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Abstract/Resumen

Abstract

issue engineering is an interdisciplinary field that combines principles from

engineering, biology and medicine to develop innovative solutions for the

repair, replacement or enhancement of tissues and organs within the human
body. One of the key factors in the success of tissue engineering is the development
of biomaterials that are not only biocompatible but also functional, capable of
effectively interacting with target tissue cells and promoting their regeneration.
These biomaterials can be three-dimensional scaffolds, biodegradable matrices or
bioactive products that mimic the properties of natural tissues and provide a
favourable environment for cell growth and differentiation. Furthermore, the
development of biomaterials that are specific to different tissue types and clinical
applications may facilitate the creation of more effective and personalised
treatments for patients, thereby improving their quality of life and accelerating their
recovery.

In particular, the treatment of chronic wounds represents a significant
challenge in healthcare, as these wounds can persist for weeks, months or even
years, affecting the quality of life of patients and generating considerable treatment
costs. In response to this pressing need, the development of biomaterials that
facilitate and accelerate the healing process of chronic wounds has become a crucial
area of research. Biomaterials utilised in wound dressings must provide a suitable
environment for tissue regeneration, promoting cell migration, proliferation and
extracellular matrix synthesis. Furthermore, in order to be considered optimal,
these materials must meet a number of requirements including the provision of a
temporary protective physical barrier against external agents or pathogens, the ease
of application, the maintenance of the correct level of moisture to promote re-
epithelialisation and the absorption of exudate. In addition, they must also
demonstrate good bioadhesion to the wound surface, elasticity, mechanical
strength, ease of sterilisation and biodegradability without toxic or antigenic
residues. Consequently, recombinant proteins are emerging as promising
alternatives in the field of regenerative medicine, thanks to their ability to be
engineered at the genetic level, which offers meticulous control over their
physicochemical and bioactive characteristics. This enables precise adaptations for
skin regeneration. Elastin-like recombinamers (ELRs) permit the incorporation of
specific epitopes, such as cell adhesion sequences, proteolytics, or biologically active
growth factors.

Therefore, the ELRs that are the subject of this thesis are based on the Val-
Pro-Gly-X-Gly pentapeptide repeat, which is found in natural elastin. The X residue
(host residue) can be any amino acid, with the exception of L-proline, which allows
the physicochemical properties of these ELRs to be modulated by simply choosing
one amino acid or another as host, thereby varying the polarity of the chain.
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Moreover, if this residue contains functional groups, it can also be used for further
chemical modifications to achieve, for example, covalently cross-linked hydrogels,
using fast, orthogonal and cell-compatible reactions. The sequence of hydrophobic
domains confers to ELRs a smart thermo-responsive behaviour in aqueous media,
defined by the inverse temperature transition (ITT), which occurs above the
transition temperature (Tt), leading to a change in protein conformation. This
thermal response enables the economical purification of these materials by means
of heating and cooling cycles, a process known as the inverse transition cycle (ITC).

The objective of this thesis is to develop novel wound healing wound
dressings by obtaining elastin-based scaffolds, either membranes or hydrogels.
These will be employed to incorporate enhanced bioactivities that meet all the
requirements to be considered as an ideal dressing to induce and improve skin
regeneration. In particular, a detailed physicochemical and biological
characterisation of ELR membranes will be carried out in order to determine their
suitability as dressings for the improvement of difficult-to-heal wounds.
Furthermore, the development of novel multifunctional elastin-based hydrogels
with a high degree of selectivity and bioactivity is proposed by the inclusion of
laminin sequences that significantly improve keratinocyte adhesion, thus conferring
a benefit in wound healing.

The initial chapter of this thesis assesses the physicochemical properties of
ELR membranes in terms of surface roughness, wettability and degradation as these
factors are crucial for the dressing to possess adequate properties for its intended
function and proper adhesion to the wound. Furthermore, they influence cell
behaviour in terms of adhesion capacity, proliferation, morphology and viability.
Subsequently, the biocompatibility and non-cytotoxicity of the membranes are
analysed using a range of methods in order to determine their suitability for tissue
engineering applications. In vitro cytocompatibility is evaluated by culturing
fibroblasts and keratinocytes on ELR substrates, showing optimal proliferation up
to 21 days. In addition, the ability of the cells to grow, migrate, and mature in the
presence of the membranes is analysed using diverse methodologies, including
gPCR and scratch assay. The regenerative capacity of these membranes is evaluated
with an ex vivo human skin model, which demonstrates good re-epithelialisation
without shrinkage, which is the main factor leading to visible scarring. Regarding in
vivo cytocompatibility, cells colonise the material, and ELR membranes remain
stable for at least seven weeks following subcutaneous implantation. Furthermore,
no rejection or foreign body effect is observed after macroscopic and histological
evaluation, as no fibrotic tissue is observed. Finally, ELR membranes are implanted
in a healing study involving a full-thickness excision model in mouse skin,
demonstrating a beneficial effect on defect regeneration. Consequently, this
membrane system demonstrates significant potential in wound regeneration,
promoting self-regeneration by the surrounding tissue without the need for the
addition of stem cells or external growth factors.

Having established the beneficial effect of ELR membranes, new ELRs are
designed to enhance this advantage effect and promote skin regeneration in chronic
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wounds. Two approaches are proposed to achieve this goal: the chemical synthesis
of laminin mimetic peptides (KAASIKVAVSADR and KPPFLMLLKGSTR) and their
anchoring by click chemistry to the main chain of the ELR polymer; and the use of
genetic engineering techniques and recombinant expression in Escherichia coli to
enable the biosynthesis of polymers encoding the desired complementary
bioactivities in their backbone. Subsequently, chemically cross-linked hydrogels are
obtained and a comprehensive characterisation is conducted, encompassing
macroscopic properties, internal morphology, water content and mechanical
properties. Furthermore, the biomimetic hydrogels, both with the chemically
grafted peptides and the sequences within their polypeptide chain, demonstrate
excellent biocompatibility in vitro. Additionally, it has been confirmed that the
presence of the PPFLMLLLKGSTR sequence induces an improvement in
keratinocyte cell adhesion.

In summary, this thesis encompasses all stages, from the design of ELR genes
specific for skin regeneration to their analysis, both in vitro and in vivo. This includes
their efficient, clean, sustainable and economical production in genetically modified
organisms, as well as their purification and further chemical modification.
Furthermore, innovative membranes and hydrogels, characterised by their physico-
chemical and biological properties, have been developed using these polymers,
demonstrating the biocompatibility of both types of scaffolds based on these ELRs.
Moreover, it has been demonstrated that the utilisation of ELR-based membranes
can facilitate skin regeneration by enabling the incorporation of sequences of
interest, which can result in the development of innovative properties or
bioactivities that are tailored to the desired tissue.

Resumen

a ingenieria de tejidos es una disciplina interdisciplinaria que combina

principios de la ingenieria, la biologia y la medicina para disefiar soluciones

innovadoras que reparen, reemplacen o mejoren tejidos y érganos en el
cuerpo humano. Una de las claves para el éxito de la ingenieria de tejidos es el
desarrollo de biomateriales que sean no solo biocompatibles, sino también
funcionales, capaces de interactuar de manera efectiva con las células del tejido
objetivo y promover su regeneracion. Estos biomateriales pueden ser andamios
tridimensionales, matrices biodegradables o productos bioactivos que imitan las
propiedades de los tejidos naturales y proporcionan un entorno favorable para el
crecimiento y la diferenciacion celular. Ademas, el desarrollo de biomateriales a la
cartay especificos para diferentes tipos de tejidos y aplicaciones clinicas puede abrir
la puerta a tratamientos mas eficaces y personalizados para los pacientes,
mejorando su calidad de vida y acelerando su recuperacion.

Mas concretamente, la cicatrizacion de heridas crénicas de la piel representa
un desafio significativo en el ambito de la atencién médica, ya que estas heridas
pueden persistir durante semanas, meses o incluso afos, afectando la calidad de
vida de los pacientes y generando costos de tratamiento considerablemente altos.
En respuesta a esta necesidad apremiante, el desarrollo de biomateriales que

19




ABSTRACT / RESUMEN

faciliten y aceleren el proceso de cicatrizacion de heridas crénicas se ha convertido
en un area de investigacidon crucial. Los biomateriales empleados en apdsitos deben
proporcionar un entorno adecuado para la regeneracion tisular, promoviendo la
migracion celular, la proliferacion y la sintesis de matriz extracelular. Ademas, para
ser considerados 6ptimos, estos materiales deben cumplir una serie de requisitos
como proporcionar una barrera fisica protectora temporal frente a agentes externos
0 patogenos, ser faciles de aplicar, mantener el nivel adecuado de humedad para
favorecer la re-epitelizacion y absorcion del exudado. Asimismo, deben poseer una
buena bioadhesién a la superficie de la herida, elasticidad, resistencia mecanica,
facilidad de esterilizaciéon y biodegradabilidad sin residuos toxicos o antigénicos.
Asi, las proteinas recombinantes estan surgiendo como alternativas prometedoras
en la actualidad, gracias a su habilidad para ser disefiados a nivel genético
ofreciendo un control meticuloso sobre sus caracteristicas fisico-quimicas y
bioactivas, permitiendo adaptaciones precisas para la regeneracion de la piel. Los
ELR permiten la inclusién de epitopos especificos, como secuencias de adhesion
celular, proteoliticas o factores de crecimiento biol6gicamente activos.

Porlo tanto, los materiales ELRs con los que trabajamos en esta tesis se basan
en la repeticion del pentapéptido Val-Pro-Gly-X-Gly que se encuentra en la elastina
natural, donde X (residuo huésped) puede ser cualquier aminoacido excepto la L-
prolina, de tal manera que se pueden modular las propiedades fisico-quimicas de
estos ELR simplemente eligiendo un aminodacido u otro como huésped al variar la
polaridad de la cadena. Ademas, si este residuo contiene grupos funcionales,
también se puede utilizar para modificaciones quimicas adicionales con el fin de
lograr, por ejemplo, hidrogeles reticulados covalentemente, empleando reacciones
rapidas, ortogonales y compatibles con las células. Esta secuencia de dominios
hidr6fobos confiere a los ELR un comportamiento inteligente de termorespuesta en
medio acuoso definido por la denominada transicion de temperatura inversa (ITT),
que ocurre por encima de la denominada temperatura de transicién (Tt) que
conlleva un cambio en la conformacién de las proteinas. Esta respuesta térmica
facilita su purificacion econémica mediante ciclos de calentamiento y enfriamiento,
un proceso conocido como ciclo de transicion inversa (ITC).

El objetivo de esta tesis es desarrollar nuevos apdsitos que favorezcan la
cicatrizacion de heridas mediante la obtencion de andamios basados en elastina, ya
sean membranas o hidrogeles aprovechando su versatilidad para incorporar nuevas
bioactividades mejoradas que cumplan con todos los requisitos para ser
considerado un apésito ideal que induzca y mejore la regeneracion de la piel. En
particular, se lleva a cabo una caracterizacion fisicoquimica y biologica detallada de
las membranas ELR con el fin de determinar su idoneidad como apésitos para la
mejora de heridas dificiles de curar. Ademas, se propone el desarrollo de novedosos
hidrogeles multifuncionales a base de elastina con un alto grado de selectividad y
bioactividad, lo que se consigue mediante la inclusién de secuencias de laminina que
mejoran significativamente la adhesion de los queratinocitos, confiriéndose asi un
beneficio en la cicatrizacion de heridas.
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En el primer capitulo de esta tesis se evaltian las propiedades fisico-quimicas
de las membranas ELR, obtenidas mediante una metodologia novedosa que permite
que tengan espesores variables entre 5 y 25 pm dependiendo de la concentracién y
altamente porosas, en términos de rugosidad de la superficie, humectabilidad y
degradacidn, ya que estos factores son indispensables para que el apésito tenga unas
propiedades adecuadas para su funcién y para su correcta adhesiéon a la herida,
ademas, de ejercer un efecto sobre el comportamiento celular en cuanto a su
capacidad de adhesidn, proliferacion, morfologia y viabilidad. A continuacioén, se
analiza la biocompatibilidad y la no citotoxicidad de las membranas mediante una
amplia variedad de métodos para determinar si son adecuadas para aplicaciones
ingenieria tisular. Para ello, se estudia la citocompatibilidad in vitro mediante el
cultivo de células fibroblastos y queratinocitos sobre sustratos ELR, mostrando una
proliferacién 6ptima hasta los 21 dias. Ademas, se analiza la capacidad que tienen
las células en crecer, migrar y madurar en presencia de las membranas usando
diferentes métodos como qPCR o ensayos de rasgados. La capacidad regenerativa
de estas membranas se evalia con un modelo ex vivo de piel humana comprobando
una buena re-epitelizacion sin contraccion, que es el principal factor que induce la
generacion de cicatrices visibles. Con respecto a la citocompatibilidad in vivo, las
células colonizan el material y las membranas ELR permanecen estables durante al
menos 7 semanas tras la implantacion subcutanea. Ademas, se comprueba que no
hay rechazo ni efecto de cuerpo extrafio tras la evaluacién macroscépica e
histolégica al no observarse tejido fibrético. Por ultimo, las membranas ELR se
implantan en un estudio de cicatrizacién que involucra un modelo de escisién de
espesor total en la piel de ratones, mostrando un efecto beneficioso en la
regeneracion del defecto. Por consiguiente, este sistema de membrana demuestra
un importante potencial en la regeneracion de heridas, promoviendo Ila
autorregeneracion por parte del tejido circundante sin requerir la adicion de células
madre ni factores de crecimiento externos.

Una vez confirmado el efecto beneficioso de las membranas ELR, se procede
al disefio de nuevos ELR con el fin de potenciar este efecto ventajoso y promover la
regeneracion de piel en heridas crénicas. Para alcanzar este objetivo se plantean dos
enfoques: la sintesis quimica de péptidos miméticos de la lamina (KAASIKVAVSADR
y KPPFLMLLKGSTR) y su anclaje mediante quimica click a la cadena principal del
polimero ELR; y el uso de técnicas de ingenieria genética y expresion recombinante
en Escherichia coli para permitir la biosintesis de polimeros que codifican las
bioactividades complementarias deseadas en su columna vertebral. A continuacion,
se obtienen hidrogeles entrecruzados quimicamente y se lleva a cabo una
caracterizacién exhaustiva que abarca propiedades macroscopicas, morfologia
interna, contenido de agua y propiedades mecanicas. Ademas, los hidrogeles
biomiméticos, tanto con los péptidos injertados quimicamente como con las
secuencias en el interior de su cadena polipeptidica, demuestran una excelente
biocompatibilidad in vitro, y se confirma que la presencia la secuencia
PPFLMLLKGSTR induce una notable mejora de la adhesion celular de
queratinocitos.
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ABSTRACT / RESUMEN

En resumen, esta tesis abarca todas las etapas desde el disefio de los genes
de los ELRs especificos para la regeneracion de piel hasta su analisis tanto in vitro
como in vivo. Esto incluye su produccién eficiente, limpia, sostenible y econémica en
organismos genéticamente modificados, asi como su purificacién y posterior
modificacién quimica. Ademas, utilizando estos polimeros se han desarrollado
membranas e hidrogeles innovadores, caracterizados por sus propiedades fisico-
quimicas y biologicas, demostrando la biocompatibilidad de ambos tipos de
andamios basados en estos ELR. Por ultimo, se ha evidenciado que el uso de
membranas basadas en ELR puede beneficiar la regeneracién de piel al permitir
ajustes en el disefio mediante la incorporaciéon de secuencias de interés, lo que
puede conducir a propiedades innovadoras o bioactividades adaptadas al tejido
deseado.
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Context and motivation for the work

n developed countries, it is estimated that between 1 and 2 % of the population

will experience chronic wounds to the skin at some point in their lives [1]. A

recent study conducted in Spain investigated the prevalence of chronic wounds
and skin lesions, revealing that venous ulcers are the most prevalent, followed by
pressure sores and diabetic foot ulcers. Moreover, 51.21 % of individuals with
wounds are women [2]. The increase in the incidence of chronic wounds globally in
recent years can be attributed to two primary factors: the ageing population and the
increase in diseases and comorbidities that affect wound healing, including diabetes,
obesity, venous hypertension and vascular diseases [1]. In addition, skin cancer is
one of the most prevalent cancers in humans, with surgical removal of the affected
area being a common treatment. This can result in the formation of lesions that
resemble chronic wounds in appearance and healing process [3].

A variety of approaches are employed in the treatment of different types of
chronic wounds, with skin graft transplantation being the most common method.
This process involves the transfer of healthy skin from one area of the body to the
wound site [4], [5]. Skin grafts can be autografts (derived from the own skin of the
patient), allografts (obtained from a deceased human donor) or xenografts (derived
from another species). Autografts are the preferred option due to a lower likelihood
of rejection, although they may cause additional wounds in the donor area that could
become chronic [5]. Furthermore, there may be a shortage of suitable donor tissue
or the patient may have diseases that render them unfit for this treatment.
Additionally, skin grafts may not be completely effective in some lesions due to
bacterial resistance or persistent infection [6].

Consequently, these therapies represent a significant economic and clinical
burden on the healthcare system, as well as being a painful process for affected
patients. Therefore, it is crucial to identify effective solutions that not only address
the lesions in the short term, but also reduce the overall economic and clinical
burden associated with current treatments. In this context, novel skin regeneration
therapies are focusing on tissue engineering (TE) solutions, which leverage
available technology to develop regenerative models tailored to the individual
patient [7]. Therefore, elastin, a crucial protein within the extracellular matrix
(ECM) of the skin, and its mimetic materials, such as elastin-like recombinamers
(ELRs), present a significant opportunity for the fabrication of support structures.
These structures combine the inherent properties of natural polymers with the
adaptability of recombinant proteins. Furthermore, ELRs exhibit excellent
biocompatibility, as they are based on the natural sequence of elastin, thereby
enabling the host immune system to not distinguish between endogenous elastin
and ELRs [8]. The adjustable properties of ELRs allow them to be easily modified
according to the specific application required [9]. One of the proposed models for
skin regeneration is the use of thin membranes prepared by a method developed by
Bioforge research group that requires the formation of a lattice by chemical cross-
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linking of ELRs. These membranes would act as bioactive structural supports,
facilitating the healing of chronic wounds or burns.

Hypothesis

r I Yhe development of a wound dressing based on elastin-like recombinamer
(ELR) polymer has the potential to effectively induce skin regeneration and
improve the healing process of difficult-to-heal wounds, such as chronic

wounds or burns. This enhancement can be attributed to the intrinsic properties of
ELRs, including thermosensitivity, biocompatibility, bioactivity, and mechanical
strength. Furthermore, the incorporation of laminin sequences into innovative
multifunctional elastin-based hydrogels will markedly accelerate wound healing by
providing specific bioactivities. The proposed study will employ two approaches:
the chemical synthesis of peptides that will be subsequently conjugated to the ELR
polymer chain via click chemistry, and the biosynthesis of polymers with encoded
complementary bioactivities using genetic engineering techniques coupled with
recombinant expression in Escherichia coli. These approaches will further amplify
the biological responses observed, ultimately leading to the development of an
optimal wound dressing for skin regeneration.

Objectives

he general objective of this research is the development and validation of

I novel scaffolds based on ELRs as models for skin regeneration. In order to

achieve this aim, we will prepare ELRs with specific bioactivity in the context

of skin regeneration, form membranes and hydrogels, and then assess their

suitability in terms of mechanical properties, biocompatibility and bioactivity,
which are essential for effective tissue regeneration.

To this purpose, we will employ two distinct approaches:

1.- The first objective is the production of highly porous, thin elastin membranes
through the utilisation of two ELRs (specifically VKV and SKS), which are dissolved
in two immiscible aqueous and organic phases. It is hypothesised that the serine
amino acids in one ELR polymer provide a high transition temperature for solubility
in the aqueous phase at room temperature, while the RGD tripeptide in the other
ELR polymer enhances cell adhesiveness. The aforementioned ELRs will be
modified with complementary click cross-linkable groups in order to form porous,
highly hydrated, interconnected networks with properties that can be modulated
depending on the initial concentrations of the polymers.

®© A comprehensive characterisation of ELR membranes will be presented, with
a particular focus on the structural composition, thermal behaviour, and
surface topography of the membranes. Additionally, the self-healing
behaviour of the membranes will be also analysed, as well as an evaluation
of their wettability, swelling ratio, and enzymatic degradation under
physiological conditions. The ultimate goal is to ascertain that these

26




HYPOTHESIS / OBJETIVES

membranes possess the requisite physico-chemical characteristics for
efficacious wound dressings.

® The biocompatibility and cytotoxicity of ELR membranes will be evaluated
through cell culture experiments utilising fibroblasts and keratinocytes. The
incorporation of bioactive domains, such as the RGD sequence, is intended to
enhance cell-material interactions and promote a favourable cellular
response for tissue regeneration. Moreover, the growth of cells and the
expression of specific genes will be examined, as well as the capacity of cell
migration.

® The assessment of the regenerative ability of ELR membranes using an ex
vivo human skin wound model will also be described. Furthermore, the
interaction between ELR-based membranes and living tissues must be
elucidated using animal models. Consequently, mice will be employed for the
in vivo evaluation of the biocompatibility and long-term stability of these
membranes through subcutaneous implantation. Subsequently, the capacity
of elastin membranes to promote wound regeneration will be evaluated
through the use of a murine full-thickness excisional skin model, including
daily observation with fluorescent staining and histopathology.

2.- The second objective is the production of novel elastin-based hydrogels with
specific functionalities for the regeneration of skin wounds. The biofunctionalized
hydrogel will contain laminin peptide sequences, which will enhance keratinocytes
adhesion, thereby facilitating wound healing. In order to achieve the
aforementioned goals, the following partial objectives have been met:

® The chemical synthesis of novel peptides displaying laminin domains will be
accomplished through the utilisation of the solid phase peptide synthesis
(SPPS) technique. The peptides, designed with azide groups in terminal
amino acid for subsequent binding to an ELR polymer, will be characterised
in order to ensure the correct synthesis before use.

® In-depth characterisation will be employed to ensure the correct anchoring
of laminin peptides to the ELR polymer via a click reaction between the azide
groups in the peptides and the cyclooctyne groups in the polymer. A variety
of physicochemical techniques will be employed, including high performance
liquid chromatography (HPLC) for amino acid analysis, nuclear magnetic
resonance spectroscopy (NMR) for peptide fingerprint data, matrix-assisted
laser desorption/ionization time-of-flight (MALDI-TOF) mass spectrometry
for purity and molecular weight assessment, and attenuated total reflectance
Fourier-transform infrared (ATR-FTIR) spectroscopy.

® The development of a new tricomponent hydrogel will be explored using
catalyst-free  click  chemistry. Furthermore, a comprehensive
characterisation of this novel hydrogel will be conducted, encompassing
macroscopic properties, internal morphology, water content, and
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mechanical properties to assess the feasibility of creating injectable
hydrogels, which can facilitate the optimally placement of the wound
dressing by adapting to the dimensions and contour of the wound, while a
hydrogel is generated in situ at the site of injury.

® The biological characterisation of the new tricomponent ELR hydrogels will
demonstrate specific functionalities, including the presence of cell adhesion
motifs (RGD) in their main peptide chain and the incorporation of
keratinocyte-specific adhesion domains through the mimetic peptides. The
aforementioned functionalities are designed to enhance biocompatibility,
support skin regeneration, and provide an effective scaffold for cell adhesion,
growth, and proliferation, thereby facilitating the formation of functional
new tissue.

