. Chitosan nanofibers form a highly porous mat with a density around 0.037 +

0.01 g/ecm? (C. E. Garcia et al., 2020). Stress under uniaxial tension is increased by fiber
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alignment. Aligned CS/PEO fibers present a higher stress at break, in contrast to
PEC/PEO system, i.e., 6.5 MPa compared to 5 MPa. The strain at break in aligned fibers
is larger for the PEC mat. In addition, it is clear that orientation increases the stress of
CS fibers when contrasted to randomly orientated CS fibers (ratio = 6.5/3 MPa).

The two orientations of aligned nanofibers made of CS/PEO and PEC /PEO are also

compared, under tensile tests, in figure 3.20.
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Figure 3.20. Comparison of mechanical response in dried state for aligned
Chitosan/PEO and PEC/PEO 70/30 w/w nanofibers. Tensile tests of the samples on the

parallel direction (| I) and the transverse (+) direction of nanofibers.

In figure 3.20, the anisotropic response of the materials is analyzed. The tensile
properties are studied for the two orientations of aligned nanofibers made of CS/PEO
and PEC /PEO. It is found that, in the main direction of CS/PEQ fibers, stress at break
is larger than the measured value in the transversal orientation (ratio = 1.5).
Performances are decreasing while strain increases. The same trend is observed for
PEC fibers (ratio = 2.5). These results are the mechanical signature of the anisotropic

self-organization of fibers (Thomas et al., 2006).

Relatively small differences contrasting the two directions could be in part due to
connection between fibers occurring during their collection on the rotating cylinder
before complete drying. Therein, deposited fibers would behave as a thin film (Thomas
et al., 2006).

2.4. Substrate stability in biological solutions
In order to evaluate the stability of the produced nanofibers after neutralization, the

samples were disposed in the culture solution (DMEM) and in the 0.05% Trypsin-
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EDTA solution. Fibers were incubated and morphology was observed over time, the

images are shown in figure 3.21.

Day 1 Day 6

Culture Solution DMEM

L
e

0.05% Trypsin-EDTA Solution
Figure 3.21. Evolution of fiber morphology in solutions adopted for cell culture

(DMEM) and for cell detachment conditions (Trypsin-EDTA). Microscope images
were obtained at equal magnification (10x) on the same sample location. Scale bare

equals 100 pm (Garcia Garcia et al., 2021).

From these observations, it can be proved that fibers are stable in culture medium,
from physiological conditions (pH=7.4) to slightly acid (pH~6.5) conditions. In this
manner, biological applications are enabled and cells could be seeded and grow on the

mat surface neglecting fiber dissolution or deformation at least after 12 days of culture.

2.5. Cell-substrate adhesion strength and energy
The interaction between cell and substrate is analyzed accordingly to the proposed

application of the chitosan-based materials obtained in this work. AFM was applied to
characterize the cell-substrate adhesion strength and energy as a function of the

substrate topography and contact time.

From previous sections regarding the morphology of the fibrous substrates, an average
diameter of 118 + 36 nm was found from diameter distribution of the samples with a
70/30 CS/PEO proportion (C. E. G. Garcia et al., 2021; Garcia Garcia et al., 2018; Garcia
Garcia et al., 2022). Smooth fibers and homogeneous mats were observed as it is shown
in figure 3.5. From SEM image analyses, the porosity was determined; for the upper

layers of the mat, in contact with the cell. Such fraction was found to be around 47%
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(n= 10 essays) of the sample area. Due to cell dimension (around 20 pum diameter), a
single cell must be in contact with several fibers but in full contact when the films and

flat surfaces are used as substrates.

2.5.1. AFM response for cell detachment

After the contact time, the cantilever with the attached cell on its tip retracts back, at
constant velocity, to its initial position on the vertical axis. During this step, complete
detachment of the cell occurs (in figure 3.22, read from left to right). In figure 3.22, from
the characteristic AFM response, the retraction curve obtained on chitosan films and

fiber mats are compared with the BSA coated reference surface.
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Figure 3.22. Comparative response of chondrocyte detachment on chitosan substrates
(film and fiber mat) and BSA coated Petri dish. The point (0,0) on the curve F vs z
represents the cell-substrate contact point. Retraction velocity is 1 um/s and data are

shown for a contact time (tc) of 60 s.

Once the cell is in full contact with the substrate, the former is pushed towards the
surface until the force setpoint is achieved. Herein, cell indentation occurs and,
depending on the substrate properties, such as porosity, roughness, and swelling, cell-
substrate adsorption, a gap (in height) might appear between the approach and the
retraction curves. In the same way for each material, this effect is observed in the initial
slopes of the detachment response (F>0) (figure 3.22). Especially, on fiber mats with
high porosity and higher water retention capacity (Garcia Garcia et al., 2018), a larger
deviation (around -0.25 um at F=0.5 nN) was detected for tc = 60 s. In contrast with flat
rigid surfaces, important deviations during the contact step on CS substrates were
observed for tc = 120 s. Experimental values of tc = 60 s were considered more
representative and reliable.

For all retraction curves, having a similar trend, the different steps of cell detachment

are identified and provide a complementary understanding of cell adhesion
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measurements. In this regard, including all phenomena occurring, three regions can

be differentiated and they are defined in figure 3.23.
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Figure 3.23. Cell force adhesion response separated in 3 regions or steps. Initial
detachment in region A, rupture of secondary cell-substrate bonds in zone B and

breaking of the remaining links and return to base line in region C.

The maximum force value (Afmax) is detected in zone A, in the first micrometer of the
cell-substrate separation measurement (figure 3.23). This peak can be associated to the
cell-substrate assembly deformation and bonds being stretched at the same time.
After the highest vertical deflection value (Afmax), the detachment process starts in zone
B. In this region, more than 80% of the registered force jumps (Af) occur after the first
breakup. This zone is considered as the more representative part of the detachment
response. It has been also observed that zone B is larger on the chitosan films than on
fiber mats. Small surface interactions according to mat porosity of the fibrous
substrates must affect the number and amplitude of detachment events measured in
AFM, compared to the CS film.

Finally, in region C, the final links are stretched and break as long as the cell is
completely separated from the substrate surface. These links being more isolated could
be associated with the individual response of cell membrane tethers (Sundar Rajan et
al., 2017; Titushkin & Cho, 2006). The average tether length was found between 0.5 pm
and 1.5 um for both substrates, i.e., chitosan films and fiber mats. It is important to
mention that a minority of the detected events in the retraction response take place in

region C.
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The average of Afmax values, comparing the chitosan film and the electrospun mat for
a given contact time of 60 seconds is shown in figure 3.24. From these results, a higher
Afmax is observed when the chondrocytes interact with a more compact surface (the
chitosan film) in contrast with the porous fiber mat for which the Afmax values are
slightly smaller and more homogenous (a narrower distribution). In the same context,
significant Afmax differences, when comparing CS substrates from the BSA coated
surface, were found for tc= 60 s. This contrast between the studied substrates shows
clearly that chondrocytes are around 2 times more strongly adhered to CS than when

they are in contact with the coated BSA culture dish.
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Figure 3.24. Average of maximum vertical force (Afmax) for the two substrates studied:
chitosan film and chitosan nanofibers compared to the reference BSA coated surface
(significant difference found, p<0.01), for a contact time of 60 s. SD in dotted line,

number of assays = n.

Average Afmax values between 2 and 7 nN were previously observed in adhesion tests
on glass for chondrocytes using a different AFM approach (Changhsun et al., 2008).
This difference can be attributed mainly to the experimental AFM arrangement
applied and the nature of the surface.

Because the force jump intensities are coupled with their relative position on the
retraction curve, the distribution of detachment steps as a function of the location on
the vertical axis (separation distance) can help understand the complete adhesion
phenomenon. Towards that end, registered force jumps on chitosan substrates are
presented in figure 3.25, showing an important concentration of events during the

initial part of the cell adhesion response attributed to the breakup of a large quantity
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of formed links and slight cell membrane deformation (zone B). Few force jumps are
observed at larger distance (z) before complete detachment of the cell, those bonds
could be related to a more complex interaction between the cellular membrane and the
substrates. It is known that as the cell membrane is connected to the cytoskeleton,
when the former detaches, cytoskeleton filaments (membrane tethers) are also
elongated few micrometers until they are released (Sundar Rajan et al., 2017; Titushkin
& Cho, 2006).

A (A)

Force jump Intensity, Af, (pN)

(B)

Force jump Intensity, Af, (pN)

00 10 20 30 40 50 60 70 80 90
Height, z, (um)

Figure 3.25. Distribution of force jumps (Af) for chondrocyte detachment (zones B and
C) from chitosan substrates vs. height (um). Contact time of 60 seconds on the (A)
chitosan film and (B) chitosan fiber mat. Dotted lines represent the average detachment
force values for the film and the fibers, 13.37 pN and 13.85 pN, respectively.

As shown in figure 3.22 and described in figure 3.25, force jumps are randomly located
along the retraction curve. There are no specifications about the order of every
detachment step but they all can be associated with the rupture of chondrocyte-to-
substrate links formed during the interval when the cell membrane enters in contact
with the substrate.
The majority of force jumps are located in the first micrometers of the detachment
curve for nanofibers, while they are dispersed on a wider distance on the film where
the available surface for linkage is larger. This result was also observed in figure 3.22.
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Considering the final straight line as the base line for data analysis (figure 3.22), the
retraction response of cells (figure 3.25) enables to build a frequency step distribution
curve, of force jump intensities (Af) as a function, as shown in figure 3.26. This analysis
groups all significant Af values in intervals ranging from 2 to 3 pN, and allows to relate
the force jump average and the jump intensity that could be due to an individual cell-
substrate bond breaking(Sundar Rajan et al., 2017).
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Figure 3.26. Force jump distribution for cell detachment on chitosan fiber mats and
films, as well as the BSA coated surface, for a contact time of 60 seconds. Force jumps

for all substrates are presented in the inserted table for a similar tc.

From figure 3.26, it is observed that few jumps with higher intensity (over 15 pN) exist

on nanofibers compared with the other substrates.