® An alternative methodology would be to employ the techniques of molecular
biology and recombinant DNA technology to synthesise three genes encoding
elastin-type polymers with the keratinocyte-specific sequences within their
structure. The objective of this approach is to optimize the production
efficiency and enhance the functionality of the elastin-based polymers.

® Consequently, the aforementioned genes encoding bioactive ELRs will be
incorporated into a plasmid vector pDrive All. By employing iterative-
recursive technology in conjunction with restriction enzymes, the final
construct of interest will be generated and subsequently transfected into a
plasmid for expression. The novel bioactive ELRs will then be bioproduced
using Escherichia coli, purified and characterised for further utilisation.

® The production of new chemically cross-linked bioactive ELR hydrogels with
laminin-specific cell adhesion motifs will be explored. Furthermore, a
comprehensive characterisation of this novel hydrogel will be conducted,
encompassing macroscopic attributes, internal structure, water content, and
mechanical properties.

® Aninvitro evaluation of the impact of novel adhesive domains integrated into
the main ELR polymer chain on keratinocytes and fibroblasts will also be
conducted. These domains are expected to enhance the adhesion capacity of
the cells, facilitating a more rapid and efficient cell invasion, leading to the
gradual replacement of the synthetic matrix by the new functional tissue.
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THESIS OUTLINE

Thesis outline

This thesis is comprised of four chapters, which are displayed in the following order:

Chapter 1 includes an introduction to the thesis, detailing the anatomy,
physiology, functions and biomechanics of the skin, as well as a detailed description
of the stages of the wound healing process and the complications encountered in
chronic wounds. The characteristics of an optimal wound dressing and the types and
materials available for this purpose are outlined, with a particular focus on elastin-
based materials.

Chapter 2 provides a comprehensive overview of the materials and methods
employed throughout the course of this thesis, encompassing a range of techniques,
including molecular biology techniques, chemical synthesis of peptides,
physicochemical and biological characterisation conducted in vitro, ex vivo and in
vivo.

Chapter 3 presents the obtained results in this thesis. This chapter is divided
into two main sections. The first section concerns the development of ELR
membranes, while the second addresses the creation of advanced biomaterials
functionalised with laminin mimetic peptides. In regard to the ELR membranes, the
results of the physico-chemical characterisation of the ELR membranes are
presented, as well as their biological characterisation. Furthermore, the findings
related to the evaluation of the wound regeneration capacity of ELR membranes
using a human ex vivo wound culture model are exhibited, as well as the evaluation
of the in vivo biocompatibility and long-term stability of ELR membranes by
subcutaneous implantation. Finally, the results of the evaluation of the wound
regeneration capacity of ELR membranes using a murine full-thickness excision
wound model are also discussed. With regard to the development of advanced
biomaterials functionalised with laminin mimetic peptides to improve the wound
healing process, the results of this novel hydrogel are presented. This encompasses
the chemical anchoring of the peptides and the incorporation of the sequence into
the backbone of the ELR. In both cases, an exhaustive characterisation of their
properties is conducted, including transparency, water content, and mechanical
properties. Additionally, an in vitro assessment of the enhanced cell adhesion
observed when the cell adhesion sequences of laminin are incorporated into the
elastin hydrogels is performed.

Finally, Chapter 4 proposes the principal conclusions and future
perspectives of the work developed in this thesis.
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1.- Introduction

1.1.- The human skin

he skin is the largest organ of the body and performs vital functions serving

as an efficient and protective barrier that defends the organism against

external stress factors such as environmental factors (temperature or
humidity), microorganisms, UV radiation, and chemical, biological, and physical
agents [10]. In addition to its protective function, the skin plays an important role in
neuroendocrine and immune processes that contribute to the maintenance of body
homeostasis by preventing dehydration and regulating body temperature, as well
as playing a metabolic role in synthesizing vitamin D [11], [12]. As a sensory organ
and due to the presence of independent nerve endings and special receptors, the
skin enables the perception and localization of mechanical stimuli such as pressure,
friction and vibration as well as temperature and pain [11].

Human skin is composed of three distinct layers that are very different in
anatomy and function, but with complex interrelationships, namely epidermis,
dermis and hypodermis, as illustrated in Figure 1A. The epidermis, the outermost
layer of the skin, is a highly specialized multi-layered cellular epithelium. The
dermis, situated beneath the epidermis, is a thicker underlying layer of connective
tissues. Finally, the innermost layer of skin, the hypodermis, is a layer of
subcutaneous fat that is separated from the rest of the body by a vestigial layer of
striated muscle. Inseparably, human skin also contains appendages or cutaneous
annexes. In addition to hair and nails (keratinised annexes), which are external and
evident, there are also other types of cutaneous appendages produced by
invaginations of the epidermis including hair follicles, sebaceous and sweat glands
[13], [14]. Table 1 provides an overview of all cells present in the skin, their location

and their main functions.
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Figure 1: Anatomy of skin and epidermal architecture. A) The skin is composed of three main layers:
the epidermis, dermis, and hypodermis. The epidermal barrier layer, which is approximately 0.1-0.2 mm in
thickness, is firmly attached to the dermis by a specialized basement membrane zone, which can be observed under
an electron microscope. The dermis, which exhibits considerable variation in thickness, is primarily composed of
collagen I and contains hair shafts and sweat glands. It is well vascularised and contains receptors for touch,
temperature, and pain. The epidermal keratinocytes rely on diffusion from the dermal capillaries and differentiate
from the basal layer, forming a keratinised layer that provides a barrier against bacteria and prevents fluid loss.
The skin also comprises appendages such as hair, nails, hair follicles, sebaceous and sweat glands. Image from
Sciencephoto. B) The epidermis is composed of four main stratified layers: the stratum basale, the stratum
spinosum, the stratum granulosum, and the stratum corneum. Each of these layers undergoes programmed
differentiation in order to facilitate the constant renewal of the skin. The basal layer is connected to the dermis via
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hemidesmosomes and integrin-based adhesions, thereby anchoring it to the extracellular matrix. During
differentiation, keratinocytes form unique structures in each layer with specific cytoskeleton and cell junction types,
including adherent junctions, tight junctions, desmosomes, and gap junctions. These changes facilitate tissue
morphogenesis and the specific functions of each layer, from regeneration in the stratum basale to shedding in the
stratum corneum. Image from Earthslab.

1.1.1.- The epidermis

The epidermis is a highly specialized, poly-stratified and keratinized
epithelium that covers the entire body surface and has evolved to achieve vital
protective functions, including preventing water loss, participating in immune
responses, excluding toxins and resisting mechanical stress. The epidermis is
avascular, and its care and maintenance are dependent on the diffusion of nutrients
from the capillary network of the dermis. In order to establish a barrier between the
organism and its environment, the epidermis is predominantly composed of
keratinocytes (approximately 95 %), which are in progressive stages of
differentiation. As they divide and proliferate, these keratinocytes move from the
deepest layer to the most superficial layer. The epidermal layers are categorized
based on the cellular morphology, taking into account the differentiation states of
the keratinocytes. They can be divided into the following layers: stratum basale,
stratum spinosum, stratum granulosum, stratum lucidum (which is only present in
the thicker skin of the palms and soles), and stratum corneum [15], [16], as shown
in Figure 1B. In terms of function, three distinct regions can be identified within the
epidermis, which are continuously renewed from the base. These regions are: a) the
proliferative zone (stratum basale), which is responsible for cell renewal (also
known as epidermopoiesis); b) the differentiation zone (stratum spinosum and
stratum granulosum), which is responsible for cellular differentiation and
maturation; and c) the functional zone (stratum corneum), which is responsible for
the formation of a protective stratum corneum and cell elimination [14].

The stratum basale is the innermost layer of the epidermis and is composed
of a continuous single-cell-thick layer of keratinocytes that are separated from the
dermis by the basement membrane and anchored to it via hemidesmosomes [15].
The proliferative keratinocytes, which are responsible for regenerating the different
layers of the epidermis, have a cylindrical or cuboidal shape with a large nucleus and
a very dense cytoplasm with numerous ribosomes, and express keratins 5 and 14
(KRT5/KRT14) [17]-][20].

Upon the commencement of the differentiation process, keratinocytes
undergo a replacement of keratins 5 and 14 (KRT5 / KRT14) with 1 and 10 (KRT1 /
KRT10), resulting in a loss of adhesiveness, detachment from the basement
membrane, and upward movement to form the stratum spinosum. This zone
contains up to six layers of polyhedral and irregularly spiny cells, which establish
strong and robust connections with neighbouring cells by spine-like projections of
the cytoplasm and intercellular junctions called desmosomes [19].

Subsequent differentiation gives rise to the stratum granulosum, which
initiates a gradual cornification process. This zone comprises three to five layers of
elongated, rhomboidal, and flattened cells, which are characterized by intracellular
keratohyalin granules and lamellar bodies that discharge phospholipids, ceramides,
and glycolipids that are important for holding cells together and forming the lipid
barrier, which serves to maintain the protective function and waterproofing of the
skin [15]. Granular keratinocytes exhibit an increase in protein synthesis and
express differentiation markers such as filaggrin (FLG), involucrin (IVL), and
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loricrin (LOR) [21]. As one ascends through the layers of this stratum, the cells lose
their cytoplasmic organelles, leaving only the desmosomes, which assemble an
impermeable cornified envelope [14], [22]. The influence of filaggrin results in the
aggregation of keratin filaments and the formation of cross-linked macrofibres,
which gradually replace the plasma membrane of the keratinocyte with a lipidic
cornified envelope. This process occurs when keratinocytes have undergone the
complete differentiation programme and have formed the stratum corneum [23].

The outermost layer of the epidermis is the stratum corneum, which
comprises approximately 15 to 20 layers of dead, flattened, and keratinized cells,
devoid of nuclei and cytosolic organelles and now referred to as corneocytes. They
are arranged on top of each other in a shingles-like pattern and develop a highly
insoluble cornified envelope [24]. Typical markers of terminally differentiated cells
are loricrin (LOR) and filaggrin (FLG). Nevertheless, despite this apparent cellular
inactivity, numerous chemical processes persist, pre-programmed in the living
layers, that play an essential role in the constant renewal process of this layer
through the desquamation of superficial corneocytes that are continually shed
through the rupture of desmosomes to maintain epidermal homeostasis [25]. This
layer plays a crucial role in the maintenance of the epidermal barrier, preventing
water loss, protecting against microbial invasion, and shielding other cells and
structures from the harmful effects of ultraviolet radiation [26].

The stratum lucidum is situated between the stratum granulosum and the
stratum corneum and is only observed in specific areas of the body where the
epidermis is thicker, such as the palms of the hands or the soles of the feet. This layer
is formed by two to three layers of flattened, diaphanous, anucleated keratinocytes,
with a cytoplasm filled with a gelatinous substance called eleidin, which is a
precursor of keratin. The intermediate keratin filaments are intimately aggregated
and oriented parallel to the surface, thereby preventing the entry or exit of water
[22].

Although the epidermis is mainly composed of keratinocytes, it also contains
other cells that perform essential functions, including melanocytes, Langerhans
cells, and Merkel cells [27]. Melanocytes are located in the basal layer and transfer
melanin to numerous keratinocytes, which are essential for determining skin colour
and providing photoprotection to skin cells [28]. Additionally, Merkel cells are found
in the basal layer, where they possess a high density of touch-sensitive areas,
including the fingertips and tips. They function as mechanical transducers,
converting signals into sensory neurons [29]. Finally, Langerhans cells are found in
the spinous layer, where they are involved in antigen presentation and therefore
contribute to the immune system of skin [30].

1.1.1.1.- Basement membrane

The basement membrane (BM) is a very thin (approximately 200 nm) [31],
and highly specialized and homogeneous extracellular matrix sheet found in various
types of tissues, including the skin. The BM in skin is located precisely at the
interface between the epidermis and dermis, providing structural support and
orchestrating cell behaviour by serving as a platform for intricate signalling between
different cell types [32]. BM affects cell signalling not only through direct binding of
cell surface receptors, but also via the presentation of growth factors such as [33]
fibroblast growth factor 2 (FGF2), transforming growth factor beta 1 (TGFb1),
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heparin-binding epidermal growth factor (HB-EGF) and vascular endothelial
growth factor (VEGF) [34], [35].

The basement membrane displays a tissue- and organ-specific molecular
composition, which is essential for the support of their specific biological functions
[33], [36]. In general, BM is a complex structure composed mostly of a mixture of
extracellular matrix proteins, including collagen-rich fibres (particularly types IV
and XVII) and laminins [37] as is illustrated in Figure 2. In addition to other
components, such as proteoglycans (e.g., perlecan) and glycoproteins (e.g., nidogen
or fibronectin), among many others [36]. Laminins constitute a family of large
heterotrimeric glycoproteins that serve as the central structural component of
basement membranes, anchoring cells to the matrix and facilitating signalling
between cells and the extracellular environment. Collagens are fibrous proteins that
provide tensile strength and elasticity to the matrix. Proteoglycans are large, highly
glycosylated molecules that interact with other components of the matrix and
regulate the diffusion of nutrients and waste products. Finally, glycoproteins are
involved in the processes of cell adhesion and matrix assembly [38].

The BM of the skin is organised into two main layers, the basal lamina and
the lamina reticularis or dense sublamina [39]. The underlying connective tissue is
attached to the basal lamina by collagen VII anchoring fibrils and fibrillin
microfibrils [40]. The basal lamina layer is further subdivided into two layers,
designated the lamina lucida and the lamina densa. The basal cells are attached to
the lamina densa by filaments, which are predominantly composed of laminin 5 and
BP180. The lamina densa is the thickest layer of the BM and consists of an underlying
network of collagen IV reticular fibrils, laminins and perlecan heparan sulphate-rich
proteoglycans [41]. This lamina provides mechanical stability to the matrix and
forms a selective barrier that prevents the diffusion of large molecules and cells. The
lamina lucida is the outermost layer of the BM, adjacent to the epidermis and
consists of laminins, integrins, entactins and dystroglycans. Integrins represent a
pivotal component of the hemidesmosomes, which serve to anchor the epithelium
to the underlying basement membrane. The lamina reticularis, or dense sublamina,
is a region of the dermis immediately adjacent to the basement membrane that
contains connective tissue fibres composed of type III collagen, which are secreted
by reticular cells and fibroblasts. These fibres then cross-link to form a fine
meshwork, known as reticulin. The dense sublamina provides additional support to
the basement membrane and is involved in the regulation of cell behaviour and
tissue homeostasis [42].

Therefore, disruption of the basement membrane can lead to the
development of a number of dermatological conditions, including epidermolysis
bullosa, pemphigus and psoriasis.

36




INTRODUCTION

Basal keratinocyte

Nucleus EB simplex

B Junctional EB

M Dystrophic EB
Kindler EB

Desmocollin

Exophilin 5
Desmoglein

Desmoplakin
KLHL24 ) o
lesmosome

—Keratin 5 and
keratin 14
filaments Plakophilin 1

Epidermis

— Cell
membrane

Plakoglobin

Focal adhesions

Actin Kindlin 1

Dystonin — — Plectin Vinculin

CD151— Integrin a3f1

Type XVlI collagen Integrin abp4

Hemidesmosome

%— Collagen type XIl j Y

Laminin 332 lucida

Sub-basal Nidogen
choeplte Anchoring fibrils Lamina
i« ; N B TS (type VI collagen) densa

Types | and lll collagen y;

Type IV collagen

Figure 2: Basement membrane and the cutaneous dermal-epidermal junction. Keratins 5 and 14 are
produced in basal keratinocytes, which form heterodimers compacted into intermediate filaments that confer
resistance through a cytoskeletal network. The intermediate filaments connect to hemidesmosomes, which are
asymmetrically located on the basal surface of the keratinocyte, consist of internal and external plaques with
various components, including dystonin, plectin, a6f34 integrin and type XVII collagen. KLHL24 is involved in the
degradation of keratins. Laminins are glycoproteins composed of «, f and y chains that bind to integrins in the
lamina lucida and lamina densa. Laminin 332 is the principal component of the anchoring filaments of the lamina
lucida, binding to integrin a634 and integrin a3[1. Type VII collagen forms anchoring fibrils that interact with type
IV collagen and further interact with laminins and integrins, integrating into the dermal extracellular matrix.
Furthermore, dermal keratinocytes and fibroblasts secrete type VII collagen as a procollagen molecule. Kindlin 1 is
a focal adhesion protein that activates integrins. Finally, desmosomes facilitate intercellular junctions, signalling
and differentiation. They are composed of cadherins, armadillo proteins and desmoplakin. Reproduced from [43].

1.1.2.- The dermis

The dermis is the primary structural component of the skin, providing
strength, flexibility, elasticity, and adaptability to movement and changes in volume.
It is a vascularised connective tissue with a high density of nerve endings that lies
between the epidermis and the subcutaneous tissue. The dermis is attached to the
epidermis via the basement membrane [15]. This layer is primarily constituted of
extracellular matrix (ECM), fibro-elastic content (collagen and elastic fibres), and a
multitude of appendages [44]. The extracellular matrix, which contains a high
proportion of proteoglycans, due to their great capacity for absorbing water,
provides hydration to the skin and influences cell migration, cell adhesion, and cell
differentiation. Elastic fibres provide skin elasticity, while collagen provides
resistance to skin traction against trauma (mechanical properties). The principal
cell of the connective tissue is represented by fibroblasts, which synthesize and
release precursors of collagen, elastin, and proteoglycans to construct the
extracellular matrix and also link to each other to form a three-dimensional network
[45]. Fibroblasts perform a variety of functions, including cell proliferation, cell
differentiation, ECM production, and the secretion of cytokines and growth factors
[44].

The dermis can be divided according to the arrangement of fibroelastic
tissue, dermal cells and extracellular matrix into upper papillary dermis and
underlying reticular dermis. The papillary dermis is the layer that connects to the
epidermis. It is composed of cell-rich, lax connective tissue, poorly organised
collagen type IIl bundles and blood vessels, and also contains dermal papillae, which
are projections into the avascularised epidermis that nourish it. The reticular dermis
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is located deeper within the dermis and is thicker than the papillary dermis. It
contains less cellular material and consists of very dense connective tissue, where
type I collagen fibres form thick bundles interconnected with elastic fibres. The
reticular layer also contains the cutaneous appendages, blood and lymphatic vessels
and mesh-like bundles of nerves [46], [47].

In addition, the dermis also contains other motile cells with important
properties and functions, such as histiocytes (macrophages), dermal dendritic cells
(DCs), mast cells, and adipocytes. Table 1 provides a synopsis of the most crucial
cells in the various regions of the skin. Histiocytes are a type of macrophages that
plays a role in the immune system. Mast cells are inflammatory cells located in the
perivascular areas of the dermis that secrete vasoactive and pro-inflammatory
mediators, which are involved in the inflammatory response, collagen remodelling,
and wound healing. Dermal adipocytes are distinct from those found in the
subcutaneous adipose tissue and are responsible for dermal structure insulation,
energy storage, hair follicle regeneration, and wound healing [14], [48], [49].

Table 1: Main functions of the different cell types in the skin.

Main functions of the different cell types in the skin
Cell Location(s) Function(s) Activating factors
; s ; Mechanical barrier, keratin production, : ;
Keratinocyte Epidermis immune function, innate immuriify IFN-y, infections
Antigen-presenting cell, migration and
L h I Enidermi recruitment to the secondary lymphoid Infectious and noninfectious
SHEANEES pidermis organs, and antigenic presentation to T antigens
lymphocytes
Dermal : An‘rlgen—.presen’rmg cell, phc;gocfy‘rossx, Infectious and noninfectious
dendrocyte Dermis regulation of collagen synthesis, an anfigens
homeostasis of the dermis
Inflammatory Dermis Antigen-presenting cell Microbial and endogenous
dendritic cell Epidermis gen-p 9 antigens
Plasma Dermis Synthesis and release of antibodies IL-4,IL-6,IL-10, IFN-y, BAFF
. Phagocytosis, antigen presentation,
M1 macrophage Dermis bactanicidel aetion IFN-y
M2 macrophage Deiiis Phagocytosis, nnfllgen presentation, IL-4, IL-13
regenerative effects
Dermis around Hypersensitivity reaction, vasodilation,
Mast Cell the vessels chemotaxis, inflammation BT
Endothelial cell Dermis Inflammation, immune response, infections IL-1, IL-6, TNF-a
Fibroblast Dermis Inflammation, immune response, infections IL-1, TNF-a

1.1.3.- The hypodermis

The hypodermis, the deepest layer of the skin, is situated between the dermis
and the underlying organs. Its thickness varies depending on location, body weight,
sex, and age. It is composed of lax connective tissue, and a significant proportion of
its fibres are anchored to the dermis, forming attachment points that fix the skin to
the underlying structures (fascia, periosteum, or perichondrium). Additionally, the
hypodermis serves as a conduit for blood vessels and sensory nerves that pass from
the underlying tissues to the dermis. It is also the site of origin of hair follicles and
sweat glands. Almost the entire hypodermis is capable of storing adipose tissue,
which is composed of adipose cells or adipocytes, which perform a number of
functions, including protection, isolation, storage, and energy production [50].
Indeed, current studies demonstrate that adipose-derived stem cells facilitate skin
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wound healing and immune response, thereby promoting tissue repair and
regeneration [51], [52].

1.2.- Relevant skin proteins

In this thesis, we will focus on two proteins found in the different layers of
the skin: laminin and elastin. These proteins will be used as the basis for the
development of biomaterials with specific functionalities.

1.2.1.- Laminin

Laminin is the most abundant multidomain glycoprotein in the BM and plays
a pivotal role in the assembly and maintenance of the BM of skin. It is a
heterotrimeric complex, arranged in cross-shaped structure, composed of three
different laminin chains, designated «, f and y. To date, 16 different laminin
isoforms have been identified in mammals, which are formed by different
combinations of these subunits. Each isoform enables cell-type-specific functions,
including adhesion, differentiation, migration and maintenance of phenotype [53],
[54].

The N-terminal region of the a-chain comprises three globular domains,
separated by three EGF-like repeats while the C-terminal region contains five
globular domains, designated the G-domain. In contrast, the N-terminal region of the
B- and y-chains consists of only two globular domains, separated by two EGF-
repeats, with no G-domain present in the C-terminal region [54]. The assembly of
the a-, - and y-chain heterotrimer is cross-linked by covalent disulfide bonds at the
centre of the chains and at the C-terminal region. Additionally, non-covalent
interactions, such as electrostatic interactions, hydrogen bonds and hydrophobic
interactions, leave the three N-terminal regions free resulting in three short arms as
is shown in Figure 3A [54]-[56].

A) B)

Elastic fibre

Single elastin
protein

Figure 3: Structure of relevant skin proteins. A) General structure of laminin, which is a heterotrimeric
complex, arranged in a cross-shaped structure, composed of three different laminin chains, designated «, § and y.
B) General structure of elastin. In the absence of a tensile force, the elastin proteins exist in a compact conformation.
However, when subjected to a stretching force, the elastin proteins elongate but remain attached to each other via
cross-links. Reproduced from Pearson Education 2005.

In this way, laminins have binding sites for other extracellular matrix
molecules, such as collagen IV and heparan sulphate proteoglycans, in the N-
terminal region forming a network of cross-linked filaments, and in turn can bind to
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cellular transmembrane receptors, such as integrins and dystroglycan, through the
G domain of the C-terminal region, anchoring the basement membrane to the
underlying tissue and triggering signalling pathways that regulate cell adhesion,
migration and proliferation. Consequently, the binding of laminin to these molecules
and receptors is of critical importance for the assembly, signalling and maintenance
of the skin basement membrane [55], [56].

In the basement membrane of the skin, the laminin-332 isoform (formerly
known as laminin-5) is of particular importance as the main component of the
anchoring filaments that bind the epidermis to the dermis. Laminin-332 is produced
by basal keratinocytes and secreted into the extracellular space, where it binds to
cell surface receptors, such as integrins and dystroglycans, on adjacent cells. It forms
a network of cross-linked filaments that interconnect with type IV collagen and
other extracellular matrix molecules, thereby providing a stable and elastic scaffold
for the skin. Laminin-332 also promotes cell adhesion, migration and proliferation
by activating various signalling pathways and interacts with growth factors, such as
epidermal growth factor (EGF) and hepatocyte growth factor (HGF) [54], [55].

Biologically active regions of laminin have been identified based on the
activity of synthetic peptides corresponding to sequences of the protein that
promote cell adhesion, migration and angiogenesis. Some of these active peptides
recognized various cellular receptors, including integrins and syndecans, and have
the potential to serve as bioadhesives or as biomaterials for tissue engineering. In
this thesis, laminin mimetic peptides, AASIKVAVSADR and PPFMLLKGSTR, were
selected for use as peptides that support the wound healing process. On the one
hand, the AASIKVAVSADR peptide is present in the globular region of the long alpha
chain of laminin 1. This sequence has been shown to promote diverse functions,
including cell adhesion, neurite outgrowth, angiogenesis, collagenase IV production
(a key enzyme in basement membrane degradation) and tumour metastasis. These
mimetic peptides form a (-sheet and assemble into amyloid-like fibrils. Fibril
formation is essential for the biological activities of these peptides, including the
promotion of cell adhesion and neurite outgrowth [57], [58]. The IKVAV sequence
displays an integrin-specific response and binds with o331, a4f1 and a6fB1
integrins to assist cell propagation, differentiation and migration [59], [60]. The
activity of the IKVAV sequence is dependent on the peptide conformation and the
inversion of the sequence (VAVKI) results in the loss of IKVAV activity [61]. This
AASIKVAVSADR peptide has been demonstrated to enhance endothelial cell
motility, capillary branching and vessel formation, thereby promoting angiogenesis,
a process essential for tissue healing [62]. Covertly, the peptide PPFMLLKGSTR is
present in the globular domain of the a3 chain of laminin 5. This sequence regulates
a number of cellular functions including cell adhesion, spreading and motility [63].
Laminin-5 regulates the stable adhesion of epithelium to underlying connective
tissue [64], as well as influencing cell behaviour through interactions with cell
surface receptors such as a31 and a6p4 integrins [64]-[66]. Among the integrins
expressed in normal human keratinocytes, integrin a3f1 is involved in the
formation of focal adhesions, which are associated with actin-containing stress
fibres and the mediation of keratinocyte motility, thereby promoting wound healing
by accelerating re-epithelialisation [67], [68]. The a634 integrin forms the structure
of the hemidesmosome of epithelial cells, mediating epithelial cell adhesion,
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migration and wound healing, and is also involved in carcinoma cell invasion [69],
[70]. The active peptide PPFLMLLKGSTR has been tested on full-thickness wounds
in rats and rabbits, and it was observed that its use significantly promoted wound
healing by accelerating re-epithelialisation, markedly reducing inflammatory cell
infiltration and enhancing fibroblast proliferation [71].

1.2.2.- Elastin

Elastin is a structurally and functionally significant component of the
extracellular matrix. It is a fibrous, insoluble, hydrophobic and extensively cross-
linked protein of approximately 66 kDa, found in vertebrate tissues. Elastin fulfils a
number of functions, including providing elasticity and strength to tissues and
organs, and it is particularly abundant in those that require repetitive and reversible
deformation, such as blood vessels, ligaments, lungs and skin [72]-[76]. The
abundance of elastin in the ECM is tailored to the specific tissue type and
biomechanical requirements of each tissue. Furthermore, the distribution of elastin
within a single organ can be heterogeneous [73].

The functionality of elastin within the body is governed by several
biophysical properties, including glass transition [77], coacervation [78] and most
significantly, elasticity [79], [80]. In fact, this elasticity is due to the predominantly
composed of hydrophobic domains with valine, glycine and proline residues, which
have the ability to deform without rupture in response to mechanical stresses and
return to their original state once the force has disappeared. This elastic stretching
process occurs without any loss of energy, which means that it is entropic [81],
considering that all the energy required by the backbone can be recovered upon
relaxation [82].

Elastic fibres are mainly composed by elastin, which confers upon the skin
the capacity to stretch, resilience and elasticity [83], [84] as is illustrated in Figure
3B. However, other components are also required for the formation of functional
fibres, including microfibrillar proteins (fibrillins), binding proteins (fibulins,
elastin microfibril interfaces (EMILIN), microfibril-associated glycoproteins
(MAGPs)) and soluble factors (e.g., transforming growth factor (3-TFG) [85], [86].
Furthermore, a fibronectin network is required for the assembly of fibrillins and,
consequently, microfibrils, which provides a microenvironment that controls
tropoelastin/elastin arrangement and cross-linking processes [87]. In addition, the
interweaving of collagen fibrils with the elastin fibres is also necessary to limit the
amount of deformation and thus prevent laceration or plastic and irreparable
deformation of the tissue. This mechanism of producing functional elastic fibres is a
complex process that requires a defined number of controlled spatio-temporal
steps. This process is referred to as elastogenesis [86], [88]-[91]. Elastic fibres are
present in the dermal layer, oriented both perpendicular and parallel to the skin
surface, forming an intricate network and playing a key role in maintaining skin
homeostasis [92]. Furthermore, the composition of elastic fibres differs in different
layers of the skin, varying in thickness, orientation and relative composition of
elastin, fibrin and other molecules [83].
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Elastin production declines with age and is not easily regenerated when a
tissue is damaged. For this reason, strategies to regenerate tissue often involve the
use of exogenous elastin or the promotion of endogenous elastin production with
the aim of replicating the composition, architecture and function of native tissues
[93].

Loss or damage to the elastic fibre network has a negative effect on the
wound healing process and can worsen the structure and appearance of scars and
stretch marks by developing atrophic (depressed), hypertrophic (raised) and keloid
(overgrown) scars. The result of these processes is the formation of scar tissue,
which is characterised by the deposition of large amounts of collagen in abnormally
arranged, often large bundles, making this new tissue less elastic than the original
tissue. It is therefore of great importance to identify methods of restoring elastic
fibres and elastin, as this could lead to improvements in the appearance, texture,
elasticity and healing ability of injured skin. A plethora of treatments have been
developed to enhance collagen and hyaluronic acid levels in damaged skin.
However, there are only a few established treatments that aim to increase elastin
production[94]-[97].

1.2.3.- Tropoelastin

The formation of native human elastin is a complex process involving the
interaction of several molecules of its soluble precursor, tropoelastin. This process
culminates in the formation of the amorphous component of elastic fibres.
Tropoelastin is one of the most elastic proteins known, with a molecular weight of
approximately 60-70 kDa, and is secreted by a variety of cells, including smooth
muscle cells, endothelial cells, fibroblasts and chondrocytes [98]-[100]. In addition,
it can exist as a monomer in solution in two different arrangements: an open
globular molecule and a distended polypeptide [101]. It is composed of alternating
repetitive hydrophobic domains of variable length (elastomeric domains) and
hydrophilic domains for cross-linking [86], [102], [103]. These hydrophobic
domains are composed of the repetition of non-polar amino acids such as valine (V),
glycine (G) and proline (P) arranged in repetitive motifs, such as VPG, VPGG, VPGVG,
IPGVG, VAPGVG, being the pentapeptide VPGVG the most commonly found.
Alternatively, hydrophilic regions, which are well characterised by their high lysine
and alanine content, have been identified [86], [102].

Tropoelastin formation is characterized by both intramolecular and
intermolecular cross-linking, with mechanical deformation of the elastin network
storing energy, thereby conferring elastomeric properties. The process of
elastogenesis occurs when elastogenic cells, such as fibroblasts, secrete tropoelastin
into the extracellular space. This tropoelastin then undergoes self-aggregation at the
cell surface interstice through a colloidal phase separation called coacervation [90],
[91], [104], [105]. During this process, hydrophobic regions of tropoelastin begin to
interact, giving rise to non-covalent associations, which then form insoluble three-
dimensional spherules that facilitate the subsequent cross-linking process [106].
Subsequently, these globular aggregates of tropoelastin are then transferred to the
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aligned microfibrillar templates found in the intercellular space [88], [107]. Finally,
these molecules are covalently cross-linked by the action of the lysyl oxidase (LOX)
enzyme [108]. The entire process is summarised in Figure 4. The consolidation of
this structure is achieved by the repetition of these steps, which culminates in the
maturation of the elastic fibres [82], [109].

Fibulin-4 and
Elastin binding protein Fibulin-5
(EBP) ¥
v 4
Fibulin-bound

¥ = Tropoelastin tropoelastin

- NN % _ Microfibrils
g T - (fibrilin-1, fibrilin-2)

EBP detached Microf
Recycled EBP' from tropoelastin stabilized

tropoelastin

Tropoelasti
cross-linkin

Figure 4: Elastogenesis. Tropoelastin synthesis, binding with elastin-binding protein (EBP), transport,
release of EBP, assembly with fibulins, binding to microfibrils, lysyl oxidase-mediated cross-linking, and final
formation of an elastic fibre with microfibrils. Reproduced from [110].

Although the normal tendency of physical systems is for order states to
increase with decreasing temperature, tropoelastin coacervation functions in a
completely opposite manner, and can be explained by the effect of water on the
tropoelastin molecule [104].

At temperatures below the physiological range, tropoelastin remains
unfolded in aqueous solutions, exhibiting a disordered conformation with extended
random coils, where the hydrophobic side chains are fully hydrated, surrounded by
ordered water molecules called clathrate-like water structures that solvate them by
hydrophobic hydration, preventing their self-aggregation and making the protein
soluble in aqueous solvents [111]. Although the hydrophobic regions remain
preferentially hidden from the aqueous phase and the number of non-polar
interactions is tripled in the coacervate, the formation of water-excluding cores and
secondary structures is prevented by the characteristic glycine and proline content.
The rigid proline residues confer conformational restrictions that prevent the
formation of stable secondary structures such as (-turns and (3-sheets. Conversely,
glycine residues introduce flexibility and facilitate hydrogen bond interactions with
water. These characteristics lead to the classification of tropoelastin as an
intrinsically disordered protein (IDP), which is responsible for conferring the
elasticity and high flexibility observed at the supramolecular scale [112].

However, as the temperature increases towards the physiological range, the
clathrate configuration is destroyed, releasing the hydrophobic domains to interact
with each other, forming aggregates and giving rise to a cloudy solution at the
macroscale level. A change in the conformation of the tropoelastin from random
coils to B-spiral structures is observed. This process is thermodynamically
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controlled and can be reversed by cooling the solution [113]. The observed
behaviour of full-length tropoelastin is therefore transferred to smaller elastin
mimetic proteins when they are designed to follow the same hydrophobic assembly.
Consequently, the reverse transition is known as Inverse Temperature Transition
(ITT) [114], [115], and the temperature at which it occurs is referred to as the
transition temperature (Tt). Upon exceeding the T, a phase transition from a soluble,
water-rich phase to an insoluble, polypeptide-rich phase is observed [115].

Skin injury can trigger a rapid reactivation of tropoelastin production, which
is influenced by a variety of soluble factors, in particular insulin-like growth factor-
1, tumour necrosis factor-q, interleukin-1f and TGF-f3, and is important for wound
healing [78], [86], [116]. Elastin fragments generated during the process of injury
and wound healing are released into the ECM by proteases and act as biologically
active ligands, supporting the induction of biological responses in a variety of cell
types [117]. These biological responses include monocyte chemotaxis [118],
keratinocyte migration [119], fibroblast proliferation and migration, smooth muscle
proliferation [120], promotion of an angiogenic phenotype in endothelial cells [121]
and regulation of protease release [117], [122]. Furthermore, elastin peptides may
also influence calcium transport [123], ECM production [124] and cell survival
[125]. Given that elastin regulates and modifies cellular activity, its involvement in
the later stages of adult wound healing is particularly important. Thus, dermal
fibroblasts bind to tropoelastin and interact with elastin peptides, thereby
influencing their cellular behaviour [84], [126]. In addition, although elastin is not
present in the epidermal BM, it influences the differentiation and migration of
keratinocytes, which is essential for the stratified re-epithelialisation of the
epidermis [84], [119]. Furthermore, elastin also influences the process of
angiogenesis by promoting endothelial migration and the expression of MMP-1, a
vital process in the reparative phase of granulation tissue and cell migration and
proliferation [127].

Despite the increased expression of elastin at the onset of injury, it is not
detected in the dermis until many months after the initial stages of the healing
process. Indeed, elastic fibres are the last to form in reduced quantities within the
extracellular matrix [128], [129]. Elastin plays a crucial role in the process of wound
healing, not only providing mechanical elasticity but also exerting a regulatory
influence on cells, thereby gradually reducing wound contraction and facilitating
dermal regeneration [84]. The production of elastin during the healing process
indicates that it plays an important role in the formation of scar tissue and the
flexibility of newly formed skin. However, the exact mechanisms of these processes
remain to be fully elucidated. On the one hand, elastin contributes to scar-free
recovery during the healing of fetal wounds from mid-gestation onwards, when the
elastic fibre network is still developing. This fully restores skin architecture and
tissue integrity, suggesting the importance of elastin in this process [84], [130].
Conversely, in the case of adult healing, scars exhibit reduced elastin content and a
fragmented elastic fibre network, as well as disorganised collagen bundles, which
contribute to the reduced physical properties of scars compared to uninjured skin
[94]. Elastin has inherent properties that are beneficial in adult wound healing, such
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as its capacity to regress and resist, induce cellular activity (including cell migration
and proliferation), extracellular matrix synthesis and protease production, making
it a desirable substance in this process. The effects of elastin, both in terms of its
physical properties and cell signalling, are analogous to the innate non-scarring
properties of fetal wound healing, hence its importance in the development of
elastin-based biomaterials for use in skin regeneration to enable scarless healing

[131].

1.3.- The physiology of normal skin
wound healing process

As the skin is the most important protective barrier in the body and performs
critical functions, any loss in its integrity due to injury or disease can result in a
major physiological imbalance and ultimately in significant disability or even death.
In such cases, rapid and effective restoration is required, but often results in scar
formation [132]. For this reason, wound healing is one of the most complex and vital
biological processes in the human body, consisting of the correct repair of wounds,
which allows the reconstruction of the stratified epithelium (the epidermis), the
dermoepidermal junction, the dermis and its vascularisation. This dynamic process
involves many different cell types that must work in coordination to achieve healing
[133]. The cell types and biological processes most relevant to each stage are
depicted in Figure 5 and will be elucidated in more detail in this section.
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Figure 5: Physiology of normal skin wound healing process. A) Schematic diagram of the normal
wound healing process, indicating the timing of each stage and the predominant cells in each phase. Adapted from
[134]. B) The four stages of wound repair are haemostasis and inflammation, new tissue formation (proliferation)
and remodelling. The inflammatory phase, which lasts up to 48 hours, features a hypoxic environment with a fibrin
clot, bacteria, neutrophils and platelets. The proliferative phase, which lasts between two and ten days, is
characterised by the formation of an eschar, cell migration and the formation of new blood vessels. The final stage
of wound repair, remodelling, occurs over a period of 1-12 months. This stage involves fibroblasts laying
disorganized collagen, wound contraction, and a re-epithelialized surface lacking normal skin appendages. Adapted

from [135].
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In healthy people, surgical wounds, traumatic injuries or burns typically heal
in a timely manner [136]. The normal wound healing process is characterised by
four sequential but overlapping stages: (1) haemostasis or immediate response, (2)
inflammation, (3) proliferation for the formation of new tissue, and (4) remodelling
[133],[137],[138].

1.3.1.- The haemostatic phase

In the event of a skin injury that damages the epidermal and dermal layers of
the skin, the underlying tissue where the blood vessels are located is exposed,
resulting in an outflow of blood from the tissue. Following the injury, haemostasis
occurs within several minutes, whereby vascular smooth muscle cells contract
rapidly to reduce blood flow and a clot rich in fibrin, vitronectin and fibronectin is
formed from platelets and clotting cascade factors to temporarily close the wound
and stop bleeding [137], [139]. The fibrin clot also serves as a temporary migration
scaffold for other cells and as a source of chemotactic signals by releasing growth
factors and other signalling molecules [140], [141]. During the process of
haemostasis activated platelets release a wide range of cytokines and growth
factors, including platelet-derived growth factor (PDGF), epidermal growth factor
(EGF) and transforming growth factor- (TGF-f) that act as signalling molecules to
recruit neutrophils, macrophages, endothelial cells and fibroblasts [142]-[144].
Consequently, the sequence of events that occur during platelet activation and clot
formation provides the transition to the subsequent phase of healing.

1.3.2.- The inflammatory phase

The inflammatory stage, which is initiated within hours of the wound being
inflicted, is characterised by the arrival of neutrophils, the first immune cells to
reach the wound site following haemostasis. Several chemokines produced during
the coagulation process attract neutrophils from the circulation by inducing the
expression of adhesion molecules on endothelial cells [145]. Neutrophils play a key
role in the protection of the wound from external factors such as bacteria and
foreign bodies. This is achieved through the phagocytosis of these agents by
neutrophils, which releases toxic granules containing specific antimicrobial agents,
including proteases, matrix metalloproteinases (MMPs) and collagenases.
Furthermore, they degrade damaged matrix proteins and release secretory vesicles
that express integrins, growth factors and cytokines, which amplify the
inflammatory response [142], [146]. Thus, approximately three to five days after the
neutrophils have performed their functions, they undergo apoptosis, and monocytes
arrive at the wound site, eliminating tissue debris and destroying the remaining
neutrophils [145], [147]. Monocytes differentiate into macrophages. During the
initial stages of healing, macrophages exhibit a pro-inflammatory M1 phenotype and
express tumour necrosis factor alpha (TNF-a), interleukin 1-beta (IL-18) and
interleukin-6 (IL-6). M1 macrophages are also microbicidal and secrete MMPs,
which enable them to digest ECM and assist in cell migration [148]. With the removal
of neutrophils and a reduction in inflammation, macrophages turn to an anti-
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inflammatory M2 phenotype [149]. M2 macrophages secrete a range of growth
factors, including endothelial growth factors (VEGF), which are important for the
promotion of neovascularisation, re-epithelialisation and fibroblast migration
[150], [151].

Consequently, the inflammatory phase is absolutely beneficial for the healing
process. However, a lack of adequate levels of immune response or prolonged
activation of the inflammatory phase could impede the progression to the next
proliferation phase thereby affecting the wound healing process [145]. Thus,
persistent hyperinflammation represents a distinctive pathophysiological
characteristic of chronic wounds, and macrophage malfunction is considered an
important contributor to it [152], [153].

1.3.3.- The growth phase

Approximately three to ten days following the injury, healing process enters
the proliferative phase. During this phase, cellular activity is predominant to initiate
wound regeneration. This is characterised by re-epithelialisation, restoration of the
vascular system (angiogenesis) and formation of granulation tissue (fibroplasia)
[142], [154].

1.3.3.1.- Angiogenesis

The restoration of the blood vessel network is crucial for supplying nutrients
and oxygen to the damaged area and for the efficient healing of wounds.
Angiogenesis refers to the growth of new vessels by the budding of pre-existing
vessels adjacent to the wound. In response to injury, microvascular endothelial cells
initiate an angiogenic process that involves the activation of endothelial cells (ECs)
lining the blood vessels that receive signals from the hypoxic wound environment,
including PDGF, VEGF, TGF-$3 and fibroblast growth factor-2 (FGF2) [144]. Once
activated, ECs degrade the ECM and basement membrane, proliferate, migrate and
form new cell-cell junctions before branching to form new capillaries. The newly
formed vessels participate in the development of granulation tissue and provide
nutrition and oxygen to emerging tissues. During angiogenesis, endothelial cells also
secrete and release growth factors and cytokines useful for the wound healing
process [155]-[157].

1.3.3.2.- Fibroplasia

Dermal reconstitution is initiated approximately three to four days after
injury. This stage is characterised by the formation of granulation tissue, which is a
wound-specific connective tissue that collectively includes macrophages, dermal
fibroblasts, nascent endothelium, as well as collagen matrix, fibrinogen and
fibronectin, all referred to as fibroplasia [158]. The provisional extracellular matrix
formed by the fibrin clot during the homeostatic phase is replaced by the formation
of granulation tissue, which provides scaffolding and contact guidance for cells to
migrate into the internal spaces of the wound and for angiogenesis to occur.
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Fibroplasia is an effort to replace wounded dermal tissue and is described as a
process of fibroblast proliferation, migration to the wound fibrin clot and
production of new collagen and other matrix proteins, which contribute to the
formation of granulation tissue. The migration and proliferation of dermal
fibroblasts are facilitated by several growth factors, such as PDGF secreted by
inflammatory cells [136].

1.3.3.3.- Re-epithelialisation

Re-epithelialisation is the process of restoration of the broken epidermis
after injury to the skin. In this third phase, following extrinsic signals from the ECM,
growth factors and surrounding cells, the epidermal keratinocytes commence
migration from the wound edges inwards and subsequently proliferate to invade
the wound. In order for this to occur, integrins and actin filaments must be
reorganised beforehand. Migrating keratinocytes secrete high levels of MMPs, which
facilitate their migration through the fibrin plug and the granulation tissue.
Subsequently, the basement membrane zone, which connects the epidermis to the
underlying dermis, have to be restored. Finally, the neoepithelium must to
differentiate into a stratified epidermis [133]. In the initial stages of the growth
phase, keratinocytes produce IL-1 and TNF-«, which stimulate fibroblasts to release
factors, such as TGF, EGF, FGF and connective tissue growth factor (CTGF), needed
for keratinocyte migration and proliferation. In the later stages of repair, activated
fibroblasts provide the TGF-[3 necessary for the reversion of keratinocytes to a basal
state and the cessation of proliferation. These findings have reinforced the idea that
an efficient communication between keratinocytes and fibroblasts is important for
a balanced wound closure [159].

1.3.3.4.- Wound contraction

Upon reaching the wound site, dermal fibroblasts, in the presence of
transforming growth factor- (TGF-[3), bind to fibrous proteins in the extracellular
matrix, thereby undergoing a differentiation process that results in the formation of
contractile myofibroblasts. The principal source of myofibroblasts originates from
local fibroblasts in the uninjured dermis and subcutaneous tissue, which migrate to
the centre of the wound [160]. From day 6 onwards, activated myofibroblasts
overexpress markers of smooth muscle differentiation such as (3- and y-cytoplasmic
actins, as well as a-smooth muscle actin (a-SMA) or smooth muscle myosin and
desmin to establish a contractile force that pulls the wound margins together until
reaching a maximum on day 15, after which it starts to progressively recede [161].
The extracellular matrix (comprising collagen, hyaluronan, proteoglycans, etc.)
produced by fibroblasts replaces the provisional matrix formed by platelets. This
collagen matrix serves as the foundation for the migration of additional fibroblasts
and contributes to the contraction of the wound by attempting to pull the wound
edges together [158], [162]. As the new collagen matrix accumulates,
neovascularisation is reduced, and as healing progresses, granulation tissue
matures to form a scar [163], [164].
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By contraction, the surface area of the wound is diminished, thereby reducing
the efforts required for re-epithelialization. Wound contraction commences shortly
after wounding and reaches a maximum peak at two weeks, after which it will
continue until the final stages of the remodelling phase. The degree of wound
contraction depends mainly on the depth of the wound. In the case of full-thickness
wounds, contraction can result in a reduction of up to 40 % in wound size [165].