The substrate comparison is shown in the table inserted in figure 3.26, in terms of
morphology (film and fiber) as well as in terms of affinity (BSA coated surface) for a
contact time of 60 s. It can be also remarked that the average Af is higher for the
chitosan films and fibers compared to the BSA coated surface (as significant difference
was found for a p<0.01 ANOVA analysis). This effect can be attributed to the low cell-
substrate selective interaction unfavored by BSA.

In the case of a contact time of 120 seconds, there were found 14.73 +7.58 pN and 13.97+
6.14 pN for CS film and fiber mat, respectively. From the obtained main values in
figure 3.26, it is observed that the contact time does not reflect a significant difference

(p<0.01) on the average detachment steps (Af) between the studied chitosan-based
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substrates, independently of their morphology. This similarity could be explained for
chitosan fibers and films, since the cell type is the same in all cases and all possible
interactions have the same nature (CS-Chondrocyte).

Concerning the adhesion response, using the same technique for cell-cell adhesion
strength, between an endothelial cell monolayer and tumor cells, detachment steps
have been measured between 20 and 70 pN (Laurent et al., 2014; Sundar Rajan et al.,
2017). These reference values are in the same range with the obtained response in the
present experiments (detachment jumps between 10 and 80 pN in figure 3.25). Values
acquired from different variants of AFM methods consisting of lateral displacement or
detachment from a suction micropipette, after longer cell contact times (up to 90
minutes), on different types of cells are usually larger than those obtained in this work
(Nagy et al., 2020; Sagvolden et al., 1999; Sala Nki et al., 2014; Sztilkovics et al., 2020;
Tsang et al., 2006).

2.5.2. Adhesion Energy of chondrocytes on chitosan substrates

The adhesion energy was investigated for both cell-substrate responses, the chitosan
film and the fiber mat, for a contact time of 60 seconds and compared to the BSA coated
surface. As shown in figure 3.27, this parameter was affected, by the substrate
morphology. The average adhesion energy value when the chitosan film was used as
chondrocyte support was found 27% larger than the one observed for the nanofiber
mat, 7.68x101¢ J and 6.05x101¢ ], respectively. Moreover, this difference was shown to
exhibit the same trend for maximum detachment force values (Afmax) which are slightly
higher for the chondrocyte-film interaction (see figure 3.24). This could be attributed
to the density of cell-substrate bonds that were formed during the contact time and are
expressed on the detachment response. On the other hand, we must consider the
available contact surface when the chondrocyte touches the substrate. Due to fiber mat
porosity, stiffness (Q. Zhang et al., 2016) and morphology, a smaller and softer direct
area is available for the cell to attach during the short contact with the fibrous substrate
surface.

Based on the same statement, difference in adhesion surface influences the total energy
measurement on fibers as compared to films. This phenomenon results in an apparent
lowering of the adhesion energy, Afmax values and, at the same time, affects the position

of force jumps (Af) (figure 3.25b) on the retraction curve.
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Figure 3.27. Adhesion Energy (Ead) distribution for AFM adhesion test on chitosan-
based substrates (chitosan film and chitosan fiber mat) compared to the BSA treated
surface (significant difference found, p<0.01). 25% of the data being lower and higher
than first (Q1) and third (Q3) quartiles, respectively, are out of the box plot. The
average value is represented with the cross in the colored area. Contact time equal to

60 s, number of assays =n.

Finally, comparison of the adhesion parameters on chitosan in contrast with the ones
obtained on the surface coated with BSA is presented (figures 3.24 and 3.27). The
maximum Af for chondrocytes in contact with a BSA-treated surface had an average
value of 223 pN * 99 pN. This response is significantly lower (p<0.01) as compared to
the chitosan film and fibers. In addition, the adhesion energy value remains clearly
lower than the response observed for the chitosan-based nanofiber mat and much
lower than the detachment response in the case of the chitosan film (p<0.01). The
average adhesion energy determined is 3.70 x101¢ J + 2.18x10¢ J for the BSA-treated
surface. In fact, in the buffer used, BSA coated surface is negatively charged which
promotes slight electrostatic repulsion as chondrocyte membrane has also a negative
character. Cell adhesion on chitosan substrates is favored due to H-bond stabilization,
hydrophilicity and polarity which serves to bind proteins on its surface. Protein
adsorption and subsequent cell adhesion on biomaterial surface is the essential

prerequisite for biomaterial induced tissue healing (Sukul et al., 2021).

88



3. Conclusion

Material characterization and production optimization are key procedures, for the
sake of an appropriate design of chitosan-based substrates, with potential application
on cartilage mending approaches.

In this section, the main experimental conditions for the successful electrospinning of
chitosan and chitosan/hyaluronan complex, to produce nanofiber mats are reported.
This process is observed to require the presence of PEQ, in a yield >20%, blended with
the polysaccharides for good spinnability. Polymer composition of the blends and
solvent nature were studied, aiming to obtain nanofibers free of beads, using nontoxic
solvents, able to easily evaporate after electrospinning. Acetic and formic acid allowed
the processing of CS/PEO blends, while only formic acid enabled chitosan/hyaluronan
polyelectrolyte complex preparation and electrospinning. In the case of PEC, fiber
production, as well as material characterization, is studied as a function of the CS/HA
charge ratio.

Stability of fibers was achieved by the use of a neutralizing ethanolic bath, which also
allowed to extract PEO and solvent traces. Afterwards, CS fibers were stable under
biological conditions (PBS, pH =7.4).

In the same way, production of stable CS/HA complex nanofibers is reported with
good stability of the materials. For that purpose, CS/HA fibers were thermically treated
(120 °C, 4 h) to favor H-bond network, as suggested by NMR analysis. At last, samples
were neutralized in alkaline non-solvent before stability measurements. Such complex
nanofibers were produced allowing to take advantage of the two biologically active
polymers for medical applications. Fibers with diameters in the range 100 to 200 nm
were obtained from both systems.

Physicochemical characterization of CS and the complex CS/HA was enabled by the
use of polymer films as model. Overall, based on water retention capacity, partial
solubility and behavior of the samples under uniaxial traction, the more appropriate
conditions for scaffold preparation were selected.

Electrospinning of the systems, using several micro-structured collectors allowed the
obtention of randomly oriented and aligned fibers, as well as fibrous mats having
squared and hexagonal patterns. The fabrication of this type of mats aims to study the
impact of their topography on their biological response during cell culture.

During an initial study of chitosan/cells interactions, by the SCFS method, a single
chondrocyte in contact with chitosan substrates allowed to characterize the adhesion
force on chitosan films compared to fiber mats. The contact surface of cells on chitosan
films reveled a slightly higher adhesion strength in contrast to fiber mats. However,
cells could stablish anchoring points easier on porous substrates such as nanofibrous

scaffolds which present a similar topography as the extracellular matrix.
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Chapter IV. Chondrocyte development on
chitosan-based electrospun materials.

Cell development studies on engineered scaffolds implies, in a first step, the analysis
of cell viability, cell adhesion and proliferation. In view of these aspects, the previous
characterization of cell adhesion strength, on CS-based materials, helped understand
the adhesion process itself coupled to the influence of the support topography on cell
behavior. Chondrocytes are able to attach to a substrate with a high density of cell-
substrate bonds. On chitosan films, with larger contact surface available, such an
adhesion force, leads to cell morphology changes. Slightly lower forces, observed in

porous fiber mats, could affect differently the cell shape as it is studied in this chapter.

Chondrocyte culture behavior on chitosan-based materials was performed by varying,
mainly, the topography of the substrate. Fibrous mats produced by electrospinning of
the blend CS/PEO are compared to CS films in terms of cell activity response. The
influence of morphology of chitosan supports and cell characteristics are investigated
by cell counting, staining and fluorescence microscopy. Similarly, chondrocyte
development features, such as adhesion, morphology, viability and proliferation, on

polyelectrolyte complex (PEC) fibrous materials are introduced.

1. Cell compatibility and viability

Chitosan is known as a biocompatible polymer. Its non-citotoxicity and compatibility
with biological tissues is confirmed through chondrocyte culture on CS fibers and
films in the next sections. Initially, adhered cells were observed in Figure 4.1 A and B
on fiber mats. Comparison with cell behavior on a flat surface is shown in Figure 4.1
C and D for chitosan film and plastic culture dish respectively. Cell imaging is
obtained for a fixed incubation time of 7 days and NBT cell staining is applied to ease

cell identification.

91



Figure 4.1. Chondrocyte proliferation on neutralized chitosan fiber mats, casted film
and culture dish after 7 days of incubation. CS fibers produced from 80/20 CS/PEO
blends utilizing (A) PEO MW = 1000 kg/mol and (B) PEO MW= 5000 kg/mol, (C) CS
casted film and (D) culture dish (Garcia Garcia et al., 2021).

As it is established in former analysis, fiber size diameter increases with the increasing
of the PEO molecular weight, contained in the mixture (figure 3.1). This difference in
fiber dimensions is also noticed during cell culture observations (figures 4.1A-B),
where average fiber diameter is considerably higher for electrospun fiber with 5000
kg/mol PEO compared to 1000 kg/mol PEO (Garcia Garcia et al., 2018; Lemma et al.,
2016).

On CS films, as presented in figure 4.1 C, cells remain isolated and spread on the
surface (characteristic of adherent cells on flat substrates). In contrast, the fibrous
structure prevents changes in cell shape, cells attach all over the mat and remain
spherical as found in literature (Ridolfi et al., 2017). This is claimed to preserve the
native phenotype by keeping the same cell morphology as in original tissues (Garcia-
Lopezetal., 2015; Jin et al., 2014; Rogina et al., 2021). Primary chondrocytes in mammal
articular cartilage are encapsuled in individual cavities (lacunae), as it is shown in
figure 4.2. Therein, the rounded shape is acquired and remains unchanged during the

cell cycle.
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Figure 4.2. Histological slice of bovine articular cartilage stained with NBT observed

at magnifications 10X and 40X.

Regarding cell size differences from Figure 4.1, once spread on flat surfaces,
chondrocyte shape is importantly changed and cell size can reach up to 30-50 um
compare to their average diameter of 10 to 20 um when the rounded shape is
maintained, i.e., when adhered to CS fibers and in the native lacunae.