1.3.4.- The remodelling phase

The final stage of the healing process is remodelling, also referred to as the
maturation phase, which aims to restore the epidermis, dermis and extracellular
matrix to the original functionality of the tissue. Due to the complexity of the
process, this stage can last for extended periods of time, ranging from months to
years, depending on the size and type of wound [139].

At the end of the proliferation phase, angiogenesis and cell proliferation
exhibit a gradual decline, ultimately reaching a plateau and finally ceasing [139].
Provisional granulation tissue synthesized in the proliferative phase, which is rich
in type III collagen and blood vessels, is gradually degraded by metalloproteinases
and subsequently replaced by a collagen scar predominantly of type I collagen, the
major component of the ECM prior to injury. The newly secreted collagen I has a
higher tensile strength than the initially secreted collagen IIl and thus helps to retain
the hardness and texture of the wound after healing [145], [166], [167].
Macrophages participate in this phase by removing dead cells and ECM debris [168].
Consequently, during this period, the granulation tissue is gradually reduced, while
the epidermis, dermal vasculature and myofibres are remodelled into fully
functional tissue. Therefore, it is essential to maintain a precise equilibrium between
the degradation and synthesis of matrix components for the successful remodelling
of wounds. As the wound heals, excess fibroblasts, macrophages and endothelial
cells undergo apoptosis followed by a decrease in blood flow to the wound. The
remaining granulation tissue eventually matures into scar tissue, thereby
completing the wound healing process. It is important that all these processes are
precisely regulated to prevent the proliferation of cells and the overproduction of
tissue, which could result in the formation of fibrotic scars, hypertrophic scars, or
keloids [133], [169].

1.4.- Complications of skin wound repair
- Chronic wounds -

1.4.1.- Scar formation

The process of skin regeneration is intricate, yet despite the involvement of
a multitude of cell types in the wound healing cascade, skin injuries frequently result
in the formation of scar tissue that is deficient in functionality and fails to restore all
components. The aforementioned scar tissue is characterised by an excess of ECM
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and the absence of skin appendages, such as hair follicles, sweat glands, and skin fat
[170]. In addition, scar tissue shows altered biomechanical properties, such as
reduced elasticity [171]. The main producers of scar tissue are myofibroblasts
which, given their rapid proliferation and willingness to produce ECM, are able to
produce a large amount of tissue in a short time, although this tissue is not of
adequate quality similar to intact skin. Therefore, it is important during the final
phase of wound healing that the ECM is remodelled, i.e., type III collagen is replaced
by type I collagen and elastin, which confers elasticity to the skin and that
myofibroblasts undergo apoptosis in due time. Delayed myofibroblast apoptosis
may be one of the driving factors for excessive scarring to occur [172], [173].

1.4.2.- Chronic wounds

The healing of acute wounds occurs within a period of 8 to 12 weeks
following the initial injury. However, any disruption in the normal wound healing
process will result in the formation of chronic wounds. Difficult-to-heal wounds or
chronic wounds are characterised as skin wounds that do not heal completely
within a reasonable period of time (usually more than 12 weeks), as illustrated in
Figure 6A. Furthermore, these injuries do not undergo an orderly and timely
progression through the different phases of the normal regeneration process to
regain full structure and function [174]-[176].

The development of chronic wounds can be attributed to a multitude of
factors, including chronic diseases, advanced age, an unhealthy lifestyle, repeated
trauma to the same area, and medications or infections. However, the three most
significant and prevalent factors are diabetes mellitus (diabetic ulcer, DU), vascular
insufficiency (venous/arterial ulcer, VU/AU), and local mechanical pressure
(pressure ulcer, PU), which is caused by an inadequate blood supply due to
prolonged pressure on the skin, often occurring in wheelchair-bound or bedridden
elderly individuals [177]. Table 2 provides a comprehensive overview of the most
prevalent chronic wounds, accompanied by a detailed description of their
associated symptoms and risk factors. Figure 6C offers a visual representation of
various types of impaired chronic wounds. The incidence of chronic wounds has
increased as a consequence of an ageing population, changes in lifestyle and dietary
habits, and the prevalence of diabetes and cardiovascular disease [178]. The lack of
effective treatment for chronic wounds results in a significant healthcare and
economic burden. These wounds can result in chronic pain, recurrent infections, or
disability, which in turn leads to a decrease in the quality of life of patients. The high
rate of amputation and even mortality associated with these wounds is a further
concern [179].
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Figure 6: Chronic wounds. A) Phases and timing of healing in a normal wound and in a chronic wound.
B) The impairment of molecular and cellular mechanisms in chronic wounds. Chronic wounds exhibit
hyperproliferative and nonmigratory epidermis, unresolved inflammation, infection, and biofilm formation.
Inflammatory cells (neutrophils and macrophages) are increased but dysfunctional, with uncontrolled proteases
interfering with the repair mechanisms. There is reduced angiogenesis, stem cell recruitment, and ECM remodelling
compared to normal wound healing. Reproduced from [180]. C) Representative clinical photographs of typical
chronic wounds: 1) Diabetic ulceration due to both neuropathy and arterial insufficiency, 2) Venous ulcer, 3) Deep
pressure (decubitus) ulcer in the sacral area, 4) Neuropathic diabetic ulcer on the sole of a patient with diabetes,
and 5) Extensive ulceration of the lower leg due to combined venous and lymphatic disease. Adapted from [181].

Table 2: The most prevalent chronic wounds encountered in clinical wound therapy. Adapted from [181].

The most prevalent chronic wounds

Tzr;:f Description Risks factors Symptoms
Diabetic ulcers typically manifest on the foot in
Diabetic foot ulcers represent a major MG:; ;‘;?Tc:_d fo h;uum: i b'ea?rzjwzlghl? ¥ ':hzf
complication of diabetes mellitus. The most *  Uncontrolled blood sugar :\:‘ijsturc an: m?“:;z:g:?:ez::ﬁc :Ys:u:cor :n
Diabetic common cause is uncontrolled blood glucose levels unpleasant odour. El'his Kind of ulcar e be'a el
(sugar) over a prolonged period of time. Two " - i il
ulcers other disorders, diabetic neuropathy and + Diabetic peripheral neuropathy | wound areaon the surface, but it can clso_ be an
peripheral vascular disease, can also contribute | + Peripheral vascular disease undenlying dbscase; The surydunding slin 1s
G frequently characterised by hyperkeratosis. These
1o:the formation.of icers, ulcers are generally painless due to altered
sensation or neuropathy.
= Despiveln thombedle The initial indication of a venous skin ulcer is the
+  Obesity or poor nutrition appearance of skin that has turned dark red or
Venous ulcers are a consequence of venous - Pregnancies purple in colour over the area where blood is
insufficiency. Damaged valves permit blood to Lo " leaking from the vein. The wound bed is of ten
accumulate in the vein, and as the vein becomes | * A family history of varicose characterized by a pronounced redness and may
NVaniors overfilled, blood may leak out into the veins exhibit a tendency to bleed. It is possible that the
|.l surrounding tissue, resulting in a tissue +  Smoking and excessive alcohol ulcer may be painful. Additionally, necrotic tissue,
cers breakdown and the develop of a skin ulcer. use slough (yellow, tan, grey, green, or black), and/or
Venous ulcers are most commonly observed on . A eschar (tan, brown, or black) may be present.
the lateral aspects of the lower extremity, * The lack of physical activity | additionally, the skin may become thick, dry, and
extending from the ankle to the knee. + Aging itchy. Venous ulcers are frequently slow to heal
and often necessitate lifelong modifications to
*  Work that requir":s prolonged f prevent re- dfev el:fmwm.f
standing
+ Trauma
Arterial ulcers are the result of a complete or Y Al 2
partial blockage in the arteries. Atherosclerosis * iimited joint:mobility Wounds f t bibit minimal drai "
is almost invariably the underlying cause. In this + Increased age our; e 'Y:x 3 Ih' mm.':m br[‘amuge 'Tl.;“
Arterial | pathological process, chol ol or other fatty . Diab 1l a9 ‘?en asso‘cm.?e 1 Wit c:r::| ';‘m e Ip.a"", 12
iliers plaques accumulate within the arteries, resulting iabetes mellitus sensnﬁon of pain |s. n. ewat.e 1 y the application of
in the obstruction that impair blood circulation. * High blood pressure dangling legs, and is ";""s'fd'ed when the legs are
This inadequate blood flow results in tissue Arteriosclercsis elevarec:
necrosis and the formation of ulcers.
+ Peripheral vascular disease
+ Patients confined to wheelchair
or bed A pressure ulcer typically begins as a reddened
X area of the skin. If the underlying pressure is not
Pressure ulcers occur in individuals with Tucreaseciage relieved, the ulcer will proguss'?o a blister, then
conditions that limit o inhibit the movement of | * Mental or physical deficits an open sore, and finally a deep crater. This
body parts that are commonly subjected to that affect their ability to | deterioration may occur with considerable rapidity.
Pressire pressure, such as the sacrum and heels. A move The most common locations for pressure ulcers to
I.‘ pressure ulcer is defined as an area of skin that |. Chronic conditions that prevent develop are over bones in close proximity to the
caes deteriorates when the skin is exposed to areas of the body from skin, including the sacrum, heels, elbows, hips,
prolonged pressure. This prolonged and receiving proper blood flow ankles, shoulders, back, and the back of the head.
unrelieved pressure impairs blood flow to the s . Pressure sores are categorized from stage I
area, resulting in tissue damage or death. H Frngtlt skin (w"""”"d" (earliest signs) to stage IV (most severe) according
steroidal fhfrnpy): LAy Ot to their severity and the treatments depend on
faecal incontinence the wound stage.
* Malnutrition
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1.4.3.- Pathophysiology of chronic wounds

The pathophysiology of chronic wounds is highly intricate and the underlying
mechanisms remain poorly understood. Chronic wound healing can be impaired at
any stage, exhibiting a non-linear progression of the normal stages of healing and
thus impeding the recovery of anatomical integrity and functionality [177]. A
number of factors have been identified that can affect normal wound healing and
may promote the development of chronic wounds such as persistent inflammation
[182], infection by pathogenic bacteria, the existence of hyperproliferative but non-
migratory Kkeratinocytes and senescent fibroblasts, decreased growth factors,
altered angiogenesis, excess proteolytic enzymes and reactive oxygen species (ROS)
leading to oxidative stress [183].

1.4.3.1.- Persistent and excessive inflammation

A wound that remains in the inflammatory phase and does not progress to
the other phases becomes a chronic wound [184], [185]. Chronic inflammation, a
defining feature of non-healing wounds, can lead to a number of other potential
complications, including infection, necrosis or sepsis, as illustrated in Figure 6B.
Furthermore, it predisposes the affected tissue to develop cancer [170], [186],
[187]. During the inflammation phase, an immune response is initiated to facilitate
the clearance of microorganisms and damaged tissues from the injured area. In
chronic wounds, the excessive and exaggerated cellular infiltration of neutrophils
and M1 macrophages results in a delayed healing process as they release persistent
inflammatory chemicals such as pro-inflammatory cytokines (TNF-a and IL1() that
delay normal healing. Indeed, it has been demonstrated that an inflammatory phase
that is excessively prolonged not only restricts regenerative potential but also
increases scar formation [182]. Similarly, the absence of transition from M1 to M2
macrophages is a significant factor in the pathogenesis of chronic wounds, as M2
macrophages are essential for the Kkilling of neutrophils, the resolution of
inflammation and the initiation of the subsequent proliferative phase [145]. Finally,
elevated levels of MMPs result in the continuous ECM degradation, impairing cell
migration and releasing oxygen free radicals that further damage tissue [148].

1.4.3.2.- Infection

Open wounds are frequently colonised by microorganisms, including
bacteria, viruses and fungi. However, such colonisation rarely results in a serious
infection. The polymicrobial presence in chronic wounds has been the subject of
extensive study and it has been demonstrated that the bioburden, including
microbial diversity, microbial load and the presence of pathogenic microorganisms,
plays a key role in poor wound healing even in the absence of clinical infection [188].
The most common bacteria that colonise and reproduce within the wound bed are
Staphylococcus aureus, Pseudomonas aeruginosa and Enterococcus faecalis. In
addition, an elevated bacterial load contributes to the accumulation of pro-
inflammatory cells, thereby prolonging inflammation and impairing wound healing.
During the inflammatory phase, microbes are expected to be eliminated through the
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immune response. However, pathogenic bacteria aggregate into thick biofilms,
which promotes their adherence to the wound and hinders the immune response of
the host or antibiotic treatment, leading to chronic inflammation. Furthermore,
some bacteria are capable of producing chemicals agents that inhibit collagen
production and wound re-epithelialisation [189], [190].

1.4.3.3.- Impaired angiogenesis

The majority of chronic wounds (VU, AU, UP, DU) are associated with
peripheral vascular disease, which results in an inadequate supply of oxygen and
nutrients to the injured area. Insufficient angiogenesis is therefore a significant
contributor to impaired healing, as a lack of oxygen can inhibit collagen production
and wound re-epithelialisation. A reduction in vascularisation may be attributed to
elevated levels of anti-angiogenic proteins, such as myeloperoxidase, and a
deficiency in angiogenic stimulators, such as superoxide dismutase, which together
can lead to ECM damage and apoptosis. Another crucial pro-angiogenic factor, VEGF,
has been demonstrated to undergo proteolytic degradation and inactivation within
the hypoxic and hostile microenvironment of the diabetic wound [191].

1.4.3.4.- Senescence

During the proliferation stage, cells initiate the process of reproduction and
migration to the injured area, where they rebuild tissue. In chronic wounds, cells at
the wound site enter a state of premature senescence due to their constant exposure
to inflammation and stress. When fibroblasts become senescent, they are unable to
fulfil their normal functions, which can result in a reduction in the production of
collagen and other components of the extracellular matrix, as well as alterations to
the microenvironment and the impact on neighbouring cells. This can contribute to
a decrease in the elasticity and strength of connective tissue, which may lead to the
formation of scars and a decline in the ability to heal of tissue [192]. Furthermore, it
has also been shown that prematurely aged fibroblasts exhibit a diminished capacity
to migrate and are unresponsive to growth factors [193]. These senescent cells
produce fewer growth factors and secrete more pro-inflammatory cytokines and
proteases that inhibit proliferation, angiogenesis and induce uncontrolled tissue
degradation [140], [194].

1.4.3.5.- Proteases

In chronic wounds, the abnormal activity of certain proteases and their
inhibitors also plays an important role. For instance, certain proteins designated as
MMPs, such as collagenase and gelatinases A and B, are overexpressed in chronic
wounds. Similarly, an excessive increase in serine proteases is observed, which
results in the breakdown of fibronectin, ECM and multiple key growth factors,
thereby impairing the proper wound healing process [195], [196].
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1.4.3.6.- Ageing and other pathological factors

Advanced age is a common and readily apparent feature of patients
presenting with chronic wounds. Hormonal changes that occur during the aging
process, particularly estrogens and androgens, are the primary factors that
contribute to compromised wound healing in the context of aging per se [197]. The
reduced number and function of stem/progenitor cells, as well as the irreversible
ageing of cells with limited proliferative potential and an altered response to stress,
also predispose older people to the development of chronic wounds [192]. Finally,
numerous additional risk factors have been associated with poor wound healing,
including alcoholism, obesity, smoking, stress, illness such as jaundice and uremia,
and medications such as glucocorticoid steroids and chemotherapy [186].

In summary, chronic wounds are generally characterised by a prolonged
inflammatory response and impaired healing due to a number of factors, such as the
presence of infection, dysfunction of the cells responsible for healing, lack of oxygen
and nutrients to the injured area, and advanced age. Consequently, the management
of chronic wounds is frequently intricate and requires an individualised assessment
of each patient to address underlying factors that may delay healing and contribute
to the chronicity of the wound, including diabetes, poor nutrition and oxidative
stress. Furthermore, prevention is of paramount importance in order to avoid
wounds from becoming chronic. This may entail instructing patients on the
significance of hygiene and skin care, as well as fostering an awareness of the
importance of early recognition of wounds and prompt treatment of acute wounds.

A number of approaches may be employed to address the issue of chronic
wounds, including the treatment of infection, improvement of blood circulation,
removal of necrotic tissue and the use of specialised wound dressings.

1.5.- Wound dressing

As previously discussed, chronic wounds affect a significant proportion of
patients, resulting in suffering, diminished quality of life and increased healthcare
costs. Currently, there are no effective and efficient treatments that can cure chronic
wounds due to the lack of knowledge of the exact processes involved in the
pathology, the high cost of developing therapies that require highly specialised
personnel and laboratories and the poor design of clinical trials, as well as the
heterogeneity of wounds and patients [198]. Consequently, a comprehensive
evaluation of the general health of patient and nutritional status, medication use,
and vascular status is essential to identify an optimal and individualized treatment
plan for each patient.

A number of studies have shown that early and rapid wound closure
improves epidermal-dermal interactions and reduces the probability of a chronic
wound. In this way, the possibility of developing excessive scarring problems and
fibrotic conditions, such as keloids or hypertrophic scars, is reduced [184], [199].
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Tissue engineering (TE) is a multidisciplinary field that attempts to emulate
organogenesis and produce replacements for dysfunctional tissues by combining
biology, materials science, engineering and surgery [200], [201]. In general, TE
techniques involve the combination of cells, biologically active molecules and
biomaterials in such a way that, while the material is resorbed and disappears, the
cells proliferate and generate an innate ECM that performs tissue regeneration and
restores the initial and original functionality of the damaged tissue. Tissue
engineering is now widely applied in numerous areas of medicine, including the
regeneration of cartilage, bone and heart tissue, as well as skin, particularly in the
context of chronic wounds and burns [202].

Conventional treatments of chronic wounds currently include mechanical
techniques to prepare the wound bed, extensive surgical debridement to remove
residual exudate and devitalised tissue from the wound edge to achieve a well-
vascularised wound bed, surgical drainage of abscesses and essential antimicrobial
therapy to eliminate pathogens [203], [204]. In these treatments, it is essential to
minimise skin irritation or friction, protect the wounds from contaminants and
maintain the correct humidity and temperature conditions. To achieve this, different
wound dressings have been developed, including semipermeable films, hydrogels
and foams [203]-[206], where the use of biomaterials plays a crucial role in the
healing process by interacting with biological systems. A number of wound
dressings have been developed with the intention of counteracting the underlying
cause of chronicity and dampening the inflammatory response, thus allowing the
wound to resume healing [207].

A wound dressing is a material applied directly to a wound that is designed
to provide structural support, promote cell adhesion and migration, modulate the
local microenvironment to enhance healing and prevent further tissue damage.
Furthermore, an optimal dressing should also aim to achieve other objectives, such
as providing a temporary protective physical barrier against external agents or
pathogens, ease of application, providing the correct level of moisture to promote
re-epithelialisation and absorb wound exudate, good bioadhesion to the wound
surface, elasticity and high mechanical strength, ease of sterilisation and good
biodegradability without toxic or antigenic residues [208], [209]. In addition, the
novel dressings offer additional benefits, including enzyme or growth factor
supplementation, inhibition of microbial invasion, thermal insulation, gas exchange
permeability and protection of free nerve endings for pain relief [210], [211].
Consequently, biomaterials employed in dressings are essential in the context of
standard wound care.

A moist environment promotes wound healing, particularly in chronic
wounds, with healing rates three to five times faster than in a dry environment
[212]. This is due to the increased moisture allowing for more uniform re-
epithelialisation of the wound bed. In contrast, in a dry wound, migrating epithelial
cells follow the ridges of moisture, resulting in inefficient and uneven regeneration.
In addition, moist wounds secrete an exudate produced during the vasodilatation of
the inflammatory phase, which is rich in leukocytes, cytokines and proteins that
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promote proper healing. In dry wounds, the absence of exudate in the wound bed
delays healing. However, an excess of exudate, and therefore moisture, also impedes
healing by maceration and damage to the surrounding skin. In addition, it can also
promote the growth of bacteria. It is therefore essential that the moisture levels are
perfectly controlled for normal wound healing to occur [213], [214].

The selection of dressing depends on the pathophysiological and anatomical
characteristics of the wound, in addition to the medical history of the patient, the
location, size and type/depth of the wound, the cost of the product, the ease of
application and dressing changes, the frequency of dressing changes or the need for
additional antibiotics. For instance, it is essential to determine whether the wound
is acute or chronic, whether it is infected or not, and its depth and shape.
Furthermore, if the wound is not infected, it is important to determine whether it is
draining or not and whether it is healing properly (i.e. granularly) or necrotically.
Similarly, infected wounds require frequent dressing changes to avoid fluid
accumulation and occlusive dressings are not recommended [215]. The present of
bacteria in high numbers results in a reduction in the availability of oxygen and
nutrients to the wound cells, thereby impeding the healing process. In such
instances, the use of antimicrobial dressings may be considered [216]. In the case of
wounds that are excessively moist, it is necessary to use a dressing that is capable
of absorbing the excess exudate, thus maintaining a balanced wound surface
without completely drying out the wound. Finally, in dry wounds, it is essential to
use moist wound dressings to facilitate cell migration and nutrient diffusion, thus
facilitating faster healing [213], [217].

The existing literature suggests that wound healing is considerably
accelerated when a dressing is employed. This is due to the ability of the dressing to
facilitate re-epithelialisation, collagen synthesis, angiogenesis, and redaction in pH,
all of which contribute to a reduction in wound infection. It is important to monitor
the wound throughout the healing process, noting any known dressing
complications such as lateral absorption or excessive exudate accumulation. If
wound healing is not progressing properly in a timely manner or if the wound
deteriorates, it is necessary to change the chosen dressing type [218]-[220].

1.5.1.- Types of wound dressing

Wound dressings are typically categorised according to their mode of action
as: (a) passive products, (b) interactive products and (c) bioactive products [221]. A
passive wound dressing, such as traditional gauze, is a non-occlusive material that
merely covers the wound without participating in the wound healing process.
Interactive products, such as polymeric films, are usually transparent, permeable to
water vapour and oxygen, but impermeable to bacteria and suitable for use on low-
exudate wounds. Finally, a bioactive dressing is capable of actively contributing to
the healing process, either independently or through the delivery of active
substances. Table 3 provides a summary of the different dressings used for different
types of wounds and their respective characteristics. In chronic wounds, where
patients often undergo prolonged treatment with frequent dressing changes, the
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selection of a dressing that can deliver drugs to the wound site in a controlled
manner can enhance the therapeutic outcome.