These initial cell culture experiments allowed the identification of the key steps needed
for cell development and, considering the particular case of chondrocytes on the

produced chitosan fibers, a schematic behavior is proposed is figure 4.3.

7 \ - -
! Cell-substrate Cell Proliferation
. ’t adhesion # When adhesion is strong
Cell seeding After contact with a =" enough, cells start colonizing
Initial suspension of surface, cells produce }‘;,‘;; m}:ﬂsﬂ“?:gef:;‘g
cells. early attachment. cell grow and adaptation.

Figure 4.3. Successive steps of chondrocyte culture observed on chitosan fibers.
2. Chondrocyte adhesion
1.1. Chondrocyte adhesion kinetics

For the adhesion study, the thicker CS fibers were selected, facilitating sample
handling. A predefined density of chondrocytes (10000 cell/cm?) were seeded on
chitosan mats and films, then, they were collected from the substrates after different
culture periods up to 24 hours. For these measurements, it is admitted that adhesion
between seeded cells and supports occurred during the first hours of contact (Nguyen
& Gu, 2016). Firstly, the totality of adhered cells is detached from the substrates and
counted by fluorescence as described previously. It is expressed as the fraction of total
adhered/seeded cells on the same surface of support (1 cm?). Secondly, the fraction (in

%) of living cells among the total cell detached were calculated based on the viability
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fraction from the cell counter. In figure 4.4. the variation with time of the ratio of total

adhered/seeded cells is presented.
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Figure 4.4. Cell adhesion kinetics of chondrocytes: adhered cell ratio as a function of
seeding time, on neutralized chitosan fibers produced from CS/PEO blends using PEO
MW = 5000 kg/mol compared to the adhesion response on CS film. Error bars represent

mean + SD; n=3.

For each substrate having different morphology, it is shown in figure 4.4 that the total
number of adhered chondrocytes, counted after detachment, increases as a function of
seeding time. Cells were observed to develop more efficiently on fibers compared with
films. This difference is attributed to the substrate topography and accessible surface
for cell adhesion, which is lower on the chitosan films compared to fibrous supports.
On fibers, characterized by pores having dimensions around the magnitude order of
cell diameter, the cell adhesion ratio is observed constant (no significative difference)
over ~ 8 hours after cell seeding. This behavior could be related to entrapment in the
fibrous mat causing a lower cell detachment yield (i.e.,, cell quantification), but
indicating a stronger adhesion. This process is confirmed since some remaining
adhered cells were observed on the fiber mat by microscopy after trypsinization and
PBS washings.

In the same experiment, the quantity of adhered living cells can be estimated using cell
viability values (given by the cell counter). Living/total cells ratios are presented in

figure 4.4 for both chitosan substrates.
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Figure 4.5. Living chondrocytes fraction as a function of seeding time, for the adhesion
response on neutralized chitosan fibers (m) produced from CS/PEO (80/20) blends
using PEO MW = 5000 kg/mol and CS film ( A) as control. Error bars represent mean
+ SD; n=3.

In the case of fibrous supports, no significant difference (p<0.01) was found for the
measurements at 8, 15 and 24 h. It indicates that cell viability is nearly constant 8 hours
after cell seeding. In contrast, the fraction of living cells decreases continuously on
films (statistical difference for p<0.01) during the 24-hour observation, probably due
to limited surface available after spreading. Actually, on chitosan film as well as on
coated polymeric surface, cells adhere, expand and occupy a larger area than cells
adhering to fibers which remain nearly spherical (Figure 4.1). This behavior was
observed previously on nanofibers allowing chondrocyte phenotype preservation
(Garcia-Lopez et al.,, 2015; Jin et al., 2014; Rogina et al., 2021). These data may also
justify the decrease in cell viability as a function of time, observed on CS films since
trypsinization could disrupt protein linkages and then cell properties, at least partially.
Cell viability, shown in Figure 4.5, indicates a good adaptation of chondrocytes with
the nanofiber mat substrate proposed. Once adhered and adapted to the substrate,
cells remain alive and start colonizing the new matrix, as viability fractions increase
over 15 h. Consequently, chitosan films are less convenient for chondrocytes
development.
1.2. Parameters influencing cell adhesion

Dried fiber mat samples produced with both PEO molecular weights were used for

chondrocyte culture allowing to compare the role of fiber diameters. Cell counting
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after 24 hours of seeding helped to evaluate the influence of the neutralization step

and fiber diameter on cell adhesion. A series of results is given in Table 4.1.

Table 4.1. Fraction of adhered cells on chitosan fiber mats after 24 hours of seeding

and cell viability expressed as %*.

Molecular Weight of PEO in the | With neutralization | Without neutralization

CS/PEO blend step step
0.520 = 0.244 0.714 +0.248
MW = 1000 kg/mol
*87% *79%
0.495 +0.178 0.611 +0.232
MW = 5000 kg/mol
*85% *81%

In absence of neutralization, PEO fraction becomes soluble in the culture media at
pH=7.4 during the first step of biomaterial conditioning. It was previously proved that
chitosan remains insoluble in this case but with a slightly higher degree of swelling
(Garcia Garcia et al., 2018). From table 4.1, it is demonstrated that the fraction of
adhered cells shows a slight decrease as the PEO MW increases in relationship with
the increasing of fiber diameter and porosity. The viability remains the same for the
two types of neutralized fibers. Slightly higher values for adhered cells on as-spun
fiber mats (without neutralization) could be related to electrostatic interaction between
the residual protonated groups in chitosan chains and the cell membrane negatively
charged. However, in this case, slightly lower viability is obtained.

Taking into account these parameters, neutralization of chitosan fibrous mats is
considered necessary for substrate stability while maintaining a high living cell ratio
during cell culture. In the same context, fibers containing PEO MW=1000 kg/mol are
preferred as it is easier to take out from the mats during neutralization (Garcia Garcia
et al., 2018).

2. Proliferation of chondrocytes on CS fibrous mats
2.1. Neutralization step and fiber diameter influence

Related to fibrous substrates, fiber size is considered an influencing factor on cell
development (Bhattarai et al., 2005; Noriega et al., 2012). The materials produced from
the blend CS/PEO, with both PEO MW, were used to compare the proliferation
behavior of chondrocytes on fiber mats having different fiber diameter.

After detachment of cells from the chitosan fibers and films by trypsinization, the
viability and quantity of total cell detached were determined. Living cells

quantification on chitosan substrates for different proliferation times are shown in

96



Figures 4.6 and 4.7 involving the two diameter fibers compared to a film. The effect of
the neutralization treatment of the chitosan fibers, being important for fiber stability is

joined.
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Figure 4.6. Cell proliferation for chondrocytes on chitosan substrates: total living cells
detached as a function of time for PEO, MW =1000 kg/mol on pure chitosan fibers (M),
as spun-fibers (®) and CS films (¥). Error bars represent mean + SD; n=4 for fiber mats
and n= 3 for CS films respectively.
2 4E+05
2 0E+05 u Not neutralized fibers
m Neutralized fibers

m CS Film

1.6E+05

1.2E+05

Detached cells

8.0E+04

4.0E+04

0.0E+00

7 14 21
Time (t), days

Figure 4.7. Cell proliferation for chondrocytes on chitosan substrates: total living cells
detached as a function of time for PEO, MW = 5000 kg/mol on pure chitosan fibers (M),

as spun-fibers (®) and CS films (¥). Error bars represent mean + SD; n=4 for fiber mats

and n= 3 for CS films respectively

An increasing cell development is observed with time in Figures 4.6 and 4.7, as

expected, for colonization on a compatible substrate. From Figure 4.6, on the thinner
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fibers, after 7 days of culture, around 3.5 times more cells were detached from the
neutralized fibrous substrates compared to films. These data also allow to conclude
that fibers made of pure chitosan (after neutralization step) favor proliferation of
chondrocytes in comparison with results before neutralization. In both cases, the
number of detached cells is higher in contrast to the chitosan film. This could be related
to the local cell confluency reached first on the cast films where cells decreased their
activity and started detaching. Whereas chondrocytes on the electrospun fibers kept
on growing as the available surface to create adhesion anchoring point is larger
(Subramanian et al., 2005). Moreover, on mats produced with 5000 kg/mol PEO, pores
are larger favoring cell penetration into the fiber network. These results from cell
development on film and neutralized fibers confirmed the data obtained for the

adhesion step in Figure 4.4.

A higher number of cells, at t=7 and 14 days after seeding, were found on fiber mats
produced from the blends with 1000 kg/mol PEO while less chondrocytes seemed to
be colonizing the mats fabricated with 5000 kg/mol PEO. The later providing
information with wider standard errors.

Finally, thinner chitosan fibers are more efficient for adhesion and proliferation of
chondrocyte cells. Moreover, longer cell observations on chitosan nanofibers,
permitted to identify the oval shape of chondrocytes, conserved up to 14 and 21 days,

indicating phenotype preservation as mentioned previously.

2.2. Effect of solvent and composition of the blend

Accordingly with previous discussions, CS/PEO fiber mats have been produced using
two PEO MW (5000 and 1000 kg/mol), which gives as result an important difference
in fiber diameter. However, thinner fibers, produced with 1000 kg/mol PEO, were
considered more efficient for cell development even though the sample handling is
slightly difficult.

Related to fiber preparation with PEO MW=1000 kg/mol, formic and acetic acid have
been used during electrospinning, allowing the production of fibers with close
diameter values, around 120 nm and 150 nm respectively. In the same context, when
composition of the blend is analyzed, 80/20 and 70/30 CS/PEO proportions enable the
fabrication of fibrous mats. In order to contrast the effect of these variables on cell
development, proliferation tests were performed for the different samples and
proliferation profiles are shown in figure 4.8. Cells were detached from the samples

and quantified by fluorescence in a cell counter.
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Figure 4.8. Proliferation of chondrocytes on chitosan substrates. Total living cells
detached as a function of time on neutralized chitosan fibers produced from the
blends: (®) CS/PEO 80/20, () CS/PEO 70/30 using AcOH as solvent, (') CS/PEO 80/20,
(™) CS/PEO 70/30 using FA as solvent; and (M) CS films. PEO MW= 1000 kg/mol. Error

bars represent mean + SD; n=3.