1.5.1.1.- Passive products

1.5.1.1.1.- Gauze: Traditional gauze dressings remain the most commonly

used for the treatment of wounds and burns [222], particularly in the short-term
during the initial procedure to prevent wound contact with the external
environment and bleeding. However, gauze are unsuitable for long-term treatment
due to their tendency to dry the wound surface rapidly, permit bacterial penetration
and adhere to granulation tissue, which may result in damage to the newly formed
epithelium upon removal [223], [224]. A plethora of gauze dressings are available,
comprising both synthetic and cotton varieties, with different fibre densities and
pore sizes, and impregnated with compounds to reduce adhesion and prevent pain.
Despite being economical and versatile, gauze can cause injury during dressing
changes, increase the risk of infection and potentially lead to granuloma formation
from residual material [225], [226].

Table 3: Properties of dressing materials.

Type Actions Indications/Use Precautions/Contraindications Papers
Passive products
. ) May dry out the wound bed if used on dry
& Rapidly dbsorbs fliidand | Use oS primary dressing over or very lightly exuding wounds. [222][223][224]
auze stops bleedin superficially infected or non- i . [225] [226]
9 infected wounds d Adhe:lve ncrrur'f1 may injure f?e v:‘ound
uring dressing changes. Risk of infection
Interative products
Used as a primary dressing over
Allows visualization of wounds | superficial dry or low exuding Boinot useronpatieriswith Fragieor
. during healing. Provides wounds. Can be used as a Qnpatiel ragrle
Films : : X compromised periwound skin, skin [217][226]
bacterial protection. Adheres secondary dressing over itive to adhesi infected d
to wounds in mobile areas hydrogel alginate to rehydrate | S€ns'Tve To adhesives, or infected wounds
the wound bed
Bioactive products
For use on dry to moderately : y
Rehy§rafes wounds, balances exuding wounds. Can be Do noT_ use on infected wounds or heqvﬂy [207] [217]
Hydrogel moisture, and provides a g e exuding wounds. May cause maceration
cooling sensation on wounds combiried with silver for with fluid accumulation [227] [228]
antimicrobial activity
Rapidly absorbs fluid and For use on moderate to heavily
balances moisture in the | exuding wounds. Can be found in| Do not use on dry/necrotic wounds or
Foams wound bed. Protects the rope or ribbon presentation for wounds with minimal exudate. Low- [213]
wound bed from further required cases. Can be adhesion versions are available for
damage. Does not adhere to combined with silver for patients with fragile skin
the wound antimicrobial activity
Eorise on d s oderarel Do not use on infected wounds or heavily
Absorbs liquid in the inner oanY. Y exuding wounds. May cause
H . ; exuding wounds. Can be R 5 . [213] [2017]
ydrocolloids | layer to balance moisture. Can combinciwiitsdventon hypersensitivity reaction, or maceration 1229]
be left on for several days fur . A with fluid accumulation. May promote
antimicrobial activity
overgranulation
Absorbs and retains moisture.
Protects against bacteria. Do not use semi-adhesive form if patient
Composites Semi-adhesive form for use | For use on superficial, light fo | is sensitive to adhesives. May dry out thr [2013]
P on mobile wounds sites and moderately exuding wounds wound bed if used on dry or very lightly
non-adhesive for optimal exuding wounds.
wound healing

1.5.1.2.- Interactive products

1.5.1.2.1.- Films: Films are thin, transparent, semi-permeable polymeric

dressings that permit the exchange of gases, prevent bacterial contamination, and
protect the wound against external factors [217]. As transparent materials, they are
highly useful for visualising the wound progression. However, they lack high
absorbency and moisture absorption, which can result in fluid accumulation
beneath the dressing, requiring frequent changes. Furthermore, due to their
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adhesive nature, they can cause damage to the wound when removed, and may be
unsuitable for individuals with fragile skin. These films are optimal for superficial
wounds, which typically involve only the epidermis and are not highly exudative
[226]. However, they are contraindicated for use on infected wounds due to their
limited absorptive capacity.

1.5.1.3.- Bioactive products

1.5.1.3.1.- Hydrogels: Hydrogels are water-soluble polymer networks that

can absorb and retain large amounts of water, rendering them suitable for
moisturising dry wounds [207], [227], [228]. In addition, they are non-adherent
materials, which reduce pain during dressing changes and provide a cooling
sensation due to their high water content [207]. Furthermore, they can be employed
to deliver drugs, antimicrobial agents, or growth factors to the wound site.
Hydrogels are particularly useful for pressure ulcers, as they maintain a soft
consistency, thereby facilitating the removal of necrotic debris. However, it is not
recommended for use on infected or exuding wounds due to poor absorption [217].

1.5.1.3.2.- Foams: Foams are popular dressings due to their ease of

handling, versatility and low cost. Foams are typically composed of three distinct
layers: an absorbent non-adherent porous inner layer, a fluid-retaining middle
layer, and a semi-permeable hydrophobic outer layer. The soft material protects the
wound from trauma, while the non-adherent inner layer prevents adherence to
granulation tissue. Furthermore, the foam rapidly absorbs wound exudate.
However, this characteristic necessitates more frequent dressing changes, making
them suitable for the treatment of infected and non-infected wounds, surgical
wounds, and graft donor sites with moderate exudate. Conversely, they are
contraindicated for use on dry wounds or pressure ulcers, as they tend to dry out,
[213].

1.5.1.3.3.- Hydrocolloids: Hydrocolloids are moisture-retaining dressings

composed of compounds, such as carboxymethylcellulose, gelatine and pectins. In
general, hydrocolloids comprise two distinct layers: an inner hydrophilic layer that
maintains moisture balance and an outer semipermeable membrane that allows for
gas exchange while preventing the passage of bacteria. They effectively retain fluid,
thereby allowing for extended wear without the necessity for replacement, which in
turn reduces trauma and costs. Consequently, these dressings are employed in the
treatment of dry wounds, including abrasions, superficial pressure ulcers, surgical
wounds, grafts and burns [213], [217], [229].

1.5.1.3.4.- Composites: Composite dressings are versatile, multi-layered

products designed for use on moderately exuding, non-infected superficial wounds.
The inner layer is adhesive and porous, facilitating the transfer of moisture to the
absorbent second layer, which may be composed of hydrogel, alginate, foam, or
hydrocolloid. The outer layer is elastic, semipermeable, allowing for gas exchange
and protecting against bacterial contamination and possesses high mechanical
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strength. These dressings are durable and require less frequent replacement, as they
do not dry out as quickly. Furthermore, they can be employed in isolation or in
conjunction with other dressings or topical medications to enhance their efficacy.
Despite their efficacy on non-infected wounds, their multi-layered design renders
them a more expensive option than other types of dressing [213].

1.5.2.- Biomaterials for wound dressings

The design and creation of matrices composed of innovative biomaterials
must exhibit two fundamental characteristics: biodegradability and
biocompatibility, which denotes their minimal toxicity and immunogenicity [230].
Furthermore, these biomaterials must interact with the biological environment and
regulate the cellular response [231].

Biomaterials can be classified according to their source, including animal,
human, plant, or synthetic. However, they can be broadly divided into two
categories: synthetic and natural biomaterials [232]. Table 4 provides an overview
of the advantages and disadvantages associated with different types of biomaterials
employed in skin regeneration. In the field of tissue engineering, natural
biomaterials derived from living and plant sources, are widely explored due to their
biocompatibility, bioactivity, structural similarity to native ECM tissue, tuneable
degradation, and lack of toxic residues, as well as their ability to promote cell
adhesion and function [232], [233]. Among the most commonly used biomaterials
that are sources of proteins and polysaccharides include gelatine, fibrin, elastin,
collagen, cellulose, and chitosan [234].

1.5.2.1.- Synthetic polymers

In recent times, the synthetic biomaterials that mimic ECM systems, which
are manufactured from hydrocarbon [232] building blocks, can be produced on a
large scale with controlled properties, including degradation time and molecular
weight. Furthermore, these materials offer the advantage of being more readily
adaptable in terms of shape, architecture and chemistry, which makes them a
promising option for applications in skin regeneration [230]. Nevertheless, the
absence of cell recognition signals and the production of acid in their degradation
products restrict their use in therapeutic tissue reconstruction. The most commonly
utilised synthetic polymers for the formation of matrices are polyglycolic acid (PGA),
polylactic acid (PLA), polycaprolactone (PCL), polyethylene glycol and related
copolymers such as polylactic-co-glycolic acid (PLGA) [232].

1.5.2.1.1.- Polylactic acid (PLLA): PLA is a polyester derived from rice and

corn and has been approved by the US Food and Drug Administration (FDA) for use
in medical applications [230]. Although it has some limitations, such as a lack of cell
interaction, slow degradation, low elasticity and hydrophobicity, which can cause
inflammation, PLA is frequently used in the production of tissue-engineered
scaffolds to transport cells to the site of injury [235].
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1.5.2.1.2.- Polycaprolactone (PCL): In contrast to PLA and PLGA, PCL

exhibits a slower degradation rate [230], making it an optimal candidate for the
fabrication of resorbable sutures, drug delivery systems, and structures for tissue
regeneration [236]. Moreover, due to its slow degradation time and non-toxic
degradation products, it is considered a good option for modifying natural
biomaterials with slower degradation and improved mechanical properties [237].

1.5.2.1.3.- Polyglycolic acid (PGA): PGA is a crystalline polymer that

dissolves with difficulty in organic solvent and has a hydrophilic nature that
contributes to a rapid loss of mechanical strength allowing it to be resorbed by the
body [230], [234], [238]. Nevertheless, it can be modified with different fractions in
order to enhance its capacity to adhere to cells, to accelerate its short-term
degradation and to reduce inflammation.

1.5.2.2.- Natural polymers

The intrinsic biological signals/cell binding motifs, biocompatibility and
biodegradation properties of natural polymer matrices contribute to their generally
well-tolerated nature. Nevertheless, a certain degree of loss of mechanical and
degradation properties has been documented.

1.5.2.2.1.- Collagen: Collagen, a biodegradable and biocompatible protein,

is primarily located in connective tissue and is essential for skin structural integrity.
As aresult, it is a widely used in the skin regeneration and wound healing. However,
it is susceptible to degradation by enzymes and affected by cross-linking and
sterilisation processes [230]. Collagen-based formulations are currently employed
in numerous biomedical applications in various forms, including hydrogels and
sponges, with the objective of restoring haemostasis and promoting wound healing
in the form of dressings [234], [239]-[241]. Additionally, collagen is employed in
electrospun nanofibrous scaffolds as a skin substitute or coating for alternative
materials, such as gold nanoparticles, to improve their biocompatibility [242].

1.5.2.2.2.- Gelatine: Gelatine, a partially hydrolysed form of collagen,

retains many of its physicochemical properties and functions [230], although it
exhibits poor mechanical properties. Gelatine-based dressings incorporate the RGD
sequence, which enhances cell adhesion [243] and has been demonstrated to
facilitate healing in patients with diabetic foot ulcers [244]. Gelatine represents a
less expensive alternative to collagen and also has a higher solubility and a lower
antigenicity, which renders it an appropriate material for the treatment of wounds
at high risk of infection [245].
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Table 4: Synthetic and natural biomaterials used in skin tissue engineering and their advantages and

disadvantages.
Types Advantages Disadvantages Key properties in wound healing Papers
Synthetic biomaterials
Exhibit high mechanical properties, reasonable
Easy modification with | Poor cell interaction, low \aieﬁmg'f‘lrme, prt')efer‘r:d sur'ftllce m;)rpholll&?gy,
PLA other biomaterials and elongation, and ow/moisture dnsorption, prolongeg:swelling [230][235]
bioacti d hvedroikiobici behaviour and strong antibacterial properties
loactiyecomppotinds ycraphobicity against Staphylococcus aureus and Escherichia
coli
Demonstrate desirable electroactivity,
Biocompnﬁble with poor cell attachment due biocompatibility, free 'rudica'l scavenging
PCL relatively slow +o hydrophobici capacity and antibacterial activity; promote
degradation time VSkop Y collagen deposition and granulation tissue [230][236][237]
thickness during the wound healing process
s . i ; ; Exhibit adequate wetting time, desirable
PGA ngZl)l;_bl‘;)com;;aE::)Ie Repid Ios: il rr;ichanlcal surface morphology, low moisture uptake and
anciblodegradadle sireng prolonged swelling behaviour [230][234][238]
Natural biomaterials
Triple helix conformation of collagen type I
Appropriate Sef\si’rive to cross- prgmofes cell adhesion and migration; pore [230][239][240]
Collagen | mechanical properties linking and any sizes for 5 and 8 mg/mL collagen type T
and biocompatibility sterilization process scaffolds ranged from 126-188 ym; promotes [241][242]
connective tissue regeneration
L . . Porous gelatine matrices absorb wound
Gelatine L.ow Srigenicily (.n.‘d ey hngh ¢ exudate, maintaining a moist environment [230][243][245]
high solvent solubility resistance : :
essential for wound healing
Inert material and Porous, good absorption, biocompatible and
Shape retention due to |  suitable for in vitro biodegradable nature promotes wound healing, | [24¢1[247][248]
Alginate | low viscosity and zero assays only, requires resulting in less scarring, minimal bacterial
shear viscosity crosslinking due to low infection, and the creation of a moist wound [249][250]
bioactivity environment
Antibocterial. ) ) Interf.\c‘r with negafl\(ely chargad molacu[es
i Slightly soluble in (protein, fatty acid, bile acid, polysaccharide, [252][253][254]
Chitosan mucoadhes?ve/and aqueous solutions except | phospholipids); chelate metal ions (iron, copper,
’ . in acidic medium magnesium); stimulate haemostasis and [255][256][257]
analgesic properties . :
accelerate tissue regeneration
T:::::’If\lrzzess:?r?e’ Hydrophilic nature, purity, ability to maintain
P SI"9: | Insoluble in water and | proper moisture balance and flexibility forma | [2591[260][261]
Cellulose good mechanical ic sol okt barrier b h d and-th
strength, and many organic solvents qu t barrier e'rwegn the wour\ gn 1 le [262]
biodegradability environment, preventing bacterial infection
Biocompatible with ; .
A i : 8 ; Porous template supports cell proliferation,
Fibroin high mechgnlcal High brittleness differentiation, and ECM production [263][264][265]
properties
Half-life > 70 years and the monomer can
. ; i Poor mechanical reversibly stretch up to eight times its resting
Elastin High elatictty strength and availability | length; fibre orientation positively affects cell [BHieool27T]
phenotype, adhesion, and proliferation

1.5.2.2.3.- Alginate: Alginates, a natural polysaccharide derived from

marine algae, form gels when exposed to calcium ions [246]. The calcium in the
dressing reacts with the sodium in the exudate to produce a soluble sodium-calcium
gel on contact, which retains and balances moisture in the wound bed, thereby
promoting the proper healing process and reducing the healing time [247].
Alginates have the capacity to absorb more than 20 times their weight in fluid,
making them an optimal candidate for use in heavily exuding wounds and allowing
for prolonged use. Nevertheless, it is less suitable for dry wounds due to the
potential challenges in removal, and the necessity for a secondary dressing to
provide structural reinforcement, which increases the final cost [248]-[250]. The
distinctive characteristics of alginate permit its manufacture into a variety of wound
dressings, including hydrogels, films, foams, sponges, and nanofibres [251].
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1.5.2.2.4.- Chitosarn: Chitosan, derived from chitin, can be employed in

isolation or in combination with other materials, including gelatine, fibrin, and
collagen, to generate a variety of scaffolds, such as films, sponges, hydrogels, fibres,
powders and micro/nanoparticles [252], [253]. Chitosan has been demonstrated to
be an effective treatment for wounds and burns due to its haemostatic, antifungal,
antibacterial, mucoadhesive and analgesic properties, which do not cause
inflammation or infection [230], [254] and it may accelerate the formation of
fibroblasts and enhance early-phase responses associated with healing [255].
Despite its low toxicity and its biocompatibility with blood and tissues [256], [257],
chitosan has low mechanical strength and is highly susceptible to degradation [232],
with variable properties across different batches [258].

1.5.2.2.5.- Cellulose: Cellulose, a natural biopolymer found in plants and

some bacteria, is highly biocompatible, flexible, easy to process, mechanically
strong, and biodegradable, making it a promising scaffold for the treatment of skin
wounds [259]. It facilitates autolytic debridement, reduces pain and accelerates the
granulation process [260]. A cellulose/collagen hybrid dressing has been
demonstrated to improve tissue re-epithelialisation in diabetic foot ulcers [261].
Furthermore, the functionality of cellulose dressings can be enhanced through the
incorporation of enzymes, antioxidants, vitamins, hormones, or antimicrobial
agents, thereby creating a bioactive dressing [262].

1.5.2.2.6.- Fibroin: Fibroin, a biomaterial characterised by a high degree of

amino acid repeatability, exhibits considerable potential for wound healing due to
its biocompatibility, biodegradability, flexibility, adhesion and exudate absorption,
in conjunction with a minimal inflammatory response [263], [264]. Silk fibroin, a
semi-crystalline protein, exhibits high mechanical strength (exceeding that of
collagen) [265], which enables the formation of nanofibres that facilitate the
adhesion of fibroblasts and keratinocytes cells [251]. In addition, fibroin gels can
release growth factors, such as cytokines, which regulate the healing process [230].
Conversely, one of the principal disadvantages of these materials is that they can
induce allergic reactions and release tumour necrosis factor due to the presence of
sericin [265].

1.5.2.2.7.- Elastin: Elastin is a biomaterial that has been employed

extensively in the fabrication of skin substitutes, either in a monolayer or bilayer
configuration [266] due to its elasticity, making up 2 and 4 % of natural skin [267].
Elastin plays a role in skin repair, including the attenuation of wound contraction
and the stimulation of protease production, along with cell migration and
proliferation [84]. Furthermore, the natural process of elastin formation can take up
to 4-5 years in damaged tissue, which may result in compromised distribution and
morphology and, consequently, impaired normal functionality [266]. The majority
of skin substitutes currently available on the market are composed of collagen alone,
lacking elastin. This results in reduced elasticity, high shrinkage, and the formation
of scar tissue during the healing process [230].
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In conclusion, it can be posited that wounds treated with biopolymers and
biomaterials demonstrate accelerated healing. Furthermore, natural biopolymers
are demonstrably more efficacious as wound healing accelerators than synthetic
polymers [222].

1.6.- Elastin-like recombinamers (ELRs)

Due to the interesting properties of tropoelastin, numerous researchers
began to explore potential synthesis possibilities and attempted to artificially
produce a multitude of polypeptides that could mimic it [268], [269], thus obtaining
a novel group of biomaterials, known as elastin-like polypeptides (ELPs). The most
repeated amino acid sequence in ELPs is the polypeptide, (VPGVG)n (n < 150), which
is capable or undergoing reversible phase separation analogous to that observed in
the native tropoelastin molecule in aqueous solution. Consequently, the self-
assembly process of ELPs is similar to that described above for tropoelastin chains
and is thermodynamically favourable, as the increase in order within ELP chains
(decrease in entropy) is compensated by the decrease in order within water
(increase in entropy) [270].

The initial synthesis of these elastin-like polymers (ELPs) was conducted
chemically in accordance with the established protocol developed by Urry, Prasad
and co-workers [271]-[273]. However, these procedures were highly complex and
numerous complications arose during purification, resulting in low yields of the
final product with high polydispersity [274]. Consequently, in the late 1980s, the
advent of recombinant DNA technology enabled the development of novel
methodologies for the design and bioproduction of artificial proteins, which
overcame the limitations of chemical synthesis. These new approaches yielded end
products with greater control over their amino acid sequence and less or no
polydispersity. In addition, the thermo-responsive behaviour of these polymers was
exploited to achieve easier purification. Specifically, this purification process
involved the application of several cooling and heating cycles above and below the
transition temperature (Tt), a process known as the inverse transition cycle (ITC),
which is allowed by the intrinsic property of ELPs [275], [276]. This method avoids
the addition of compounds that have to be removed later and reduces waste or by-
products, as well as costs [277]. In order to emphasise the recombinant nature of
these elastin-like polymers (ELPs), Rodriguez-Cabello's group proposed the
nomenclature elastin-like recombinamers (ELRs) and this will be the term used to
refer to these biomaterials in this work [278], [279].

The previously described repetitive sequences of the mammalian elastic
protein, elastin, have been found to form the basic repetitive structure of ELRs,
which is the pentapeptide (VPGXG)n, where X can be any amino acid, with the
exception of L-proline, which has been identified as destabilising the 3-turn due to
steric reasons [111], [280]. The possibility to select the host amino acid, X, enables
to modulate the physicochemical properties of the ELRs obtained. The most
distinctive property of ELRs is their thermosensitivity, which results in a reversible
alteration of the spatial conformation of these polypeptides as a function of Tt. Two
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intrinsic factors, namely the choice of the amino acid host and the chain length (n-
value), are of significant importance in determining Tt Typically, Tt increases in
conjunction with an elevated average ELR polarity and decreases in correlation with
an augmented overall hydrophobicity [281]. Similarly, an increase in the length of
the ELRs also results in a reduction in Tt. Conversely, there are a number of extrinsic
factors that can influence Tt, including pH, the oxidation state of a side chain or
functional group, ionic strength, pressure, light or chemical modifications [282],
[283]. Therefore, the addition of chaotropic anions (anions with a low hydration
level) can increase Tt even at low concentrations, whereas kosmotropic anions
(anions with a high hydration level) can decrease Ttbecause they interact directly
with the water molecules, thereby weakening their interaction with the polymers
[284]. The specific Tt of each polymer can be quantified by employing a range of
experimental techniques, such as turbidity and calorimetric methods, but the Tt
values obtained by different means often differ due to the influence of several factors
[285].

The importance of ELRs lies in the fact that, in addition to their mechanical
performance, these polymers exhibit a wide and versatile range of interesting
properties that are not easily found all together in other materials, such as high
flexibility, strength and elasticity, stimuli-responsive behaviour and the ability to
self-assemble. Furthermore, their degradation products (natural amino acids) are
non-toxic [286]-[289] and have the additional property of high biocompatibility
[273], allowing these bio-inspired peptide polymers to be used in advanced
biomedical applications such as controlled drug release, tissue engineering and
regenerative medicine.

1.6.1.- Design of ELRs. Genetic engineering

ELRs are biological polymers, of protein origin, and produced
biosynthetically using genetic engineering techniques, with a well-defined sequence
thanks to recombinant DNA technology. This technique has enabled the synthesis of
proteins using heterologous hosts, with the bacterium Escherichia coli being a
notable example due to its ease of manipulation, rapid growth, and well-known
genetics [290]. Thus, the process of ELR biosynthesis can be described in four basic
steps: 1) the design of a synthetic gene encoding for the desired protein; 2) the
obtaining of the monomeric gene to construct the multiblock; 3) the transformation
of the gene into a bacterial strain to express the desired recombinant proteins; and
4) the bioproduction of the recombinant polypeptide in a fermenter and its
subsequent purification. The aforementioned process in depicted in Figure 7.
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Figure 7: Schematic representation of the design of the sequence and production of an elastin-like
recombinamer. Created with BioRender.