From the culture experiment results presented in figure 4.8, cell development is
confirmed for the studied substrates. Even though a situation with four different
samples seems to be faced, small differences in total living cells, detached from the
substrates, are found when comparing cell number at 7 and 14 days after seeding.
Viability of the detached cells was registered, with living cell proportions between 90%
and 100% for all fibrous supports. According to cell/substrate observations,
characteristic dimension of cells (~20 um) is two orders of magnitude higher contrasted
to the one of as-spun fibers (~120 nm and ~150 nm), for FA and AcOH as solvents
respectively. Then, the influence of the fiber diameter difference on cell culture, due to
the solvent could be neglected.

In the same context, since the neutralization step of CS/PEO mats prior to cell seeding
is needed, PEO extraction can be assumed (Garcia Garcia et al., 2018). Consequently,
pure CS fibers are in contact with cells whatever the PEO content after electrospinning
(30 or 20%).

In conclusion, when applying CS/PEO mats with close fiber diameters and polymer

content for cell development, a similar response can be expected. A slightly higher
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number of cells was detached from fibers obtained from the blend CS/PEO 70/30 (FA
as solvent) in comparison with the rest of substrates. This minor difference can be
attributed to the sample topography since systems containing FA were observed to
reduce fiber defects and fiber-fiber adhesion, during fiber collection, due to higher
solvent volatility (C. E. Garcia et al., 2020). For further analysis, fiber mats produced
from blends with a 70/30 CS/PEO content, in FA as solvent, are utilized.

2.3. Influence of CS fiber structuration on cell development

Similar proliferation tests were performed on fiber mats produced from the blend
CS/PEO 70/30 in FA varying, in this case, the fiber arrangement. The different fiber
organizations have been obtained by wusing several collectors during the
electrospinning process. It has been discussed that solutions containing chitosan are
difficult to spin, and patterned collectors are partially replicated by the spun fibers
(Chapter 3, Section 3.3). Nevertheless, the relevance of fiber arrangement on cell
development is worth to be covered. In figure 4.9, total living cells were quantified as
a function of time for several fibrous substrates produced by electrospinning on
aluminum foil, patterned and rotatory collectors. The results are compared to cell

colonization on CS films.
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Figure 4.9. Proliferation of chondrocytes on chitosan substrates. Total living cells
detached as a function of time on neutralized chitosan fibers produced from the blend
CS/PEO 70/30, using different fiber collectors: () rotatory cylinder (at 1500 rpm), ()
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aluminum foil, (') square-patterned collector, (™) hexagonal-patterned collector and
(M) CS films. PEO MW= 1000 kg/mol. Error bars represent mean + SD; n=3.

During these measurements, it is confirmed that all types of fibrous substrates have a
more efficient performance for chondrocyte development than the CS film. Detached
cells duplicate around every 7 days and cell viability values are found close to 90-95%
in the studied fiber mats. Detached cells present an average diameter in the range of
14-22 um. This result corresponds to primary chondrocytes reported to have an
average size between 10 and 40 um (Hirsch et al., 1997).

Cell development profiles on aligned fibers were close to the behavior on the CS film.
This could be related to the high fiber density in the mat, since fibers are mostly
oriented and, consequently, closely packed. Moreover, during electrospinning, the
collector rotation promotes fiber stretching while alignment, approaching the
substrate topography to a thin film (Thomas et al., 2006). Mass/volume ratio for
aligned fiber mats was estimated in the range of 0.090-0.105 g/cm?. Mats of randomly
collected fibers may also present higher degree of compactness compared to structured
fiber mats (Table 3.7, chapter 3), with fiber mat specific mass between 0.069-0.082
g/cm®. More compact materials were observed to promote cell detachment, cell cluster
formation and slower cell development (observed on CS films and aligned fibers).

In the case of fibrous mats recovered on the structured collectors with squared and
hexagonal mesh, a significant increase in detached cells quantity is found in contrast
with the rest of substrates. Structured substrates show low material density which
suggests they are more porous, a key property of materials for biological applications.
When squared and hexagonal patterned substrates are compared, cell proliferation
seems to be favored on the former, but no relevant difference is found since detached
cell quantities differ in a 10 % between both types of substrates. For further cell culture

measurements, CS/PEO mats on square pattern collectors were selected.

2.4. Proliferation measured by colorimetry

Colorimetry, by intercellular INT reduction, helped to support and improve cell
counting measurements performed by fluorescence. In this technique, cell detachment
is not required, which is an advantage since an important number of cells could still
be adhered to the fiber mat even after the trypsinization in the detachment step. The
assays were performed on cells adhered to CS fibers, produced from the blend CS/PEO
70/30 (square pattern) as a function of time.

In figure 4.10, the proliferation profile of chondrocytes C20A4 on CS-based mats is
presented. Since favorable repeatability was observed, absorbance measurements are
related to a cell number after absorbance calibration using a known concentration of
chondrocytes.
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Figure 4.10. Proliferation curve obtained by INT colorimetry of C20A4 cultured on CS
fiber mats (substrate surface = 1 cm?). Absorbance values were measured at 490 nm.
Fit in dotted line.

From these experiments, a similar trend is observed compared fluorescence cell
counting. The number of cells that develop on the mat increases exponentially with
time, according to the fit, indicating an exponential growth with a characteristic
growth time (1) of 9 days. When relating the absorbance with the cell quantity, it
reveals that cells could reach a proliferation ratio of 50 comparing day 1 with day 35.
In terms of cell quantity, a higher number of adhered cells is identified with this
method in contrast to fluorescence counting, for a similar observation time. At t= 14
days, ~ 120 000 cells counted by fluorescence while colorimetry relates the absorbance
to ~ 200 000 cell. The difference increases for measurements at t=21 days. This can be
attributed to a more efficient cell determination since they are quantified without any
detachment process, hence cell loss and the experimental error are reduced.

Visually, the evolution of the extract color intensity with proliferation time is clear.
This method has shown adaptability, as it is applied to the cell/substrate ensemble,
and helped for cell counting of adherent cells difficult to detach from CS mats.
Presence of supports was observed not to affect spectrometry measurements.

2.5. Fluorescence staining

From cell proliferation studies, the influence of the substrate morphology on the cell
population, colonizing the supports, was obtained. Cell visualization could apport
more evidence of cell shape and adaptation to the fibrous mat during proliferation.
However, cells are transparent and difficult to identify in the mat. Thus, cell staining
with Red-FP defective virus and Hoechst-33342 dye was applied to chondrocyte

culture, on various chitosan-based substrates.
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2.5.1. Staining assessment by FACS

Hoechst-33342 staining helps to mark the nuclei of fixed cells, while Red-FP cell
transfection is carried out on living cells marking the cytosol, as describe in the
method. The effectiveness of the staining process was confirmed by Fluorescence-
Activated Cell Sorting (FACS). This technique gives also information about cell form
which could be relevant to establish the effect of staining on cell health (in the case of
Red-FP).

In figure 4.11, from flux cytometry results, a representative sample is presented in
terms of size, quantity of particulates inside of the cell (granularity) and fluorescence

intensity for chondrocytes C20A4 before and after Red-FP transfection.
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Figure 4.11. Analysis by flux cytometry of chondrocytes C20A4. On the left, cell
size/granularity distribution and, on the right, fluorescence intensity distribution of
cell populations P1 (orange) and P2 (violet); before (A) and after (B) Red-FP
transfection. Red FP produced by transfected cell is read at 488 nm, filter 486/42.

From single-cell flux cytometry analysis, presented in figure 4.11, the differences in
morphological cell parameters on the size/granularity distribution, helped to identity
two populations: a major population P1 and a subpopulation P2. The subpopulation
displayed a decrease in forward light scatter (FSC) and an increase in side scatter (SSC)

indicative of cell shrinkage and increased granularity, respectively, both indices
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representing characteristics of apoptotic cell death. The major population P1 presented
an increase in FSC related to viable cells (Healy et al., 1998).

Concerning the fluorescence intensity of P1 and P2, a peak between 0-100 is observed
for non-transfected cells in figure 4.11A. When transfection (staining) occurs, the
fluorescence peaks are shifted to values in the range of 10* -10° for P1 and around 400
for P2 (figure 4.11B). The lower fluorescence from unhealthy cells of P2 corresponds to
a 11-13% of the total measurements. Before and after Red-FP transfection comparison
for P1, clearly shows that transfected living cells emit 200 more fluorescence, at the
studied wave length.

In the case of cell staining with Hoechst 33342 marker, the fluorescence peak is
displaced from ~ 7000 to ~50000, for a unique cell population P1, as it is shown in figure
4.12A and B.
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Figure 4.12. Fluorescence histograms from flux cytometry of chondrocytes C20A
before (A) and after (B) staining with Hoechst 33342. The marker is read at 405nm,
filter 450/40.

Globally, both markers could allow cell observation by fluorescence microscopy. Cell
transfection with Red-FP is effective and cells can be stained with both fluorochromes.
2.5.2. Fluorescence Microscopy

Stained chondrocytes were more efficiently monitored by fluorescence. From this
technique, the nuclei (in blue) and the cytosol (in red) can be observed for cell culture
on any substrate.

Firstly, cells cultured on well plates were analyzed by fluorescence. When seeded,
C20A4 chondrocytes are round with diameters between 10 and 40 um. Once cells
become adherent, after some hours accordingly to cell adhesion tests, they acquire a

star-like morphology as it is observed in figure 4.13.
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Figure 4.13. Chondrocytes C20A4 adhered to a culture dish, 24 hours after seeding,
observed on an inverted fluorescence microscope. (A) normal light, (B) Red-FP
transfection, (C) Hoechst-33342 staining and (D) Image overlay. Lasers: Blue,
Excitation 325-375 nm/ Emission 435-485 nm and Red, Excitation 510-560 nm/Emission
590 nm. Scale bar corresponding to 150 um.

As it is presented in figure 4.13, the combination of blue/red fluorescence allows to
easily identify cell placement in the mat and possible cell arrangements. More
importantly, cell staining allows to distinguish the cell morphology when adhered to
a substrate. In flat surfaces, such as CS films or culture plates film, large spread cells
are observed, as it has been argued in this chapter.