In this work, the iterative-recursive directional ligation (IRDL) method
proposed by Meyer and Chilkoti [291] was used for the synthesis of highly repetitive
recombinant proteins. The method achieves precise control of block size and
distribution by oligomerising monomeric genes in a continuous, unidirectional
manner, overcoming the limitations of previously proposed methods that relied on
concatemerisation to achieve the desired gene length and constructed the gene
randomly [105], [277], [279]

The IRDL method thus permits the synthesis of long genes through the
controlled ligation of small genes, following a series of well-established individual
steps. This is based on the use of restriction enzymes that leave cohesive ends,
allowing the insertion of DNA fragments into a plasmid of interest [291]. To initiate
the process, the monomeric DNA segment of interest (monomeric gene) must be
designed and must be flanked at both ends by specific non-palindromic restriction
sites. This approach allows for the facile isolation of the fragments by enzymatic
digestion with IIS-type restriction enzymes, which can then be subjected to
oligomerisation by enzymatic ligation, as is illustrated in Figure 8A and Figure 8B.
These IIS enzymes have the capacity to cleave DNA away from its recognition
sequences, at a defined distance from them, thereby facilitating the process of
"seamless"” cloning of genes. This approach avoids the incorporation of unwanted
nucleotide residues in the final construction and self-ligation by leaving non-
complementary ends. The utilization of type Il enzymes may result in the
incorporation of terminally manipulated restriction sites within the gene sequence,
which may subsequently lead to the generation of unwanted nucleotide residues
within the final gene construct [292].
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Figure 8: Ligation-based DNA assembly using restriction endonucleases. A) The use of conventional
type 1l endonucleases for DNA assembly necessitates the presence of a type II recognition site at the connection
point between the two initial DNA fragments. The junction is retained in the final product, thereby preventing the
creation of arbitrary DNA sequences. B) The use of type IIS endonucleases in DNA assembly enables the creation of
overhangs with any arbitrary sequence, thus allowing for sequence-independent construction. Reproduced from
[293]. €) Recognition and cutting sequences of Earl and Sapl endonucleases.

Among the most commonly used endonucleases of the IIS-type in the IRDL
method are Earl and Sapl, which can be utilised in combination to yield the desired
gene fragment. It is noteworthy that these enzymes exhibit a distinctive property:
while Earl is capable of recognizing and cleaving Sapl sites, the reverse is not true,
as the Sapl recognition sequence contains an additional nucleotide, as illustrated in
Figure 8C. In addition, the asymmetric ends produced by their digestion can be
interchanged [293].

In order to employ the IRDL method with Earl and Sapl enzymes, it is
necessary to use a single restriction site for Sapl, and two sites for Earl. This
configuration allows Sapl to facilitate linearisation of the cloning vector, while Earl
enables the isolation of the gene segment of interest. Furthermore, the shrimp
alkaline phosphatase enzyme is utilised to prevent self-ligation of the receptor
plasmid. Consequently, the deliberate positioning of both restriction sites thus
allows the vector to be linearised using Sapl to obtain protruding ends to which the
gene of interest isolated using Earl is then added with compatible ends. The result
of this linkage between a vector and an insert is a circular plasmid. It is crucial to
highlight that the plasmid vector has been designed in a manner that preserves the
restriction sites throughout each cloning step. This allows for the sequential
insertion of distinct genes, employing these enzymes in succession, to yield a gene
encoding the ELR of interest [294].

1.6.2.- ELRs with more advanced and complex
functionalities

To enhance tissue specificity, the ELR backbone can be modified and
biofunctionalized to incorporate biological signals, such as cell adhesion domains,
protease sequences or growth factors that promote adhesion, cell proliferation,
migration, differentiation, ECM degradation, angiogenesis or regeneration, thus
providing a suitable environment for cell survival and proper tissue growth [295].
For instance, the incorporation of the RGD (arginine-glycine-aspartic acid)
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sequence, which is found in fibronectin and other extracellular matrix proteins,
promotes the adhesion of various cell types to ELRs via a581 and a5f33 integrins, as
is illustrated in Figure 9A [296]. Another specific example of enhanced endothelial
cell adhesion is the REDV (arginine-glutamic acid-aspartic acid-valine) sequence,
which is found in the alternatively spliced IIICS-5 domain of human plasma
fibronectin. This motif is involved in cell adhesion and spreading via the a4f1
integrin in endothelial cells, but not in smooth muscle cells or fibroblasts [297].
Additionally, the aforementioned AASIKVAVSADR and PPFLMLLLKGSTR sequences
in laminin, as is shown in Figure 9B, have been demonstrated to promote
angiogenesis and anchor epidermal keratinocytes to the dermal-epidermal junction,
respectively [62], [64].

A) B)
RGD binding site
o )
M AN Ay
S H oo 0

J on

HN

HN ’k*mn

fibronectin

Niom / b
Niem y—

S B integrin

”V membrane
FN-IIL, w

8

~ adhesion complex

Figure 9: Examples of cell adhesion domains that improve the functionality of ELR polymers.
Schematic representation of A) RGD binding domain in fibronectin and B) IKVAV binding domain in laminin.
Adapted from [298] and [71].

Similarly, the inclusion of enzymatic degradation sequences assists ELRs in
the undergoing degradation during the process of tissue regeneration, thereby
enabling host cells to grow and form new tissue by depositing ECM [299],[300]. For
example, the hexapeptide VGVAPG (valine-glycine-valine-alanine-proline-glycine)
is recognised by elastase. The degradation rate of ELRs can be adjusted by
incorporating specific protease recognition sites in the amino acid sequence, such
as active domains (GTAR and DRIR, which facilitate fast and slow degradation,
respectively). These sites can be cleaved by uPA (urokinase plasminogen activator)
enzymes, which have with different kinetics and sensitivities [301]-[304].

In addition, ELRs have also been combined with growth factors for more
specific applications, such as bone morphogenetic protein-2 (BMP), which can
promote the regeneration of damaged bone tissue, thereby conferring
osteoinductive properties to ELRs [273], or vascular endothelial growth factor
(VEGF) or the angiogenic peptide QK, which mimics the VEGF receptor binding
domain, which are widely used in angiogenic processes, including the promotion of
functional capillary formation [303]-[308].

Finally, ELRs have also been employed in combination with other protein
polymers, such as silk, collagen, and resilin, with the objective of enhancing or
modifying their properties. For instance, silk-like domains are derived from the
GAGAGS hexapeptide repeat found in the silk fibroin Bombyx mori, which is known
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to self-assemble into (B-sheet secondary structures, conferring the material high
strength, toughness and ductile elongation [309]-[311].

1.7.-Scaffolds for tissue engineering

Despite the advances that have been made, two-dimensional environments
are unable to adequately capture the complexity of living systems, as they lack the
ability to mimic cell-cell and cell-extracellular interactions that occur in a three-
dimensional environment, as is depicted in Figure 10. In these tissue models, cells
in a monolayer have unlimited access to the components of the medium, such as
nutrients, oxygen, metabolites and signalling molecules. However, this does not
reflect the natural environment of tissues, where nutrient uptake is often more
complex. Furthermore, the morphology of cells is altered in two-dimensional
systems, which affects their native function [312], organisation of internal
structures, secretion and signalling [313]. Consequently, the development of new
artificial tissues must consider the environment in which the real tissue functions
[314], [315], including other cell types, ECM components and bioactive molecules.
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Figure 10: Schematic illustration of the cell microenvironment in two-dimensional (2D) and three-
dimensional (3D) cell cultures. In traditional two-dimensional (2D) cell culture, cells are grown in a flattened
monolayer at the bottom of plastic plates. These cultures are constrained by the absence of cell-cell interactions and
the unlimited exposure of cells to nutrients, oxygen, and drugs. In contrast, three-dimensional (3D) cell culture
systems facilitate enhanced cell-cell and cell-extracellular matrix interactions, restricted access to nutrients and
oxygen, and heterogeneous drug interactions, which more closely resemble the real microenvironment observed in
vivo. Reproduced from [316].

The new scaffolds must exhibit mechanical properties analogous to those of
the tissues to be simulated, in addition to an appropriate external geometry,
macrostructure, microstructure and interconnectivity [314], [317]. Furthermore,
they must provide a structural support in which cells can properly grow, migrate,
proliferate and differentiate properly in order to form a three-dimensional tissue-
like construct. The principal challenges associated with three-dimensional
structures are the supply of oxygen and nutrients, which is limited by the intricate
diffusion processes within them. It is evident that larger and more structurally and
functionally complex human tissues cannot be maintained by simple diffusion.
Instead, a network of vascularisation is required to promote the exchange of
nutrients, oxygen and waste, thus maintaining cellular function [318].
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To overcome this problem and ensure proper functionality, porosity and
pore size have currently been proposed as key parameters in the design of scaffolds
for tissue engineering and regenerative medicine [317], [319]. In this context, it is
widely acknowledged that scaffolds necessitate high porosity and interconnectivity
to facilitate homogeneous cell distribution, cell proliferation and adequate nutrition
to support tissue expansion [320]. Indeed, internal porosities greater than 90 % are
regarded as optimal for tissue engineering applications [321]. The optimal pore size
is dependent upon the intended application or target tissue [322], with values
ranging from tens to hundreds of micrometres. Moreover, porosity and pore size
have been shown to influence the vascularisation process [322], which is a crucial
event in tissue regeneration. In addition to pore size, the shape and structure of the
pore network are of critical importance in guiding and promoting the formation of
new tissue, thus achieving the correct mechanical properties and biological signals
[323]. Finally, the porosity of the scaffold surface is also of great importance, as it
influences cell adhesion and anchorage between the scaffolds and the surrounding
tissue, which improves the cleavage and mechanical stability of the implants [317],
[324].

Consequently, a plethora of techniques have been devised to alter the pore
architecture (size, shape and porosity) and mechanical properties of diverse
scaffolds, thereby facilitating the desired tissue-cell interaction [319], including
freeze-drying, moulding, solvent casting, gas foaming, salt leaching, electrospinning,
phase separation, and 3D printing [325]-[327].

1.7.1.-Elastin-like recombinamer hydrogels

ELRs are highly similar to natural elastin and therefore exhibit high elasticity,
biocompatibility, biodegradability, thermo-responsiveness and an absence of
immunogenicity [289], [328]. In addition, their recombinant nature allows for
precise control over the amino acid sequence and molecular weight, which is not
easily achievable in synthetic polymers. Furthermore, the high yield in the
production of these polypeptides when expressed in Escherichia coli bacteria (
approximately 500 mg/L growth) and their simple purification based on their
transition temperature, a simple and less costly procedure than other protein
purification protocols [276], allows the production of large quantities of polymer for
later use in the final application as regenerative medicine [329].

Finally, as previously mentioned, the recombinant nature of these ELRs
allows for the modulation of their physicochemical properties by the introduction
of amino acids or cross-linking sequences. Furthermore, numerous new
functionalities can be incorporated, including cell recognition domains (RGD or
REDV), which enhance cell adhesion [330]-[336], sequences that induce
biomineralization [337]-[339], sequences that promote angiogenesis [307] or
neurogenesis [303], non-thrombogenic coatings [308], [340], [341], selective cell
harvesting or antimicrobial coatings that are either chemically or recombinantly
incorporated [342]-[344] Depending on the final application, ELRs can generate a
variety of structures such as micelles, nanoparticles, hydrogels, films and
nanofibres. Consequently, ELRs represent a potential source for the fabrication of
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highly porous, hydrated and biocompatible three-dimensional (3D) scaffolds [345],
which are promising for regenerative medicine and tissue engineering, particularly
in the form of hydrogels, as they provide mechanical and biochemical properties
resembling those of living tissues. In addition to providing basic structural support,
hydrogels can also mediate specific cellular responses such as cell migration and
differentiation, support host tissue integration and ultimately promote matrix
synthesis [346].

ELR hydrogels can be obtained through physical or chemical cross-linking.
On the one hand, the self-assembly of physical ELR hydrogel networks is mediated
by the sum of physical interactions that collectively stabilise an entire three-
dimensional architectural network, including hydrogen bonding, Van der Waals
interactions, hydrophobic and electrostatic interactions [347]. As the hydrogels
obtained by these ionic or hydrophobic interactions are typically weak and fragile,
reinforcing sequences have been incorporated to strengthen the intermolecular
forces. Specifically, two distinct sequences have been incorporated into the ELR
chain with the objective of achieving this purpose. The first of these is the silk-like
motif (GAGAGS) [348], which is a sequence that favours a supramolecular
rearrangement ending, which results in the formation of B-sheet structures.
Additionally the human liver leukaemia factor (HLF), also known as the leucine zip
motif [349], which is a sequence that consists of the repetition of the heptadic
periodicity, which is usually designated 'abcdefg' with hydrophobic residues at
positions 'a' and 'd". Furthermore, charged residues are located at positions 'e' and
'g' [350], where the interaction between hydrophobic and ionic intermolecular
forces between the charged residues in the zip motifs results in the formation of
coiled-coil dimers that enhance the gelation of an amphiphilic ELR block.

Conversely, chemical cross-linking results in the production of hydrogels
with enhanced mechanical properties. While there are various approaches to
chemical cross-linking ELRs, nearly all of them necessitate the presence of an amino
group on the side chain of lysine amino acids. Among the various cross-linking
options, the use of chemicals is the most prevalent [351]. Recently, one of the most
widely used chemical reactions is Huisgen's 1,3-dipolar cycloaddition between
azides and alkynes as illustrated in Figure 11. This is an example of catalyst-free
click chemistry and therefore has advantages as a rapid, high-yield cross-linking
process because it is stereospecific, biocompatible and cell-friendly, allowing it to be
carried out in aqueous solution in mild physiological environments without the
release of toxic by-products [352]-[354]. To achieve this, ELRs are chemically
modified to hold cross-linkable azide or cyclooctyne groups by exploiting the e-
amino group present on the side chain of the lysine residues. Once the ELRs have
undergone modification, both groups react orthogonally to form an irreversible
covalent bond between the ELR molecules, in the form of a triazole ring, resulting in
the formation of a stable hydrogel [302]. Moreover, the mechanical properties and
pore size of these hydrogels can be readily modified by simply varying the density
of azide and cyclooctyne groups in the ELR chains, which will consequently alter the
final cross-linking density of the network. Similarly, the presence of these lysine
groups in the ELR chains can be exploited to introduce various bioactive
compounds, such as peptides to modify the functionality of the polymer [303].
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Figure 11: Click reaction. Azides and alkynes react orthogonally to form an irreversible covalent bond.
Adapted from The Royal Swedish Academy of Sciences.

ELR hydrogels have been demonstrated to be extremely beneficial in
biomedical applications due to their high-water content and elastic nature, which is
comparable to that of natural tissues. Furthermore, the facile tunability in terms of
specific mechanical, chemical and biological properties enables the design of specific
scaffolds for cell growth and proliferation in a multitude of applications, including
skin substitutes, cartilage or bone repair, vascular grafts or heart valves, among
others [308], [355]-[357].

1.8.-Elastin-based wound dressings for
skin

As previously stated, a number of underlying molecular and cellular
pathophysiological mechanisms can contribute to the development of chronic
wounds. These include poor vascularisation, excessive degradation of the
extracellular matrix, degradation by proteases, reduced growth factor activity and
bacterial infection. Furthermore, these wounds frequently result in severe tissue
contraction, which further compromises the structure and appearance of the scar.
Consequently, the most efficacious therapies for these wounds will need to address
one or more of these mechanisms in order to make a significant advance in wound
care. The utilisation of elastin-based materials may represent a promising
therapeutic avenue for the management of chronic wound healing. These materials
exhibit excellent biocompatibility and can be engineered to possess multiple
functionalities, including the capacity for drug delivery, modulation of mechanical
properties, and ECM mimicking properties. Additionally, elastin can be employed to
create intricate, multifunctional structures that can accommodate the varying
dimensions and contours of chronic wounds. Furthermore, the presence of elastin
dressings has been demonstrated to reduce wound contraction, as it suppresses the
differentiation of fibroblasts into contractile myofibroblasts, thereby modulating
scar tissue formation [160], [358], [359]. Furthermore, tissue elasticity exerts a
modulatory influence on cellular physiology, thereby offering the potential to
constrain wound contraction. The contractile forces of cells are influenced by the
elasticity of the underlying substrate, and therefore, elastin dressing may be used as
a novel means of reducing wound contraction [360]. The mechanical nature of
elastin regulates cellular properties. For example, nanofibres incorporating elastin
within their material show an improvement in the shape and organisation of
epithelial tissue compared to elastin-coated nanofibres, highlighting the influence of
mechanical stretch on cell morphology and alignment [361], [362]. Moreover, cells
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within the elastin matrix generate reciprocal mechanical forces, which provide
additional signalling cues. It is not straightforward for cells to adhere to substrates
that are excessively flexible or excessively rigid, as they are unable to adequately
deform these surfaces [363]. Consequently, matrix stiffness can regulate a number
of important aspects of cell behaviour, including cell migration, adhesion, spreading,
proliferation and ECM deposition [363], [364]. Thus, engineered materials with
appropriate elasticity and stiffness can be designed to guide regenerative cellular
responses. Oriented fibres are associated with elasticity and contractility, whereas
randomly oriented fibres are associated with stiffness and load-bearing properties
[365]. Furthermore, the incorporation of elastin into these materials also affects
their geometry, porosity and morphological structure, which in turn influences the
mechanical properties [366]. The architecture of the elastin matrix defines the
shape, distribution, alignment and arrangement of cells within tissues by providing
cell-to-cell contact orientation and spatially modulating cell infiltration and
clustering [367]. Therefore, elastin biomaterials facilitate cellular organisation
[362], [368], [369].

There are several advanced methods of wound healing, including negative
pressure therapies, the use of bioengineered skin substitutes or hyperbaric oxygen.
However, these approaches do not achieve complete healing due to the significant
variability in wound size and location between individuals, and they only partially
address the relevant biological mechanisms [370]-[372]. Elastin-based materials
can address the critical need to develop better treatments that target multiple
mechanisms in chronic wounds. Chronic wounds are characterised by being stuck
in the inflammatory phase, which impairs healing through the following
mechanisms: loss of endogenous ECM, impaired growth factor activity and bacterial
infection. These issues can potentially be addressed with elastin-based materials, as
the fundamental components are derived from natural peptides and can emulate the
ECM by providing a matrix that replaces damaged or lost tissue in wounds by
conferring elasticity and functionality. This can be achieved by replacing the missing
elastic network or by signalling the positive regulation of elastic tissue biosynthesis.
In chronic wounds, the presence of excess metalloproteinases results in the
degradation of endogenous growth factors and bioactive peptides, thereby
inhibiting cell proliferation, differentiation, and migration. In such instances, elastin-
based materials can be employed as drug delivery vehicles to protect bioactive
compounds from degradation [373]. Finally, chronic wounds and burns are prone
to infection and bacterial colonisation, a growing problem due to the emergence of
antibiotic-resistant pathogens. In such cases, the use of elastin-based materials may
be beneficial, either by virtue of their antibacterial properties or by allowing the
sustained and controlled release of antibiotics [374].

A number of complex multifunctional structures based on elastin in the form
of as fibres [352], [375]-[377], coacervates [378], sponges [379], [380], particles
[381]-[383] or hydrogels have been developed by different research groups to meet
all the requirements mentioned above, such as mechanical properties and adequate
stiffness, porosity or morphology. Nevertheless, the use of fibres, coacervates,
sponges and particles derived from natural biomaterials is constrained by a number
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of significant limitations in their application to tissue engineering. Despite their
notable mechanical strength, fibres present significant challenges in terms of
manipulation and precise engineering for specific applications. Furthermore, they
can exhibit long-term structural integrity issues. Coacervates, despite their utility in
encapsulating bioactive agents, frequently exhibit limitations in stability,
reproducibility, and cellular integration. Sponges, due to their porous structure,
facilitate the diffusion of nutrients. However, they often lack the elasticity and
adaptability necessary to follow the dynamic movements of living tissue.
Furthermore, they present problems of uniformity in cellular distribution and
vascularisation. Despite the high specific surface area offered by the particles, there
is a risk of heterogeneous distribution, which can impede the formation of uniform
and functional tissues and may result in the onset of unwanted inflammatory
responses. Consequently, hydrogels represent the optimal choice as they exhibit the
most suitable properties for chronic wound healing. These include a high-water
content due to their porous, three-dimensional structure, biocompatibility and
bioadhesiveness. Hydrogels are hydrophilic polymeric networks that exhibit the
property of swelling and deflating in aqueous solutions. This moisture exchange
provides an optimal microclimate between the dressing and the wound bed, thereby
promoting the wound healing process more effectively [384].

As hydrogels are applied directly to the wound, it is imperative that the
dressings are non-toxic and do not cause a foreign body reaction. Therefore, it is
essential that these materials are biocompatible. Furthermore, hydrogels must
adhere sufficiently to the wound to protect the wound microenvironment from
external factors and bacterial infection, as well as to prevent fluid leakage. These
materials ensure complete coverage by rapidly conforming to the shape of the
wound, even in the case of irregular wounds [385], [386]. Finally, some hydrogels
have the capacity to self-repair, maintaining their structural stability and intrinsic
integrity even after mechanical disruption. Consequently, these dressings offer a
number of advantages, including prolonged life, prevention of secondary injury and
the ability to maintain their shape through a variety of self-repair mechanisms
[387].

Furthermore, hydrogel dressings provide a cooling and soothing effect, as
well as reducing the pain associated with dressing changes due to their high
moisture content. They are easily removed from the wound site without causing any
additional tissue damage [388]. In addition, some hydrogels are transparent, which
facilitates clinical assessment of the wound healing process without the need to
remove them from the site of application. Finally, some hydrogels exhibit additional
properties, such as stimuli-responsiveness, which enables them to release and
diffuse charged bioactive molecules in a controlled manner to promote wound
healing [389]-[391]. Figure 12 schematically illustrates some of the key properties
of hydrogels that make them an ideal wound dressing. These include
biocompatibility, biodegradability, and good bioadhesiveness. It is also of great
importance that these wound dressings have a high capacity to adsorb wound
exudate and maintain the correct humidity, which is conducive to the healing
process. Furthermore, it is important that they present tuneable properties, such as
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mechanical properties or porosity, as well as the ability to be injected, which would
facilitate the placement of the hydrogel in the wound. Finally, it is advantageous if
these hydrogels possess additional properties, including antibacterial or antioxidant
characteristics or the capacity to release drugs [176].

Antibacterial Features Biodegradability
of
Hydrogel

Injectable

Correct humidity

@

Figure 12 : Biological and structural features of hydrogels to enhance wound healing. Created with
BioRender.

Consequently, numerous researchers have turned their attention to
tropoelastin- and elastin-derived hydrogels in their constant search for innovative
solutions in wound management. The authors have investigated the potential
benefits of these bioactive materials, with the objective of developing more effective
and advanced therapies for tissue regeneration and the restoration of normal skin
function. In comparison to other natural materials, which are often associated with
disadvantages such as collagen-based hydrogel dressings, which are commonly
used for ulcers and burns, these materials have been found to exhibit poor
biostability and inadequate mechanical properties. Hyaluronic acid, which is
effective in promoting cell proliferation and protecting against microorganisms,
suffers from low mechanical stability and rapid degradation. This necessitates the
frequent replacement of the material, which can cause new lesions and increase the
risk of infection. Silk fibroin, renowned for its mechanical strength and
biocompatibility, degrades at a relatively slow rate, which may result in
encapsulation, granuloma formation, and allergic responses. Finally, chitosan, which
is valued for its biodegradability, haemostatic activity, and antibacterial properties,
degrades rapidly in acidic environments, which complicates its use in wound
healing, given that the pH of wounds is often altered. Consequently, numerous
researchers have conducted studies on the use of tropoelastin or elastin, which has
the potential to facilitate effective wound treatment and healing. In this context,
Mithieux et al. [392] presented a novel approach for the production of adjustable
amounts of elastic fibres. For this purpose, human dermal fibroblasts from donors
of varying ages were seeded onto Integra® hydrogels for a period of 33 days, with
recombinant human tropoelastin added on alternate days. As controls, they had
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Integra® cultured with cells but without tropoelastin, and Integra® without cells
but with tropoelastin. It was observed that the addition of tropoelastin to fibroblasts
resulted in the formation of fibres that initially aligned in the direction of the cells,
thereby creating a broadly branched elastic fibre network, regardless of the age of
the cell donor. However, the fibre architecture undergoes changes with age, with a
reduction in the number of fibres observed in cells derived from older age groups,
accompanied by an increase in fibre thickness and a reduction in branching.
Furthermore, it was demonstrated that the incorporation of exogenous tropoelastin
is a prerequisite for the synthesis of elastic fibres, with the absence of synthesis
observed in the absence of this addition. Consequently, a hybrid biomaterial was
developed that was capable of providing sufficient and detectable levels of elastin in
full-thickness wounds, which had previously lacked this elastic underlayer.
Following on from this, a year later, the same authors, Mithieux et al. [393],
developed a synthetic heat-treated tropoelastin (HeaTro) construct that promotes
the repair of full-thickness skin wounds in pigs through the formation of new blood
vessels and the recruitment of adjacent cells. This novel system is based on a novel
form of heat-stabilised human tropoelastin, which is subjected to a thermosetting
process at 160 °C. The resulting construct, HeaTro, was found to become
increasingly stable with prolonged heating times. Subsequently, the scaffolds are
implanted into the dermal wound bed, where they are hydrated to form a hydrogel.
This dressing has been demonstrated to generate an environment that
demonstrates significant benefits in dermal repair, epithelial regeneration and
wound healing compared to sterile dressings, commercial hydrogels and dermal
regeneration products. Using the same tropoelastin type as described in the two
preceding papers, Rnjak et al. [394] constructed a matrix based on synthetic human
elastin that was cross-linked with bis-sulfosuccinimidyl suberate (BS3) at a final
concentration of 10 mM. The formed synthetic elastin (SE) hydrogel matrix was
observed to promote adhesion and proliferation of primary human dermal
fibroblasts for at least 14 days, accompanied by the deposition of extracellular
matrix proteins, fibronectin and type I collagen. To facilitate further cellular
infiltration, the electrospun ES was transformed into fibrous scaffolds that closely
resemble the fibrous nature of the skin dermis, exhibiting an elasticity comparable
to that of natural elastin. Additionally, they obtained three-dimensional structures
of SE that retained the ability to interact with fibroblasts, forming a monolayer that
spans the entire surface of the scaffold and infiltrates into the interior of the scaffold
by presenting larger spaces between individual fibres with larger fibre diameters,
which resemble dermal elastic fibres. Finally, Annabi et al. [395] also employed
recombinant human tropoelastin in their work, substituting it with methacryloyl
(MeTro), which undergoes visible light-induced cross-linking with gelatine
methacryloyl (GelMA) to form a novel composite hydrogel. The physical properties,
tensile strength, and elastic moduli of this composite hydrogel can be readily
modified by varying the concentration of MeTro. Furthermore, GelMA comprises a
modified form of denatured collagen, which provides protease-sensitive
degradation and cell-binding sites. These properties may be complementary to the
interactions exhibited by tropoelastin. The compound is biocompatible, elastic, and
sprayable, and exhibits antimicrobial activity against both gram-positive and gram-
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negative bacteria through conjugation of Tet213 AMP. The system was
demonstrated to support the proliferation and migration of mouse embryonic
fibroblast cells in two- or three-dimensional (3D) culture systems in vitro.
Subcutaneous implantation of hydrogels in Wistar rats confirmed the
biocompatibility and in vivo biodegradation of the material. Furthermore, the
potential of MeTro/GelMA-AMP hydrogels for sutureless wound closure was
documented, with the aim of preventing infections and promoting the healing of
chronic wounds. Furthermore, in a paper published in the same year, Annabi et al.
[396] proved that recombinant methacryloyl-substituted human tropoelastin
(MeTro) can serve as a surgical sealant in the absence of sutures or staples. In a
subsequent study, Tian et al. [397] also used methacrylated gelatine (GelMA) in a
different manner. They created a in situ hydrogel through the visible light cross-
linking of methacrylated gelatine (GelMA) with acryloyl-(polyethylene glycol) N-
hydroxysuccinimide ester-modified elastin, which was designed to mimic the
dermal microenvironment. This elastin/gelatine composite hydrogel is capable of
recruiting and modulating the behaviour of innate immune cells and accelerating
angiogenesis at the wound site, thereby promoting healing. The regenerative
capacity of these elastin-based hydrogels was therefore studied in a full-thickness
skin defect model in mice. It was observed that a predominance of neutrophils and
M2 macrophages was present at the wound site, in addition to a high infiltration of
the hydrogel. Consequently, the immunoregulatory effect of elastin-based hydrogels
enhances angiogenesis, collagen deposition and dermal regeneration, thereby
accelerating the wound healing process.

Elastin-based hydrogels have been subjected to more extensive study. A
number of authors have dedicated their research efforts to investigating the unique
properties of elastin when associated with silk, with the aim of developing
biomimetic materials with significant potential for wound treatment. These
materials exhibit enhanced mechanical properties and the capacity to facilitate cell
adhesion. From this approach, Kawabata et al. [398] described the development of
a flexible silk-elastin sponge that is capable of absorbing wound exudate at
physiological temperatures. This is achieved using a recombinant silk elastin
protein polymer consisting of a silk-derived sequence (GAGAGS) and a human
elastin-derived sequence (GVGVP). This polymer has the ability to self-assemble
from liquid to gel on contact with the wound. The efficacy of the silk-elastin sponge
was examined in vivo using 8 mm full-thickness wounds on the back of guinea pigs.
It was found that after administration, the silk-elastin sponge was absorbed and
dissolved by the exudate itself. Furthermore, these innovative sponges can be
readily applied at a density of 12.5 or 25 mg/cm3 to a skin wound, thereby
encouraging the formation of granulation tissue and facilitating stable wound
healing. In a subsequent paper, the same authors, Kawabata et al. [399], further
demonstrated that when the same silk elastin polymer (with GAGAGS and GVGVP
sequences) is applied to a severe and intractable full-thickness skin ulcer in a
diabetic mouse in an aqueous state, the silk elastin spreads over the wound area,
forming a hydrogel layer and maintaining a moist condition without inflammation.
This resulted in the wound being protected from external bacterial exposure, which
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in turn facilitated the acceleration of healing and the formation of granulation tissue
and epithelialisation. Furthermore, the efficacy of the silk-elastin hydrogels was
compared with that of conventional products on the market, such as
carboxymethylcellulose gel. The results demonstrated that the silk-elastin
hydrogels exhibited significantly higher epithelialisation rates and larger areas of
granulation tissue. Finally, Vasconcelos et al. [400] were the first to successfully
synthesise a silk fibroin/elastin (SF/EL) scaffold for burn wound treatment using
genipin as a cross-linking agent. This resulted in a conformational transition from a
random coil to a 3-sheet of SF chains. To achieve the desired physical properties, the
SF/EL ratio was varied to produce hydrogels with varying pore sizes, expansion
ratios and release rates. Furthermore, in vitro degradation studies demonstrated
that cross-linking with genipin significantly reduced the susceptibility to
degradation. The SF/EL scaffolds exhibited reduced cytotoxicity and enhanced cell
proliferation of human skin fibroblasts in vitro. Finally, a dermal burn healing
experiment using human skin equivalents showed that wounds treated with silk
fibroin/elastin scaffolds containing a higher amount of elastin induced keratinocyte
and fibroblast migration, resulting in accelerated re-epithelialisation and wound
closure.

A multitude of studies have yielded hybrid hydrogels comprising elastin in
conjunction with other compounds, including chitosan, collagen, gelatine, and
hyaluronic acid. These hybrid hydrogels have been demonstrated to be capable of
harbouring antibacterial and antimicrobial agents, or even stem cells, and of being
released in a controlled manner in the wound area. The objective of this approach is
to effectively reduce infections and thus accelerate wound healing. In this regard,
the aforementioned work by Vasconcelos et al. [400] introduced gentamicin as a
highly effective antibacterial agent, which stimulated the migration of keratinocyte
and fibroblast and accelerated re-epithelialisation and wound closure. Similarly,
Abdel-Aty et al. [401] made a bovine elastin (E) and tannic acid (T) scaffold using a
simple conjugation method. This was then combined with polyethylene glycol (PEG)
to create a gel, facilitating its placement on the wound. The incorporation of tannic
acid into these systems significantly enhanced the wetting, swelling and solubility
properties. A micromorphological study confirmed the deposition of tannic acid on
elastin fibres, which improved the thermal stability of the assembly and the
controlled release of T in various media. Tannic acid also exhibited potent
antibacterial activity. Finally, an in vivo study was conducted in which burns were
performed on the dorsal side of Wistar rats using a heated plate of boiling water.
The wounds were treated daily with the E/T conjugate. The results demonstrate
that this E/T conjugate accelerates the wound healing process, reducing the wound
closure time by reducing the infiltration of inflammatory cells and increasing
fibroblast proliferation. Furthermore, it favours the disappearance of the scar by
completely restoring both the epidermis and the dermis of the damaged skin. Under
this same premise, in a recent work, Ramzan et al. [402] developed a porous
scaffold composed of chitosan, sodium alginate and elastin for the repair of chronic
skin wounds. Furthermore, variable concentrations of zinc oxide nanoparticles
(ZnO-NP) were incorporated into this hydrogel, which are released in a controlled

77




INTRODUCTION

manner and act as an antimicrobial agent against Escherichia coli and Staphylococcus
aureus by producing reactive oxygen species that increase lipid peroxidation of the
bacterial cell membrane. The in vitro cytocompatibility of the composite hydrogel
was investigated using human adipose-derived stem cells (ADSC), which
demonstrated a high cell proliferation capacity and a uniform distribution of cells
within the scaffold. These composite hydrogels can be employed in a variety of
wound types, including those with excessive exudate or infected wounds, due to
their high porosity and ability to absorb large quantities of fluid. Furthermore, they
exhibit potent antimicrobial activity against a wide range of bacteria. From the
perspective of charged hydrogels that allow the release of factors that promote
healing, Choi et al. [403] studied the potential of elastin-like polypeptide (ELP)
containing, at regular intervals of its skeleton, the cell adhesive ligand RGD
(TGPG[VGRGD(VGVPG)s]20WPC, termed REP) to enhance cell attachment and
proliferation in the treatment of a chronic wound. When REP is co-administered
with mouse adipose stem cells (ASCs), a hydrogel-like ASC/REP composite forms in
situ under physiological conditions. The ASC/REP hydrogels were implanted into
full-thickness excisional wound defects in mice together with ASCs. No inflammation
or immune response was observed, and neovascularisation and the viability of the
transplanted ASCs were significantly enhanced. These effects significantly
promoted wound closure and wound re-epithelialisation. Therefore, REP is not only
an alternative matrix to replace damaged or lost natural ECM compounds in a
wound, but also has the therapeutic potential to enhance stem cell-based therapy
with increased in vivo viability of transplanted ASCs, which improves wound
healing. Finally, Bergonzi et al. [404] developed a film based on the combination of
alginate (ALG) and a biomimetic elastin-derived polypeptide (Human Elastin-Like
Polypeptide, HELP), resulting in a composite with improved properties.
Furthermore, the ALG/HELP composite films were loaded with curcumin, a natural
hydrophobic antioxidant and antimicrobial agent, which is released in a controlled
manner over 10 days. The in vitro cytocompatibility of these composite films with
different concentrations of HELP was studied with human dermal fibroblasts
(hDFs), with the results indicating that the films were not toxic to the cells and that
they promoted cell proliferation due to HELP. Consequently, the antioxidant activity
of curcumin was found to correlate with an increased HELP content, which
suggested the applicability of these compounds as smart biomaterials with potential
application in the healing process.

The combination of elastin hydrogels with alginate has emerged as a
promising option in the field of wound healing. For example, the aforementioned
work of Bergonzi et al. [404] and the work of Hashimoto et al. [405] where they
developed an alginate dressing covalently linked to a hybrid peptide, SIRVXVXPG (X:
A or G), consisting of a laminin-derived peptide, SIKVAV, and an elastin-derived
peptide, VGVAPG. Initially, the efficacy of the hybrid peptides was examined by
studying the binding and proliferation of normal human dermal fibroblasts (NHDF)
in vitro. The results demonstrated that these peptides exhibited significantly
stronger NHDF proliferative activity compared to the control peptides (Ac-KSIKVAV
and Ac-KVGVAPG). Subsequently, an alginate dressing incorporating the hybrid
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peptide was created and its efficacy on wound healing was evaluated in an in vivo
model of a rabbit ear skin defect. After nine days, the wounds exhibited significantly
greater epithelialisation compared to controls (alginate dressings with SIKVAV
alone, VGVAPG alone and no peptides), as well as a greater volume of regenerated
tissue.

An alternative method for the production of elastin-based materials for the
creation of hydrogels is through the utilisation of recombinant technology, whereby
proteins or peptides are specifically engineered to replicate the characteristics of
biological tissues. Their capacity to self-assemble and form a three-dimensional
matrix provides an optimal environment for tissue regeneration. In this context,
Stojic et al. [406] tested how the mechanical, elastic and biological properties of
plasma-derived fibrin hydrogels are improved by adding an ELR network consisting
of two ELRs (one modified with azide (SKS-N3) and one with complementary
cyclooctyne (SKS-cc)) at three different SKS concentrations of 1, 3 and 5 wt %. In
order to study the biological properties of these novel hydrogels, the researchers
employed both primary human fibroblasts (hFBs) and primary human
keratinocytes (hKCs). The findings indicated enhanced mechanical properties and
augmented elasticity when the SKS content was equivalent to or greater than 3 %
and a reduction in the shrinkage of the hydrogel. However, the viability of the 3D
model is dependent on the concentration of ELR. Consequently, when the SKS
concentration was 1 %, an improvement in hFB proliferation was observed,
whereas no such improvement was observed with hKCs. In contrast, when the SKS
concentration was 5 %, hKC proliferation was increased, but hFB proliferation was
decreased, in comparison to the plasma hydrogel control. The authors propose that
these plasma-ELR hydrogels, which possess adjustable properties, could serve as in
vitro dermoepidermal skin models for the testing of pharmaceutical products used
in chronic wounds and even cosmetics.

Furthermore, in a recent paper, Sarangthem et al. [407] proposed the use of
human elastin-derived materials with controlled biological properties, which play
an important role in the regulation of molecular signalling, including proliferation,
migration, differentiation and tissue repair. To this end, they genetically synthesised
a heat-sensitive ELR and cell adhesins containing ECM domains, such as RGD
(integrin-binding ligand) and YIGSR (laminin-selective receptor-binding ligand).
Three cell types were employed in a series of experiments to assess the impact of
these novel ELR polymers: murine fibroblasts (NIH3T3), human umbilical vein
endothelial cells (HUVEC) and human keratinocytes (HaCaT). The results
demonstrated an enhanced cellular response in terms of cell-cell or cell-matrix
integration, motility and proliferation. In particular, these engineered fusion ELRs
facilitated rapid and robust fibroblast adhesion, as well as enhanced keratinocyte
migration and HUVEC cell tube formation. These processes are essential in the
wound healing process, as they favour epithelialisation, dermal repair and blood
vessel formation, which are crucial for tissue regeneration. Finally, Del Prado-
Audelo et al. [408] reported the synthesis of a novel composite hydrogel using
elastin and polyvinylpyrrolidone (ELT-PVP) via gamma radiation-induced cross-
linking. The hydrogel exhibited a porous morphology with interconnected pores,
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which permitted a pseudoplastic fluid rheological behaviour. Furthermore, to assess
the biological characteristics of these novel ELT-PVP hydrogels, viability and
proliferation analyses were conducted with human dermal fibroblasts, which
exhibited high biocompatibility and demonstrated higher cell viability in the
hydrogel compared to ELT. This suggests that cross-linking ELT with PVP by gamma
irradiation in aqueous solution allows the production of a hydrogel with an
appropriate morphology for use as a wound dressing.

Other studies have combined elastin with other components, such as collagen
and gelatine, which are generally cross-linked with the help of genipin to form
hybrid hydrogels that simulate skin substitutes. In this regard, Sallehuddin et al.
[409] developed an acellular hydrogel based on collagen, gelatine and elastin
(CollaGee) for use in full-thickness skin wounds and added genipin flavonoids (GNP)
as a cross-linker to improve mechanical strength, degradation rate and thermal
properties. The physicochemical, mechanical and biocompatibility properties were
studied with and without the GNP cross-linker (0.1 % w/v), and it was found that
the GNP cross-linked CollaGee exhibited superior physicochemical (increased
porosity and swelling ratio) and mechanical (higher strength and degree of cross-
linking) properties compared to the non-cross-linked CollaGee groups. In addition,
the samples were observed to be compatible with cells and human dermal
fibroblasts demonstrated a viability of at least seven days. Additionally, in a recent
paper, Kamaruzaman et al. [410] constructed hybrid scaffolds of collagen (derived
from sheep tendon type I) and elastin (derived from chicken skin) that they cross-
linked with 0.1 % (w/v) genipin, thereby mimicking the extracellular matrix of skin
matrices. The scaffolds exhibited a uniform and interconnected porous structure
with a porosity greater than 60 % and a high-water absorption capacity.
Furthermore, the biodegradation rate of the 5 % elastin-containing gel was found to
be lower than that of the collagen-only control. The biocompatibility of these
scaffolds was evaluated in vitro using human dermal fibroblasts (HDFs) extracted
directly from abdominoplasty or facelift skin. No toxic effects were identified, and
the hybrid scaffolds demonstrated significant support for the adhesion and viability
of human skin cells, suggesting their potential use as acellular matrices in wound
treatment.

Finally, in recent years, there has been a significant increase in the use of 3D
printers to generate complex scaffolds for tissue regeneration. Consequently, the
development of biocompatible and functionally active bioinks for 3D printing has
become a crucial area of research for various applications aimed at the formation of
new tissues, organ regeneration and the restoration of normal function of damaged
tissue. These bioinks permit the fabrication of customised three-dimensional
structures that emulate the intricacy and functionality of natural tissues, thereby
offering an innovative approach to tissue regeneration. Nevertheless, despite the
considerable advances that have been made in the field of 3D scaffold bioprinting,
the availability of elastin-based bioinks that are capable of reducing scar
contraction, facilitating the healing process and restoring elasticity to regenerated
skin remains limited. This is due to the limitations of current printing
methodologies, which prevent the printing of elastic and highly vascularised tissues.
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The scientific literature on elastin-based bioinks is limited. They are typically
composed of natural tropoelastin or recombinant elastin (ELRs) [411], [412]. From
this perspective, Derr et al. [413] developed a bioink for three-dimensional printing
of skin-equivalent hydrogels based on collagen, gelatine, fibrin and elastin. The
addition of gelatine to the bio-ink facilitated the extrusion process by increasing its
viscosity. Fibrin was included to prevent matrix shrinkage by strengthening the
collagen matrix. Elastin conferred elasticity to the bio-ink. Finally, collagen was
added as an extracellular matrix (ECM) component to enhance cell adhesion,
maintain tissue thickness, and reduce the maturation time of the tissue. This
distinctive hydrogel formulation enables the fabrication of a human-like artificial
skin with minimal tissue shrinkage, which can be bioprinted with high throughput,
rapid printing times and short incubation periods. To develop the dermal
compartment, they employed a bioink loaded with neonatal human dermal
fibroblasts (HDFn), which simulated the basal layer. To develop the epidermal
compartment, they used a bioink loaded with neonatal normal human epithelial
keratinocytes (NHEK). Consequently, these advances in bioprinting functional
artificial skin with these novel hydrogels pave the way for new avenues of research
in the field of chronic wound healing, as well as in the creation of skin disease models
for the evaluation of drugs and cosmetics. This line of reasoning was subsequently
followed by Tayebi et al. [414]. Rheology analysis was employed to identify the
optimal composition for the development of a printable bioink for use in 3D-printed
guided tissue regeneration. The resulting composition consisted of 8 % gelatine, 2
% elastin, and 0.5 % w/v sodium hyaluronate. The soft membranes were composed
of six layers with a gradient structure, allowing the generation of small pores on one
side and large pores on the other. This structure was designed to accommodate
different cells, such as fibroblasts and keratinocytes, on different sides. In vitro tests
showed that this structure allowed for the complete separation of the epithelial
layer from the underlying tissues. Finally, in a more recent study, Cadamuro et al.
[415] described a procedure that relies on a biocompatible click reaction between
elastin and hyaluronic acid to obtain 3D bioprintable hydrogels. To achieve this, the
elastin and hyaluronic acid were functionalised with linkers ending in maleimide
groups and cross-linked with a dithiol PEG linker. The biocompatibility of these 3D
hydrogels was evaluated through in vitro studies, in which fibroblasts and epithelial
cells were exposed to the hydrogels and observed for survival and proliferation.
Furthermore, ELHA hydrogels have been demonstrated to exert functional
biological effects on both fibroblasts and epithelial cells. These effects include
increased expression of CD44 and avfB3 integrin and modulation of
metalloproteinase transcription levels.

A summary of the published work to date on elastin-containing hydrogels
applied to promote wound healing is presented in Table 5.
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Table 5: A summary of published work on elastin-containing hydrogels used to promote wound healing.

Polymer/sequence

*Recombinant_human
tropoelastin
isoform SHELA26A

without domain 26A)
*Integra

*Recombinant_human
tropoelastin
isoform SHELA26A

without domain 26A)

*Recombinant_human
tropoelastin
isoform SHELD26A

without domain 26A)

* Bis-sulfosuccinimidyl
suberate (BS3)

recombinant_human

tropoelastin (MeTro)

*Gelatin methacryloyl
(GelMA)

glycol)-N-

(GelMA)

*_Elastin (6V6VP)

(6AGAGS)2

HH)

*_Elastin (6VGVP)

(GAGAGS)2

HH)

from Bombyx mori

+  Genipin (6NP)

* Tannic_acid

(synthetic human elastin

(synthetic human elastin

(Synthetic Human Elastin

*Methacryloyl-substituted

* Acryloyl-(polyethylene

hydroxysuccinimide ester
elastin (Elastin-PEG-AC)

» Gelatin methacryloyl

* Silk-fibroin (6AGAGS)

(MDPVVLQRRDWENPGVTQL
NRLAAHPPFASDPMGAGSGA
GAGS [ (GVGVP)4 GKGVP
(6VGVP)3 (GAGAGS)4 112
(6VGVP)4 GKGVP (GVGVP)3

GAGAMDPGRYQDLRSHHHH

* Silk-fibroin (6AGAGS)

(MDPVVLQRRDWENPGVTQL
NRLAAHPPFASDPMGAGSGA
GAGS [ (GVGVP)4 GKGVP
(6VGVP)3 (GAGAGS)4 112
(6VGVP)4 GKGVP (GVGVP)3

GAGAMDPGRYQDLRSHHHH

* Silk-fibroin: Silk cocoons
*_Elastin: Elastin soluble

from bovine neck ligament

*Elastin: Elastin soluble
from bovine neck ligament

* Polyethylene glycol (PEG)
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Structure type

Hydrogel

Heat-Based
Formation of
Stabilized
Tropoelastin
(HeaTro)

Hydrogel

*Electrospun
scaffolds

* Hydrogels

Composite
hydrogels:
MeTro/GelMA

MeTro/GelMA-
AMP

MeTro/GelMA-
ZnO

In-situ

Visible-light
cross-linking
hydrogel

Silk-elastin
sponge

hydrogel

Silk-elastin
sponge

hydrogel

Silk fibroin-
elastin (SF/EL)
hydrogels

Elastin/tannic
acid (E/T)
Conjugate

Hydrogel

Release of
bioactive
products

Antimicrobial
peptide
(Tet213)

Gentamicin
(antibacterial
agent)

Tannic acid

(antibacterial
agent)

In vitro experiments
(types of cells)

*Human Dermal
Fibroblast (HDFs)
from neonatal, 10, 31
burned, 51- and 92-
year-old males

*Human Dermal

Fibroblast (HDFs)

*Primary Human Dermal
Fibroblast

*

Mouse Embryonic
Fibroblast cells

(NIH-3T3)

*Primary Human
Umbilical Vein

Endothelial cells
(HUVECs)

*Human Foreskin

Fibroblast (HFF-1)

*Monocyte/Macrophage
-like Raw 264.7 cells

*Human Normal Skin

In vivo experiments

(Types of wounds and
animal model)

*Murine Model: Four
square full-thickness
skin wounds (1 x 1 cm)
on the back of 12 mice
(Balb/c, male) at 10
weeks of age.