Consequently, fluorescence microscopy observations were performed in order to
reveal the cell morphology adopted once chondrocytes developed on CS fibers.
Several types of substrates were utilized for cell culture as it has been presented in
proliferation measurements. Contrasting fiber orientation, cell staining was applied to

culture on aligned and random fibers, as shown in figure 4.14.
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Figure 4.14. Chondrocytes C20A4 adhered to CS fibrous mats, observed on an inverted
fluorescence microscope, 10 days after seeding. Substrates: aligned fibers at
magnification 4X (A), 10X (C) and 40X (E); randomly oriented fibers at 4X (B), 10X (D)
and 40X (F). Lasers: Blue, Excitation 325-375 nm/ Emission 435-485 nm and Red,

Excitation 510-560 nm/Emission 590 nm.

From figure 4.14, it is observed that cell alignment has been partially influenced, in
certain zones of the substrate, by fiber orientation. Sequences of chondrocytes, with

length between 100-500 pum, are found on the mat following the same directions of
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fibers (visible in figures 4.14 A, C and E). On randomly deposited fibers, cell
development did not present any special arrangement; cells adhered and proliferate
in small groups, distributed all over the sample. Around 10% of the substrates is
occupied by cells, after microscope observations at t = 10 days. Moreover, cell cluster
formation materialized by circles in figure 4.14, occurred on both substrates. This
suggests an intrinsic tendency and capacity of cartilaginous cells, to form aggregates
to shorten the diffusion distance for nutrients as well as for cell mediators. In articular
cartilage chondrocyte clusters are characteristically round with no more than 20 cells
(Boock & Henriksen, 2010).

In the same way, using as reference proliferation tests, fluorescence microscopy
observations were performed for chondrocytes cultured on patterned mats: square

and hexagonal meshed-substrates as it is presented in figure 4.15.
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Figure 4.15. Chondrocytes C20A4 adhered to CS fibrous mats, observed on an inverted
fluorescence microscope, 10 days after seeding. Direct observation on microscope (A)
and (B). Substrates: Square-patterned mat, at magnifications 4x (C), 10x (E) and 20X
(G); Hexagonal-patterned mat 4x (D), 10x (F) and 20X (H); Lasers: Blue, Excitation 325-
375 nm/ Emission 435-485 nm and Red, Excitation 510-560 nm/Emission 590 nm.

Illustrated in figure 4.15A to 4.15H, adhered living chondrocytes, on square and
hexagonal-patterned CS fibrous mats, are found along the mesh edges of the substrates
but also developing in other zones of the mat. A higher concentration of cells is mainly
detected on the vertices of the patterned mat (figure 4.15 E and F). This corresponds as
well to a higher concentration of fibers, being the guiding points of the pattern during
electrospinning, a similar conclusion was reached studying with C2C7 myoblast
cultured on PLA-based structured scaffolds (Gangolphe et al., 2021).

Compared to aligned and random fibers, cell cluster is also observed on structured
collectors. Microscopy indicates an occupation cell/substrate of ~14% after 10 days of
culture, which is significantly higher than substrates shown in figure 4.14. Similar
differences are observed when comparing substrate proliferation profiles, with lower
number of cells detached from aligned and random fibers.

Regarding the cell shape, round chondrocytes are mostly observed on square and

hexagonal-patterned substrates, with some oval cells aligning to the fiber mesh as it is
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presented in figure 4.15 G-H. Thus, cells show adaptation to the mat topography with
rounded shapes on porous substrates and cell spreading on flatter and compact
surfaces (CS films). It has been observed during experimentation that cells adopt
easily, more accidented substrate reliefs i.e., sample wrinkles and folding. Specific cell
arrangement during culture, would be more efficient on fibrous mats having
exclusively guided fibers, which is difficult to obtain with chitosan systems.

From cell development profiles, higher proliferation rates were observed for
chondrocytes on square-patterned fibrous mats. Thus, observations on fluorescence

microscopy at longer culture periods were carried out, as it is presented in figure 4.16.
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Figure 4.16. Chondrocytes C20A4 adhered to CS square-patterned fibrous mats,
observed on an inverted fluorescence microscope, 28 days after seeding. In bright field
at magnifications 4x (A) and 10 X(C); In fluorescence at 4x (B), 10x (D) and 20X (E)(F).

Red laser: Excitation 510-560 nm/Emission 590 nm.
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From this figure, it is noticed that, cell arrangement is not generalized even after 28
days of culture. Several sites in the sample presented cell cluster formation and
growing, with aggregates in the range of 300-500 um (Figure 4.16 A-B). It is also
observed that cells have kept their round shape up to 4 weeks of culture (Figure 4.16
C-F), favoring phenotype preservation. Accordingly with the cell/substrate
occupation, chondrocytes develop on the 30-46% of the surface of the mat.

3. Proliferation of chondrocytes on PEC fibrous mats

Hyaluronan, not only acts as a joint lubricator, but also as a significant regulator of
cellular behaviors during adhesion, migration and proliferation, since it is a native
component of the ECM (Solis, Chen 2012). Thus, it is expected to obtain a combination
of HA and CS properties, when forming a polyelectrolyte. Electrospun nanofibers
obtained from the blend PEC/PEO 70/30 w/w, at a CS/HA masse ratio = 1 (Rc = 2.35),
were applied as substrates for chondrocyte development studies. The aim is to
compare the performance of the PEC vs pure CS, evidencing the potential, in biological
applications, of the complex CS/HA.

Prior to use with PEC fibers, compatibility and viability were evaluated by NBT cell
marking. Chondrocytes cultured on a CS/HA film were observed 7 days after seeding,

as it is illustrated in figure 4.17.

N

Figure 4.17. Chondrocyte proliferation on CS/HA (Rc = 2.35) casted films, after 7 days
of incubation, at magnification 10x (A) and 20x (B). Scale bar equal to 100 um.

On the PEC films, cells are observed to adhere and spread, covering the surface,
similarly to their behavior on CS films (figure 4.1C). Formation of some cell clusters
was also identified (Figure 4.17 A), with cells developing around conglomerates. More
elongated chondrocytes, with an average size ranging 20-50 um, are detected on the
film surface. Cell morphology can be influenced by the presence of HA in the film
which provides a high degree of swelling compared to pure CS.

In the case of fibers, proliferation profiles were also analyzed by fluorescence counting

at times between 1-7 days. In table 4.2, the number of living chondrocytes, detached
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from PEC fibers, is presented. The results are compared to CS fibers for a similar
incubation time; cell viability is included for each observation and the samples were

neutralized and washed in PBS before cell seeding.

Table 4.2. Living cells on PEC (after thermal treatment) and CS fiber mats as a function
of incubation time and cell viability expressed as *%. Samples of fibers were prepared

in square patterned collector.

Cell counting
Electrospun Incubati 5 | Incubati 4 | Incubati ”
system Seeding (t=0) ncubation = ncubation = ncubation =
days days days
1.4x10*£10° | 5.5x10*+ 6x10° | 1.14x10°+3x10* | 1.63x10° + 5x10*
PEC/PE
/PEO 96.8% *100% *91.4% *98%
CS/PEO 1.4x10*£10° | 2.1x10* £ 4x10° | 3.14x10*+2x10° | 6.5x10* + 4x103
96.8% *92.8% *100% *95%

From these results, un increasing number of cells was detached from both substrates,
considering samples with the same dimensions. Chondrocyte development is clearly
favored on the PEC fibers, compared to chitosan supports. Both systems shown an
elevated cell viability with values >90 %.

Measurements at longer periods were unable to make due to high substrate swelling
degree, which affects sample handling and cell counting. However, fluorescence

microscopy observations were performed on chondrocytes, initially stained with Red-

FP, and cultured on PEC fibers, as it is presented in figure 4.18.

B

A
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Figure 4.18. Chondrocytes

C20A4 adhered to PEC fibrous mats, observed on an

inverted fluorescence microscope, 14 days after seeding. In bright field and

fluorescence at magnifications 4x, (A-B), and 10x (C-F). Red laser: Excitation 510-560

nm/Emission 590 nm.

Mlustrated in figure 4.18, adhered living chondrocytes, detected by their red
fluorescence, show adaptation to PEC fibers, occupying the sample and developing
abundantly in all zones of the mat. Several sites in the substrate presented high cell
concentration indicating possible cell cluster formation as it has been observed for CS
fibrous mats. One of the factors, favoring cell adhesion on substrates containing HA,
is the presence of specific interactions, receptor-ligand type, between the extracellular
membrane and HA chains.

It is also noticed that cells have kept their round shape up to two weeks of culture
(Figure 4.18 E-F) which indicates cell primary characteristics preserving. The
cell/substrate occupation is estimated over 50% which is higher than values observed
for proliferation on CS fibers.

As a preliminary study of chondrocyte development on PEC materials, it is important
to remark the high cell affinity observed and the promising results that were obtained

through cell culture. Cell adhesion and proliferation is favored by the presence of both
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polymers, CS and HA. In terms of application, it is relevant to establish the appropriate
incubation time to ensure substrate stability for biological purposes.

4. Conclusion

Chitosan based substrates have shown chondrocyte compatibility and non-toxicity.
Accordingly with the topography of the mat, a determined cell morphology is
observed. Large spread cells develop on films while rounded cell shapes are found on
fibrous substrates. The difference of substrate types has also affected cell proliferation
profiles. With this consideration, square-patterned mats are defined as the more
efficient fibrous substrate, even though the mesh of the samples do not provoke a
perfect cell arrangement in the mat. Aiming to maintain the native characteristics of
chondrocytes, cell shape could be an appropriate indicator. After nearly a month in
culture, oval cells were present on CS fibers and, after 15 days of incubation, on PEC
fibers. The later catching our interest since more elevated proliferation rates are
detected directly influenced by the composition of the mat.

Cell adhesion and proliferation studies helped to validate the application of CS fibers
as substrate towards biological approaches for cartilage regeneration with primary
chondrocytes. In this case, an analysis of phenotype modifications from extraction to
final stage are needed.

Structuration of chitosan-based electrospun nanofibers could be applied for tissue
regeneration of other tissues, such as endothelial tissue, muscles, skin and bones. In
order to fulfill a desired task, fiber arrangement, promoting cell guiding, could be

improved by the formation of macropores, allowing cell penetration into the scaffold.
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Chapter V. Proposed clinical approach. Fiber
suspension as an injectable system for cartilage
regeneration treatments

The use of engineered scaffolds for tissue repairing implies, in most of the cases, the
implantation of the mat, charged with cells and/or growth factors (Iwasaki et al., 2011).
Even if nanomaterials based on chitosan are biodegradable in the body, a surgery is
generally required to place the cell/substrate ensemble in a determined living tissue.
As it has been presented and discussed in this project, fibrous scaffolds prepared by
electrospinning from CS-based systems, could act as efficient tissue regeneration
promoters.

In the case of articular cartilage, surgery is recommended according to the patient
conditions and, when the rest of available treatments does not work. However, it could
result in a higher impact to the joint, considering the low regenerative response of
deteriorated cartilage.

As an alternative approach for too invasive surgical intervention, it is proposed to
prepare a cell/substrate suspension, able to be injected in the damaged zone. During
this research, chondrocytes cultured on CS fibrous substrates were observed to
maintain their native shape, which may lead to original functions preservation
contrary to monolayer cultures (B. Ma et al., 2013). In this way, it is important to
confirm the viability of this approach without affecting cell development.

With this purpose, CS fibers were obtained by electrospinning using a neutralizing
bath as collector. Aiming to produce an injectable system, fiber mats were fragmented
and dispersed in order to obtain a fiber suspension. Chondrocytes were then seeded
on the fragmented fibers, forming a cell/fiber suspension in culture medium.
Incubation times up to 14 days were studied in terms of proliferation rates and cell
morphology. In the same context, injectability of the system was assed, through
syringes usually used for viscosupplement hyaluronan knee application. At last, the
viability of the approach is discussed. Stages of the proposed method are described in
the next sections.

1. Electrospinning for fiber production

Initially, the feasibility of fiber dispersion preparation was attempted using aligned
CS/PEO fibers. These type of fiber mats were observed to produce fiber aggregates (big
fiber mat pieces) after fiber fragmentation.

In order to reduce fiber-fiber contact during fiber collection, and therefore aggregate
formation during fragmentation, CS/PEO electrospinning was performed with the
help of a basic EtOH/Water bath as fiber collector. In this approach, fiber-fiber
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adherence (linkage), is inhibited by a direct neutralization step during fiber collection.
The basic EtOH/Water bath acts as non-solvent while -NH: groups in aqueous
insoluble chitosan are regenerated.

The basic EtOH/Water bath is composed of EtOH/Water 80/20 v/v where K2CO:s is
solubilized until saturation at pH~12. The resultant solution is disposed on a wide
glass reservoir that acts as container and fiber collector. The glass recipient is placed
on a metallic plate, connected to the needle tip of the polymer container (syringe) and
electrospinning is performed on a vertical arrangement. Pure ethanol is constantly
added to compensate evaporation.

Similar to previous CS-based fibrous substrates, the blend CS/PEO 70/30 w/w in W/FA
50/50 v/v was selected. In table 5.1, the processing conditions for electrospinning are

presented.

Table 5.1. Conditions for electrospinning of CS/PEO on basic EtOH/Water bath.

Tip to
Flow Rate Collector Applied Electrospun

System .

(mL/h) Distance Voltage (kV) Products

(cm)

CS/PEO .

0.08-0.14 17 25-29 Fibers

70/30

It was observed that electrospinning of the CS/PEO blend, using the basic bath as
collector, needed similar parameters compared to electrospinning on structured
plates. Nevertheless, to achieve fiber formation, slight increase of the applied voltage
between the needle and the metallic plate bellow bath container is required. Glass
recipients are not electric conductors, this could influence the electric field needed for
the process.

The collected fibers formed a white mat at the air/liquid interface of the bath, then,
they adopted a form similar to small cotton balls as fibers were completely immerged
in the basic ethanolic bath. The samples were maintained in EtOH/Water 80/20 up to
three days after electrospinning in order to assure chitosan neutralization and mat
stability before further conditioning steps.

2. Fiber stabilization and fragmentation

Fiber stabilization includes washing of neutralized fibers with deionized water,
removing the rests of the basic bath, until neutral pH. Finally, the fibrous substrates
were dried in environmental conditions during two days.

For fiber fragmentation, two methods were applied consecutively: liquid nitrogen

freezing and fiber dispersion with an Ultra-Turrax®. The former helped to visibly
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preserve the fiber morphology when mats were fragmented, and the latter to
homogenize the suspension at a fixed rotation speed. Descriptively, the techniques are

presented in table 5.2

Table 5.2. Methods and conditions applied for CS/PEO fiber fragmentation and
dispersion.

Method Conditions
Step 1. Liquid Nitrogen Freezing

a) Addition of ~ 50 mL of
liquid nitrogen to the
sample.

b) Fragmentation step by
friction with a pestle.
The process was repeated 4

times

Step 2- Ultra-Turrax Dispersion

a) 3cyclesof15s
1
= 11000 —
f 000 p—r

The selection of both methods was optimized following the observation of the fiber
fragment sizes obtained. In fact, a wide fragment size distribution was noticed when
only liquid N2 (LN) freezing was carried out. With the use of the disperser, smaller
fragments were produced, homogenizing in some way the dispersion even though
some fiber aggregation was still observed.

In figure 5.1, size distribution and microscope images of dispersed fiber fragments are
presented. The fiber suspension was observed in wet state and measurements were

effectuated at each step of the preparation, i.e., once freezing and dispersing.
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Figure 5.1. Size distribution of CS fibers, fragmented by liquid nitrogen freezing (dark
blue) followed by Ultra-Turrax® dispersion (red). Comparative size of fragmented

fibers suspended in PBS, in images from (A) to (D). Scale bar = 100 pm.

The established process of fiber dispersion allowed the obtention of individual fiber
fragments (figure 5.1A) as well as fiber aggregates measuring up to 800 um (figure
5.1D). Once the first step (freezing) is performed, it is observed that almost 30% of the
suspended particles have dimensions larger than 500 um. This proportion is reduced
to 19% after the U-T dispersion is effectuated decreasing the size distribution. Such
fiber size could affect the ability of the suspension to be injected considering the usual
needle gauge for inter-articular injections between 22-25 (inner diameter in the range
of 0.51-0.30 mm) (Dennis Y., Wen M. D., 2000)

3. Fiber suspension conditioning and cell culture

Besides fiber size, other parameters are relevant for the targeted application. For
instance, fiber concentration is considered to directly impact the injectability of the

suspension but also the way cells develop on the suspended structures. For the
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biological tests, it was proposed to stablish the fiber concentration in the suspension
to consequently set the concentration for cell culture in the culture plate.

3.1. Conditioning

Samples of 5 mL of neutralized fiber fragments were suspended in Phosphate buffered
saline (PBS) at pH=7.4. PBS does not only serve as a washing solution but as a
biological medium, avoiding possible sources of pollutants (remaining EtOH and salts
from the neutralizing bath).

The suspensions were centrifugated and the pellets were dried, at air conditions, in
order to determine the concentration of fiber in the dispersion by dried weight

measurements using the equation:
Wa(mg)
where Ctrepresents fiber concentration, Wa is the measured dried weight and Vi

Cr(mg/mlL) =

corresponds to the initial suspension volume.

Average fiber content was estimated around 12.03 + 0.42 mg/mL (nsamples = 5). This value
includes the remaining solutes of PBS, that might correspond to 20% of the total dried
weight, leading to a Ct ~ 10 mg/mL.

For cell culture, the saline solution was extracted from the suspension by
centrifugation. At its place, Dulbecco’s Modified Eagle Medium (DMEM) was added
to the fiber precipitate until a final fiber suspension ~ 6 mg/mL, in DMEM, prior to cell
seeding. This value was set after the initial tests were carried-out, considering that cell
observation under microscope was unable in more concentrated fiber dispersions.

3.2. Cell culture, viability and proliferation

For chondrocyte culture, 500 pL of the fiber suspension per well, were placed in 12-
well plates. For cell seeding, 10 uL of a cell suspension, containing 10° cell per mL,
were disposed and actively mixed by pipetting with the fiber suspension. Finally,
DMEM was added to complete 3 mL per well and cells were incubated up to 14 days
for further analysis. Biological solutions and equipment applied for cell culture
procedures on CS/PEO and CS/HA/PEO fibrous mats (chapter IV) and fragmented
fibers (chapter V) are the same.

Cell viability was evaluated by NBT staining, marking cells in black purple, after 7
days of incubation. The cell/fiber suspension was centrifugated to extract them from
the suspending medium, then the protocol described in the methods was applied also
to fiber suspension. From these initial tests, living chondrocytes were identify adhered

to the fiber fragments and proliferate as it is presented in figure 5.2.
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Figure 5.2. Chondrocytes on fiber fragments, stained with NBT after 7 days of

incubation. Observations at magnification 10X and 40X. Scale bar =100 um.

From figure 5.2, it is noticed that individual cells adhere to the cut fibers suspended in
culture medium. Cells started colonizing the fragments and forming cell aggregates.
As it was found in fiber mats, some round cells are detected on fiber fragments,
however cell shape is unclear in the clusters.

Red-FP transfected chondrocytes are easier to identify by fluorescence microscopy
compared to normal C20A4 chondrocytes. The former cells were cultured on fiber
suspensions aiming to visualize and verify cell viability and compatibility. By
fluorescence observation, cell developing was observed as a function of time up to 14

days of incubation, in the way that it is depicted in figure 5.3.

7 days
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14 days

Figure 5.3. Red-FP transfected chondrocytes on fiber fragments after 7 and 14 days of
incubation. Observations on inverted fluorescence microscope at magnification 4X.

Red laser: Excitation 510-560 nm/Emission 590 nm. Scale bar = 100 pm.

Fluorescence microscopy allowed the observation of cell colonies in the fiber
suspension. It is noticed that cells proliferate in the zone where they adhere forming a
cell aggregate, which increases its size with time. Cell clusters of around 100 pm and
400 pm, are found on fiber suspension at 7 and 14 days, respectively. Cell aggregation
was detected also on nanofiber mats, as well as other types of cell organization.
Differently from fiber mats, cell development on suspended substrates represents a
significant change for adherent cells, such as chondrocytes, which are mainly adhered
to a surface or embedded in the ECM (Gao et al., 2014). For chondrocytes cultured on
fiber pieces, the contact with other fragments might be restricted, then aggregation
represents the most viable option for cells to adapt to the substrate and develop (Boock
& Henriksen, 2010).

Proliferation profiles on suspended fibers, obtained by INT-colorimetry, was
considered the most appropriate technique for cell counting. The procedure by
fluorescence needs detached cells for measurement, unable to be obtained from fiber
fragments. For this analysis, the protocol described in chapter II was applied for
chondrocytes cultured on fiber fragments. In the same way, a calibration curve was
prepared to associate absorbance values to cell quantities. In figure 5.4, the comparison
between proliferation rates in CS fiber and fragmented fibers, between 1-15 days of

incubation after seeding, are presented for chondrocytes C20A4.
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Figure 5.4. Proliferation curves obtained by INT colorimetry of C20A4 cultured on CS

fiber mats (@) and fragmented fibers (®). Absorbance values were measured at 490 nm.

From the curves shown in figure 5.4, cell development is confirmed by increasing
measured absorbance values, in the fiber suspension, as a function of time. Cell
quantities related to optical density reveals that cells could reach proliferation ratios
of ~12 comparing cell seeding (t=0) with day 15. After two weeks of incubation, 75%
more cells are found on fiber mats in contrast to fiber fragments. However,
proliferation profiles are close, and the number of cells on fragmented fiber is slightly
lower than on fiber mats, for a similar incubation time.

A decrease in the proliferation rate between days 11-15 are observed on cell/fiber
suspension compared to the fibrous mat, this decrease in cell activity could be
influenced by the cell adhesion, organization, cluster formation and the form of the
substrate (Rozario & DeSimone, 2010). Once adhered to the fibers in the suspension,
cell contact to other cut fibers and possible migration might be limited. In this way,
proliferating cells could be injected before cell confluency on fiber fragments is
reached.

3.3. Injection characteristics

This approach is founded in the possible injection of the cell/substrate ensemble for
therapeutic applications. For this purpose, an experimental test based on fiber and cell
injection viability was carried out.

Fiber suspensions were loaded into a 5-mL syringe adapted with a cylindrical needle.
Then, a flow rate of 0.017 mL/s was imposed using a KSD legato 200 infusion syringe

pump. The suspensions were evaluated to pass through different needle diameters,

122



before and after cell incubation, at 7 days of culture, as it is presented in table 5.3.

Needle blocking during defined injection feasibility.

Table 5.3. Evaluation of CS nanofiber suspension injection feasibility as a function of

needle diameter. Usual needle gauge for knee injection marked in the shaded area.

Outer Inner . .
Needle . . Fiber Fiber + Cell
diameter diameter . .
gauge suspension test | suspension test
(mm) (mm)
20 0.91 0.64 + +
21 0.83 0.56 + +
22 0.7 0.46 + +
23 0.63 0.41 + +
25 0.53 0.30 i *
27 0.42 0.22 - -

It was observed that needle diameters of 0.4 mm and larger (gauge 23) enable CS fiber
injections containing living chondrocytes. It is important from an experimental point
of view since first biological tests would be carried on small animals. Presence of cells
in the suspension restricted injectability using needles with an inner diameter lower
than 0.30 mm. It has been reported that cell injections are suitable at channel
dimensions larger than 100 um (M. Li et al., 2011).

Flow rate and needle diameter have been reported to influence cell damage
estimations for Schwann cells and 3T3 fibroblasts. In summary, lower cell damage
percentages are observed in wider needles and at lower suspension flow rates (M. Li
et al., 2011; Walker et al., 2010). However, cell viability post-injection, and 24 h after,
was found not significantly affected by the injection procedure on mesenchymal
stromal cells (Walker et al., 2010).

From other perspective, usual hyaluronan injections for knee cartilage treatments are
effectuated with needles having internal diameter between 0.3-0.5 mm (Dennis Y.,
Wen M. D., 2000), which is wide enough to allow a fiber/cell suspension injection
considering the carried-out tests.

4. Evaluation of the approach

The application of CS fiber suspensions as carriers for chondrocytes, to reach the
damaged zones of cartilage and enhance tissue regeneration, is also based on the

ability of cells to adhere and recolonized new substrates. At this stage of the research,
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cell viability and development have been confirmed. For the sake of further
implementations, these findings were supported by the analysis of fiber/cell/cartilage
adhesion and compatibility.

The mentioned procedure was carried out by incubation of cell/fiber dispersions on
histological slices of native mammal cartilage. To this end, red-FP transfected
chondrocytes C20A4 were used favoring cell observation. Firstly, the suspension
cell/substrate was prepared as described in sections 3a-b, and incubated during 7 days,
giving cells time to adhere and proliferate. Then, cell/fibers were seeded on fresh
cartilage slices, covering the bottom surface of a culture dish, and re-incubated for 3
days at 37°C. Finally, samples were observed by optical and fluorescence microscopy

as it is presented in figure 5.5.

4X

4X

10X
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Figure 5.5. Red-FP transfected chondrocytes on fiber fragments seeded on mammal
knee cartilage, after 7 days of incubation. Observations on optical and inverted
fluorescence microscope at magnification 4X and 10X. Red laser: Excitation 510-560

nm/Emission 590 nm. Scale bar =200 pm.

In figure 5.5, it is observed that fragmented fibers and cells are adhered to the native
cartilage surface after being incubated during 3 days. Living chondrocytes are mainly
identified by the emitted fluorescence, some cell aggregates and cut fibers are visible
on optical microscopy images. As it is noticed, the adherence cell/fiber/cartilage do not
occur in all cases as suspended fibers are also observed. In some cases, adhered cells
on cartilage were detected, indicating possible chondrocyte migration from the fiber
suspension to the histological slice. Considering the contact between cells and flat
surfaces, we have observed that normal adhesion strength is high on film-type surfaces
even at short contact times (C. E. G. Garcia et al., 2021). Thus, contact during seeding,
could promote the adhesion of cells and cell/fibers to cartilage as a new substrate.

As a model, these results suggest that chondrocytes, attached to CS fiber fragments,
could also adhere to other substrates once in contact. When injected to the articulation,
the cell/fiber suspension could be able to find new adherence points, i.e., possible
damaged sites in the joint. Chondrocytes, preserving their original functions and
adhered to the appropriate sites, could potentially promote tissue repairing.

In conclusion, the approach represents an advantageous way to place into injured
articulations the necessary agents for tissue regeneration. Considering other recent
findings, the cell/fiber suspension injection can be complemented with addition of
growth factors, active molecules and drugs to improve the effectiveness of the
application.

Further analysis can be carried out to complete the knowledge about cell/CS-based
substrate suspensions for cartilage treatments. Initially, the methods applied for fiber
fragmentation could be adapted to reduce fiber size, in case of practical difficulties,

mostly when working on biological tests in vivo.
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Equally, the influence of the fiber content in the suspension could be studied in order
to optimized cell development and injectability, as well as cell visualization. In this
concern, other techniques of microscopy such as confocal microscopy may help stained
cell imaging on fiber suspensions.

For this approach, cell viability modifications prior and post-injection should be
carried out to confirm low cell damage. In the same way, the understanding of the
effect of flow rate and needle diameter on cell characteristics could be deepen.

A major parameter to study is type-II collagen production of primary chondrocytes
throughout the different stage of the approach. This analysis could help demonstrate
that phenotype is preserved when cells are fixed on suspended CS-based nanofibers.
Finally, during tests in vivo, it is necessary to complement this approach with
cell/substrate tracking methods, aiming to detect the behavior and location of the

cell/fibers once introduced in the articulation.
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General Conclusions and Perspectives

1. Conclusions

In tissue repairing approaches, material preparation and characterization have a key
role since it defines the potential and limitations of the bio-structures proposed. All
along this research, a couple of polymeric systems based on chitosan have been studied
from processing conditions to application in biological domains. The relevance of
chitosan intrinsic properties such as non-toxicity, non-immunogenic nature,
antimicrobial activity and excellent biodegradability and biocompatibility are also
highlighted.

Firstly, the electrospinning of the blend CS/PEO was optimized, in acetic and
formic acid as solvents, allowing obtention of nanofibers on several collector types.
Subsequently, new biomaterials based on homogeneous polyelectrolyte complex
(PEC) of the blend chitosan and hyaluronan, were processed under casted films and
electrospun nanofibers. PECs are considered as compelling precursors of materials
with biological applications due to the specific characters of the two macromolecules
involved. Thus, fibrous mats of CS/PEO and PEC/PEO were successfully produced,

characterized, stabilized, and applied for cell development.

In terms of processing, spinnability of the blends increased with the PEO content. It is
confirmed that the PEO molecular weight and content, have a direct impact on fiber
morphology. Especially, higher PEO MW gives fibers with a larger diameter and,
consequently CS/PEO supports with larger pores. High yields of chitosan and PEC
(unprecedentedly prepared), in the fibers were preferred, for this reason PEO
(MW=1000 kg/mol) content was fixed at 30 % w/w in the electrospun blends.

Formic acid/Water, at 50/50 v/v, was considered the most appropriate solvent,
permitting electrospinning and PEC homogenization, contrary to the behavior of
solutions prepared in 0.5M acetic acid. Both CS/PEO and PEC/PEO fibrous mats, were
produced on square-patterned metallic plates, rotatory cylinder and aluminum foil,
as collectors. The conferred fiber arrangements were observed to affect mainly
mechanical and biological properties. Spun CS/PEO and PEC/PEO fibers presented
close average diameters in the range of 100-200 nm and low material density between

0.040-0.100 g/cm? compared to compact films (>0.70 g/cm?).

The stiffness and plasticity of as-spun fiber mats were observed to be affected
predominantly by the composition and the fiber arrangement, as mentioned before.
Samples containing larger proportions of CS in the blend, presented higher stress at

break values and lower strain %. The stress/strain on uniaxial tension experiments
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shows that chitosan is stronger than PEC, the latter presenting lower strain at break.
In the same context, for an equal sample composition, aligned fibers, from rotatory
collectors, shown higher resistance to tensile traction (with anisotropy in the two ways
of measurement and induction of some crystallinity) than randomly deposited fibers
and structured (square mesh) fiber mats. These tests allowed to detect the more
appropriate composition for the blend not only for the final application but to facilitate
sample handling.

For characterization purposes, PEC casted films were prepared as model to examine
other properties of the complex at solid state. The application of thermal treatment, at
120°C during 4 h, confirms the stabilization of the material by decreasing the aqueous
medium solubility and swelling degree while increasing the mechanical performances.
This effect is founded on the hypothesis of amide and H-bonds formation involving -
NH: and -COOH functions. On CS/HA charge ratios larger than 1.8, the swelling and
solubility are lower after thermal treatment with 22% and 4% respectively in aqueous

medium at pH>7.

In the case of fibers, CS/PEO mats were favorably stabilized by neutralization in basic
EtOH/Water 80/20 v/v medium (pH~12). This is a crucial step since it permits the
regeneration of protonated groups to the -NH: form, where chitosan is insoluble at
neuter pH values. Neutralization step for protonated CS is frequently neglected
leading to early material solubilization and substrate morphology modification. After

this stabilization, pure chitosan material is obtained being insoluble over pH=6.5.

For PEC/PEO fiber mats, washing in the EtOH/Water alkaline bath followed by the
thermal treatment, was found as the more appropriate stabilization process, obtaining
the lower partial solubility proportions at pH=7.4, important for biological
applications. As a non-solvent of CS and HA, the EtOH/Water solution allowed the

extraction of PEO prior to biological tests.

Considering application towards cartilage repair, culture of chondrocytes from the cell
line C20A4, enabled to test and understand chitosan/cell interactions, as part of the
biological response of CS fibrous mats and films, at short and long observation times.
Adhesion force, obtained by the SCFS method, is slightly higher for chitosan films
compared to fiber mats mainly attributed to the contact available surface during the
studied cell-substrate short contact times (60 and 120 s). This response can be explained
considering the quantity of cell-substrate bonds that could be formed in the larger
contact surface on the chitosan film in contact with the cell membrane. Such bonds
lead to a slightly higher detachment force and adhesion energy values even for short
contact times. The mechanism of interaction, for a single cell in contact with several

nanofibers, is modified in relation with the porosity of the substrate. On nanofibers,
128



measured forces are more homogeneous with higher force jumps and no modification
of the cell conformation. The adhesion strength, compared to a negative BSA coated
surface, is favored whatever the chitosan substrate used. This difference involves H-
bond and electrostatic loose contribution between chondrocyte and chitosan. The cell
adhesion study revealed that the adhesive response depends largely on the
topography (fibrous mat or flat films), nature, cell affinity, and electrostatic character

of the chitosan-based materials.

Along with the force adhesion measurements, an approach on cell viability, fraction of
adhered cells and proliferation on chitosan nanofibers was also evaluated in this work.
It is shown that chitosan nanofiber mats are perfectly stable in DMEM culture solution
during cell cultivation up to 5 weeks (maximum incubation time experiment). For the
first step of adhesion, corresponding to the first 24 hours of incubation, it is also
noticed that the adhered cell density is larger on fibers compared to film. This result
is related to the larger area available, in the case of fiber mats, for a given sample size,
having a lower material density compared with a compact film.

The fraction of living cells detached from the substrates, during the first day of
incubation, is higher and cell viability remains at least at 85% on fibers while it
decreases on films. These results are associated to the cell morphology modification
when attached to film (flat) compared to pseudo spheric cell on fibers.

Concerning cell development, it has been shown that proliferation is favored on
neutralized chitosan fibers, rather than on the CS/PEO as-spun mats and chitosan
films. Experiments indicated higher cell viability and proliferation on nanofiber mats
at 7, 14 and 21 days after seeding. As presented previously, the available surface,
morphology and stability of the substrate affect significantly the cell response once

cells are seeded.

Structured CS fibrous mats resulted more advantageous than randomly deposited and
aligned fibers, in terms of cell proliferation rates. However, for similar time
observations, high viability fractions were observed in all the studied fibrous supports.
Cell visualization revealed the influence of the substrate arrangement on cell
morphology. Fiber alignment partially provoked cell orientation once cells started
colonizing the substrate. Equally, other types of fiber mats (square and hexagonal
patterned mats), structured during electrospinning, showed that cells were more
abundant on zones with higher fiber density. This ability of cells to adapt to a
determined substrate topography, guiding fibers for instance, could result of
important relevance for specific applications where cell orientation is required. Oval

shaped chondrocytes were detected on CS fibrous mats during incubation at short and
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long observation times. Chondrocyte phenotype preservation is claimed to be favored
by cell morphology maintaining as they are in the native tissue.

Regarding the behavior of chondrocytes cultured on PEC fibers, cell compatibility is
confirmed with positive NBT cell viability tests and living cell fractions >92% between
1-7 days of incubation. For longer incubation times, it is noticed that the supports
present high swelling degrees and handling becomes difficult. However, cell
colonization was verified by fluorescence microscopy up to 2 weeks, with cells
occupying around a 50% of the mat surface. Additionally, on PEC fibers, chondrocytes
developed preserving the round cell form. This cell behavior could be also influenced

by the presence of hyaluronan which forms specific ligand-receptor bonds.

Towards a simplified clinical application, the cell/fiber suspension approach presents
several advantages contrasted to complete 3D structures. By injection, the necessary
agents for tissue regeneration can be placed into injured articulations avoiding surgical
intervention. It was confirmed that cell adhesion and proliferation on fragmented
fibers occurs as well as on cartilage. Then, healthy cells can be introduced by the
suspension injection and eventually adhere to the damaged zones of the articulation,

starting cell recolonization.

Overall, accordingly to the obtained results, it is clearly demonstrated that pure
chitosan and PEC nanofibers have good porous support for chondrocyte development
in view of application in tissue engineering. Considerably better adhesion, larger
fraction of living cells and large rate of proliferation are observed on nanofibers,
compared to monolayer culture on films. One advantage of the fibrous mats is the
large porosity of membranes as well as its large specific surface allowing a possible
high surface adsorption. The porous mat should allow cell migration, preservation of
cell morphology involving phenotype maintain, nutriment transport and
permeability.

In this work, original results about material preparation, cell adhesion and
proliferation of chondrocytes on CS-based substrates are presented. Stable pure
chitosan (biocompatible and biodegradable polymer) and CS/HA complex nanofibers
were produced with good stability in PBS buffer, no phase separation was detected for

the complex prepared in formic acid.

To our knowledge, no experimental data on SCFS have been published for
chondrocytes on different pure CS substrates. Data from the adhesive responses
presented here, allow to validate chitosan as an appropriate support for chondrocyte
adhesion. Owing to material porosity, chitosan-based nanofiber mats are the most

convenient supports as compared to homogeneous films for chondrocyte proliferation
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applied in tissue engineering, modeling the ECM structure and allowing cartilage

repairing.

2. Perspectives

This research has given several important findings towards biological applications of
chitosan based fibrous substrates. In the same way, it has opened the gate to numerous
perspectives and alternatives.

Part of the evaluation of the effectiveness of the CS-based fibrous substrates as a
support for phenotype maintaining involves the use of primary chondrocytes and the
analysis of the performance in terms of ECM production. This major feature is
evaluated throughout the measurement of the type-II collagen /type-I collagen ratio.
Functional chondrocytes would maintain a high collagen II production in the
appropriate scaffold. The comparison with other substrates would confirm the
enormous advantage of using CS (and/or PECS) for cell supports in cartilage mending.
Layer-by-layer CS/PEO and PEC/PEO materials can be produced by electrospinning,
as an approach to reduce PEC mats partial solubility and enhance sample handling
specially during cell culture. In the same context, additives such as nanoparticles or
active molecules can be incorporated to the electrospinning solution, producing
fibrous mats with specific characteristics. It can be included a high mechanical
resistance, enhanced bacteriostatic character, fluorescence precursors, high cell

adherence, particular cell-substrate receptors and cell activity modulators.

For the approach studied in this project, fiber dispersion for injection application
presented a wide size distribution. According to the practical conditions, stablished
when experimenting with living organisms, the fragmented fiber suspension
preparations can be improved and adapted to be injected directly in damaged joints
avoiding too invasive surgeries. In the same context, other procedures of cell seeding,
increasing the fraction of adhered cells could be implemented. Cell/fiber suspension
can be complemented with growth factors, active molecules and possible polymer
functionalization, to improve chondrocyte location, targeting the damaged tissues, as
well as favoring tracking analysis once cell/fiber suspensions are injected in the tissue

surroundings.

Related to chitosan functionalization, several studies point the potential of
carboxymethyl chitosan enhancing cell adhesion and bioimaging. Lactose-modified
chitosan, as an extracellular matrix for cells, particularly in cartilage repair has been
mentioned, as well as fluorinated chitin derivatives for better cell viability. Finally,

through a low marking rate, fluoresceine can be incorporated to chitosan, enabling
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bioimaging (Pokhrel & Yadav, 2019). Specific chitosan modifications are possible in
the -NH: group.

Validation of the CS based materials, as the more appropriate biomaterial for cartilage
regeneration, involves trials on animals and on humans. Helped by the biomedical
domain, the proposed methodology needs to be fully considered and adapted to

medical protocols.

The injection approach of the cell/fiber suspension could be equally considered for
trials on animals (mouse as model), with relatively easy injection conditions. For this
purpose, different strategies of continuous analysis in vivo need to be developed and
implemented to follow the effectiveness of the treatment, as aborded in previous

paragraphs.

The characterization of the new materials prepared in this study, could allow the use
of materials based on CS and CS/HA at physiological conditions towards biomedical
applications, such as more efficient drug/cell delivery systems and tissue engineering
scaffolds, keeping native cell functions. Additionally, as shown before, the
nanofibrous structure promote the attachment of human osteoblasts and chondrocytes
and maintain characteristic cell morphology and viability compared to other

structures.
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