*Porcine Model: Six
full-thickness skin
wounds on the back of
12 pigs.

*Murine model: Eight 1-
cm incisions on the
posterior dorsomedial
skin of male Wistar
rats for subcutaneous
implantation

*Murine model: Full-
thickness skin wounds
of 10 mm diameter on

the back of female
C57BL/6J mice

weighing about 20 g and
8 weeks age

*Guinea Pig Model: Full-

thickness wounds of 8
mm in diameter on the
backs of female guinea
pigs at 7 weeks of age

* Diabetic Murine
Model: Pressure ulcers
wound on the backs of

BKS.Cg-+Leprdb/+

Leprdb/Jcl) diabetic
mice at 9 weeks of age
*Guinea Pig Model: Four

full-thickness wounds
of 8 mm in diameter on
the backs of female
guinea pigs at 7 weeks
of age

* Diabetic Murine
Model: Full-thickness
skin defect on the
backs of C57BLKS/J
Tar+Lepr db/+Leprdb
female diabetic mice at
9 weeks of age

* EpidermFT- Human
full-thickness skin

Fibroblasts (BJ5ta
telomerase-
immortalized cell line)

equivalents: Two burn
wounds with a cautery
on top of the tissue for
10s.
* Rat Model: Burn
wound with a hot plate

(diameter 5 cm x 2.5
cm) on the dorsal of
twenty-five male

Year

2016

2018

2009

2017

2022

2017

2018

2012

2023

Wistar rats

Paper

[392]

[393]

[394]

[395]

[3971]

[398]

[399]

[400]

(401




Polymer/sequence

* Elastin: Elastin soluble
from bovine neck ligament

* Chitosan: High molecular
weight: 310.000-375.000 Da
* Sodium-alginate
* ZnO-NPs

* RGD-containing elastin-
like polypeptide (REP):

TGPGVGRGD(VEVPG)6]20
wPC

* Adipose stem cells (ASC)

* Human elastin-like
polypeptide (HELP)
* Alginate: Sodium alginate

*Hybrid peptide:
SIRVXVXPG (X: A or G),
fashioned from a laminin-
derived peptide, SIKVAV,

and an elastin-derived
peptide, VGVAPG

*Alginate

* Elastin-like recombinamer
(ELR):

MESLLP [(VPGVG VPGSG
VPGVG VPGKG VPGVG VPGSG
VPGVG)2 VAVTGRGDSP
ASSGGG6GSG66656666S
(VPGVG VPGSG VPGVG
VPGKG VPGVG
VPGSGVPGVG)216-V
* Plasma-derived fibrin:
Fresh frozen human
platelet-poor plasma

* Elastin-like recombinamer
(ELR):
containing ECM domains:

- RGD (Arg-6ly-Asp) integrin
binding ligand
-YIGSR (Tyr-Ile-Gly-Ser-
Arg) laminin-selective
receptor binding ligand

* Elastin: Alpha fraction
hydrolyzed elastin (ELT)
(70,000 Da)

* Polyvinylpyrrolidone (PVP)

* Elastin: From poultry skin
* Collagen type I: From

ovine tendon
* Gelatin
* Genipin (6NP)

* Elastin: From poultry skin
* Collagen type I: From

ovine tendon
* Genipin (6NP)
* Elastin
* Collagen type I

* Gelatin
Fibrinogen

*

Structure type

Chitosan sodium
alginate- elastin/
ZnO-NPs
composite
hydrogels

ASC/REP
composite

hydrogel

ALG/HELP

Composite films

Hydrogel

Hybrid-plasma-
derived fibrin-
ELR

hydrogels

Hydrogel

In-situ

gamma irradiation
cross-linking
ELT-PVP hydrogel

Hybrid CollaGee/
GNP

hydrogel
(Skin substitute)

Hybrid hydrogel
(Skin substitute)

Hydrogel
(Skin substitute)

(Bioink)

Release of
bioactive
products

Zinc oxide
nanoparticles
(ZnO-NPs)

(antimicrobial
agent)

Adipose stem
cells (ASC)

Curcumin

(antimicrobial
agent)

In vitro experiments
(types of cells)

*Human Adipose Stem
Cells (ADSCs)

*Adipose stem cells
(ASC) from C57BL/6J-
GFP mice
*Human Epidermal
Keratinocytes

*Human Dermal

Fibroblasts (hDF)

*Normal Human Dermal

Fibroblasts (NHDFs)

*Human Primary
Fibroblasts (hFBs)

* Human Primary
Keratinocytes

(hKCs)

*Murine Fibroblast cell
(NIH3T3)

* Human Umbilical Vein
Endothelial cell
(HUVEQ)

* Human Keratinocytes
cells (HaCat)

* Human Dermal

Fibroblasts (HDFs)

* Human Dermal

Fibroblasts (HDFs)

* Human Dermal

Fibroblasts (HDFs)

*Neonatal Human Derm

al Fibroblasts (HDFN)

n Epithelial Keratinocyt

es (NHEKN)

*Neonatal Normal Huma

INTRODUCTION

In vivo experiments

(Types of wounds and
animal model)

*Murine model: Full-
thickness excisional
skin wounds on the back
of male C57BL/6J or
nude mice weighing
about 20 g and 8 weeks
age

*Rabbit model: One 10
mm-diameter circular
skin defect in each ear
with a scalpel to the
depth of bare cartilage
of sixty-six young adult
male Japanese white
rabbits

Year

2023

2016

2020

2004

2021

2022

2021

2022

2023

2019

Paper

[402]

[403]

[404]

[405]

[406]

[407]

[408]

[409]

[410]

[413]
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Release of . In vivo experiments
Pol " _ In vitro experiments
olymer/sequence Structure type bioactive (types of cells) (Types of wounds and | Year |Paper
products animal model)
* 8% Gelatin: from porcine
skin Hybrid e | Oral
e membrane- = okmdhisia
*2% E!asfln. molecular Kidrecel Fibroblasts (NOF)
weight 60 KDa ydrog = = 2018 | [414]
. . (Bioink) * Normal Oral
0.5% Sodium hyaluronate Keratinocytes (NOK)
molecular weight 500 KDa-
749 KDa
* Elastin: a-elastin with * Human lung fibroblast
maleimide-PEG2- Click ELHA cell (CCD-19Lu)
succinimidy| ester Hydrogel * Human Endothelial
(EL-PEG-MA) - cells (HUVEC) - 2023 | [415]
* Hyaluronic acid: (Bioink) * Human Bronchial
hyaluronic acid with 2- Epithelial cells
maleimidoethylamine (HBEC-1cells)
(HA-MA)

Consequently, the objective of chronic skin wound management is not merely
wound closure; it is also the prevention of scar contracture following wound healing.
However, in light of the aforementioned research findings, no currently available
dressing material or ointment is simultaneously effective in preventing infection in
chronic ulcers and reducing wound contracture in acute ulcers. Furthermore, none
of these materials meets all the requirements for an ideal dressing, including being
biodegradable, having a good injectability, being antimicrobial, or enhancing
keratinocytes adhesion and proliferation. Consequently, the objective of this thesis
is to develop a dressing based exclusively on elastin that promotes the healing of
chronic wounds. By using a recombinantly synthesised elastin, the precise
composition of the material can be modulated and designed to support the
recruitment and proliferation of both fibroblasts and keratinocytes. Furthermore,
the use of elastin in the formulation of this dressing exploits its biocompatible and
biodegradable nature, which reduces the risk of adverse reactions or side effects on
the skin. Additionally, its elastic capacity to reduce wound contraction and
subsequent visible scarring is beneficial. Besides, the bioactive properties of elastin
are leveraged to modulate cell migration, adhesion, and proliferation at the wound
site. Moreover, the tuneable mechanical properties facilitate the formation of new
tissue, thereby accelerating the healing process. In addition, it can be predicted that
the elastin-only dressing will have a high capacity to regulate moisture, taking into
account its swelling capacity. This will promote an optimal environment for wound
healing, as a moist environment promotes cell proliferation and new tissue
formation.
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2.- Materials and Methods

2.1.- Materials

2.1.1.- Chemical Reagents

he reagents utilized in this thesis are catalogued in Table 6, organized

according to their intended use. The chemicals purchased are of synthetic or

analytical quality. The reagents were obtained from commercial sources and
utilized without any prior purification or procedure.

Table 6: Chemical reagents.

Reagents (Abreviation Brand

Molecular biology
Acrylamide Amresco LLC
Ampicillin Apollo Scientific
Bacto™ Agar BD/Difco Biosciences
Bromophenol Blue Sigma-Aldrich
DNA marker (1kb Plus DNA Ladder) Invitrogen
DNA staining (SimplySafe) Eurx
Kanamycin Apollo Scientific
Plasmid Purification Kit (NucleoSpinPlasmid) Macherey-Nagel
PureLink® Quick Gel Extration Kit for purifying DNA Invi
fragments from agarose gels niItrogen
9 9 9
Quantum Prep Plasmid Miniprep Kit for purifying plasmid Biorad
DNA from bacteria
Seakem Agarose Cambrex
Production and purification
Ammonium sulfate (( NH,4),SO,) Sigma-Aldrich
Antifoam 204 Sigma-Aldrich
Auto-induction culture medium (Terrific Broth, TB) Formedium
4-(2-Aminoethyl) benzenesulphonyl fluoride N
hydrochloride (AESBF) L ST
Chloroform Sigma-Aldrich
Coomassie Brillant-blue Sigma-Aldrich
Copper chloride (CuCly) Sigma-Aldrich
Disodium hydrogen phosphate (Na,HPO,) Fisher Scientific
E-64 Apollo Scientific
Ethylenediaminetetraacetic acid (EDTA) Sigma-Aldrich
Glucose Panreac Chemistry
Glycerol ThermoFisher Scientific
Hydrochloric acid (HCI) ThermoFisher Scientific
Isopropanol Invitrogen
Leupeptin Apollo Scientific
Lysogeny culture medium (Luria Bertani, LB) Conda-Pronadisa
Pepstatina A Apollo Scientific
Phenylmethylsulfate fluoride (PMSF) Apollo Scientific
Protein marker (Unstained Protein Ladder (MUNS)) ThermoFisher Scientific
SOC medium Sigma-Aldrich
Sodium chloride (NaCl) ThermoFisher Scientific
sodium dodecyl sulfate (SDS) Sigma-Aldrich
Sodium hydroxide (NaOH) ThermoFisher Scientific
Tetramethylethylenediamine (TEMED) Sigma-Aldrich
Tris(hydroxymethyl)aminomethane (Tris-base) Sigma-Aldrich
p-Mercaptoethanol Sigma-Aldrich
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Chemical modification
(1R,85,9S)-bicyclo[6.1.0]non-4-yn-9-yImethyl SynAffix BV
succinimidyl carbonate (cyclooctyne)
2-azidoethyl (2 5-dioxopyrrolidin-1-yl) carbonate (azide) GalChimia
Acetone Sigma-Aldrich
Diethyl ether (Et,0) Sigma-Aldrich
Dimethyl sulfoxide (DMSQO) ThermoFisher Scientific
Dimethylformamide (DMF) Sigma-Aldrich
Ethanol Panreac Chemistry
N -butanol Sigma-Aldrich
Cells
Alamar Blue Invitrogen
Bovine serum albumin (BSA) Sigma-Aldrich
CellTiter 96® Aqueous One Solution (Cell Proliferation p
Ad59) romega
Y
Culture media (DMEM 4.5g/L glucose, Medium 200) Gibco
CytoTox 96® Non-Radioactive (Cytotoxicity Assay) Promega
Fetal Bovine Serum (FBS) Gibco
LIVE/DEAD @ Viability/Cytotoxicity Kit Invitrogen
Penicillin/Streptomycin Gibco
Phosphate buffer saline (PBS) Gibco
Triton X-100 Sigma-Aldrich
Trypan Blue Sigma-Aldrich
Trypsin Enzyme/ EDTA 0.05% Gibco
Peptide synthesis
Dichloromethane (DMC) Sigma-Aldrich
Fmoc-protected amino acid Novabiochem
Fmoc-Rink Amide-linker Iris Biotech
HBTU Sigma-Aldrich
N,N-Diisopropylethylamine Sigma-Aldrich
Piperidine Sigma-Aldrich
TentaGel S NH2 Iris Biotech
Trichloroacetic Acid (TFA) Sigma-Aldrich
Ex vivo
Biopsy punches (2 and 8 mm) Sigma Aldrich
Fungizone Sigma Aldrich
In vivo
3M™ Tegaderm™ transparent film roll 3M Science. Applied to Life
Isoflurane Sigma Aldrich
Pain killer MSD
Others
Deuterated dimethyl sulfoxide(DMSO-d,) Sigma-Aldrich
Hematoxylin-eosin staining Sigma-Aldrich
Masson’s Trichrome staining Sigma-Aldrich
Nitrocellulase filter 0.22/m Millipore Sigma
Paraffin Sigma-Aldrich
Paraformaldehyde Sigma-Aldrich
Ultrapure water type T Millipore Sigma
Ultrapure water type IT Millipore Sigma
Xylol Sigma-Aldrich

2.1.2.- Buffers

The research presented in this doctoral study employed a variety of buffers,
the characteristics of which are outlined in Table 7. All solutions were prepared
using ultrapure deionised water. Where appropriate, sterilisation was carried out
by autoclaving, as previously mentioned. Those solutions that do not support
autoclaving were sterilised by filtration through nitrocellulose membranes with a
pore size of 0.22 pm.
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Table 7: Buffers.

Buffer pH Composition

PBS 1X 74 5 mM Na,HPO, and 140 mM NaCl

TAE 1X 8.0 40 mM Tris-acetate and 1 mM EDTA
TE (sonication buffer) 8.0 10 mM Tris-base, 1 mM EDTA and 1 mM PMSF
TBS (washing buffer) 8.0 20 mM Tris-base and 140 mM NaCl

SDS-PAGE Running Buffer 8.3 25 mM Tris-base, 192 mM glycine and 0.1% (w/v) SDS
: 30% (v/v) glycerol, 0.1% (w/v) SDS, 0.05% (w/v)
DRyl e bromophenol blue, 50 mM Tris-base and 0.05 mM EDTA
0.3 M Tris-base pH 6.5, 10% (w/v) SDS, 50% (v/v)
Protein loading buffer - glycerol, 2% (w/v) bromophenol blue and 25% (v/v) p-
mercaptoethanol

2.1.3.- Enzymes

The enzymes employed can be categorised into two distinct types, depending
on their intended use:

- Restriction enzymes: These are employed in restriction mapping of genes.
These enzymes can be classified according to the time of their action, resulting in
either rapid digestion or normal digestion. The former category includes enzymes
such as Earl, EcoRl, Sspl and Ndel (Thermo Fisher), while the latter encompasses
enzymes such as Eam1104I (Earl) and Lgul (Sapl) (Fermentas). Each enzyme is
utilised in conjunction with its corresponding buffer, in accordance with the
instructions provided by the manufacturer.

-Other enzymes employed in the modification of DNA: Other enzymes
employed in the modification of DNA included FastAP (Thermo Fisher) and Shrimp
Alkaline Phosphate (SAP) (Fermentas) phosphatases, which were used to
dephosphorylate the phosphate groups of the linearised plasmids. T4 DNA ligase
(ThermoFisher Scientific) was employed as a polynucleotide binding enzyme. Each
of these enzymes was utilised with its corresponding buffer and in accordance with
the instructions of the manufacturer.

2.1.4.- Cloning and expression vectors

2.1.4.1.- Cloning plasmid

The pDriveAll cloning vector is derived from the commercial cloning vector
pDrive (Qiagen), in which the recognition targets of the type Il endonucleases Sapl
and Earl have been mutated to flank the vector, as illustrated in Figure 13. This
mythology permits the construction of genes in a controlled and directional manner
by leaving cohesive ends that facilitate the insertion of DNA fragments into the
plasmid of interest [416], [417]. Additionally, the cloning vector should not contain
any endogenous Sapl restriction sites [416].
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Figure 13: Restriction map with all enzymes of the pDrive All cloning plasmid. Created with
SnapGene® software.

2.1.4.2.- Expression plasmid

The p7RARE expression vector, represented in Figure 14, was employed to
express the designed recombinant polymers. The p7RARE expression plasmid was

also developed by the Bioforge group from the commercial vector pET25(+)

(Novagen) [294]. This expression vector contains recognition sequences for

overexpression in E. coli strains using an expression system based on the RNA
polymerase of phage T7 [418]. Consequently, the mutation occurs within the N-
terminal domain and is manifested by a distinct codon choice for translation of the

N-terminal amino acid sequence Met-Glu-Ser-Ser-Leu-Pro, with the objective of
enhancing ELR expression:

p7: ATGGAATCCCTGCTGCCG (—MESSLP)

p7 RARE: ATGGAATCACTACTACCC (—»MESSLP)

(5376) AMaB7I - Aval - BSHKC - BSOBL - Ecogal
(5350) Bmtl - BspOI
(5346) ASUNHI - Nhel
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Figure 14: Restriction map with all enzymes of the p7RARE expression plasmid. Created with
SnapGene® software.
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2.1.5.- Biological materials

2.1.5.1.- Bacterial strains

The various bacterial strains of Escherichia coli employed in genetic
engineering as hosts for cloning and as expression systems for the genes designed
for the production of biomaterials are presented in Table 8.

Table 8: Bacterial strains.

Essa Bacterial Strain Competence Brand
Cloning
XL-1 Blue competent f;r‘?mf?rma:ioqoa
cells - :r::;if::rlneasnis /:g of Agilent Technologies
(Escherichia coli’) DNA cloning vector
Subcloning

Recombinant production

Recombinant production

XL-1 Blue subcloning
cells

(Escherichia coli )

BLR (DE3)

(Escherichia coli’)

BL21 (DE3)
(Escherichia coli’)

Transformation
efficiencies 2 1 x 10¢
transformants/ug of
DNA cloning vector

Transformation
efficiencies > 2 x 10¢
transformants/pg of

DNA for protein

expression

Transformation
efficiencies » 2 x 10¢
transformants/pg of

DNA for protein

Agilent Technologies

ThermoFisher
Scientific

Novagen

expression

2.1.5.2.- Cell lines

The Table 9 provides a comprehensive list of all cell lines used in this thesis
for all in vitro tests. In particular, two cell types that are relevant to the process of
wound healing, namely fibroblasts and keratinocytes, were employed for the
purpose of biologically characterization.

Table 9: Cell lines.

Cell Line
Human primary foreskin
fibroblastic cells
(HFF-1)
Immortal human adult skin
keratinocytes

(HaCaT)

Early stage
(2-15)

Early stage
(2-15)

2.1.5.3.- Animal models

Finally, the animal models employed in this study for in vivo investigations,
both to assess the biocompatibility of elastin membranes and to examine the
regenerative capacity in full-thickness excision wounds, are presented in Table 10.
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Table 10: Animal models.

Animal model Gender Purchased Experiment
Animal Research and To assess in vivo
; : Chares River Welfare Service (SIBA) biocompatibility and
AEabHy BWissi(a mice el Laboratory of the University of stability of elastin
Valladolid membranes
Center for Molecular Toi iaate th £
Healthy C57BL/6J (TAX™ Mice Male Chares River Medicine, Karolinska S iyt
E : ; : . elastin membranes in full-
strain) mice Laboratory University Hospital Solna

(Stockholm) thickness excision wounds

2.1.6.- Culture media

2.1.6.1.- Culture media for bacteria growth

The following culture media were employed throughout this work for gene
construction, bacterial growth, transformation and biomaterial production:

-LB-Agar: solid-state culture medium for the coating of culture plates.
Experimental procedure: 25 g/L LB medium and 15 g/L Bacto™ agar were weighed
and reconstituted with distilled water and sterilised in an autoclave for 20 minutes
at 121 °C. Once the temperature had been reduced to a level that would not degrade
the antibiotic, 100 pg/mL sterile ampicillin and 1 % (w/v) glucose were added to
the medium and subsequently plated in Petri dishes (approximately 30 mL).

-Luria-Bertani Broth medium (LB): liquid medium used to obtain bacterial

growth without protein overexpression. Experimental procedure: 25 g/L LB
medium is reconstituted with distilled water and sterilised by autoclaving for 20
minutes at 121 °C. When this medium is to be used, it should be supplemented with
1 % (w/v) sterile glucose and antibiotics as required (100 pg/mL ampicillin or 30
ug/mL kanamycin).

-Self-inductive Terrific Broth medium (TB): liquid culture medium that

induces protein expression due to its lactose content. Experimental procedure:
55.85 g/L TB medium is reconstituted with distilled water and supplemented with
8 mL/L glycerol and 100 pg/mL antifoam. The medium is then autoclaved for 20
minutes at 121 °C. Once the temperature had reached a sufficiently low level to
prevent the antibiotic from being degraded, 100 pg/mL sterile ampicillin was added
to the medium.

2.1.6.2.- Culture media for cell lines

The following media were employed to cultivate the respective cell lines, in
accordance with the specifications outlined by the suppliers for each case.

-Human foreskin fibroblastic cells (HFF-1) were cultured in Dulbecco's
Modified Eagle's Medium (DMEM) supplemented with 2 nM L-glutamine, 4.5 g/L
glucose, 15 % fetal bovine serum (FBS) and 1 % penicillin/streptomycin solution.
HFF-1 cells were incubated in 75 cm? tissue culture flask at 37 °C in a humidified air
atmosphere with 5 % CO2, with the medium renewed every 2 days. Cell cultures
were subcultured when cells reached 80-90 % confluency. To detach adherent cells
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for subculturing and plating, trypsin-EDTA (0.25 % solution) was used and fresh
FBS-containing cell culture medium was added in order to neutralize the trypsin.
The resulting cell suspension was centrifuged for 5 minutes at 240 g and the
supernatant was discarded. Fresh medium was added to obtain a new cell
suspension which was loaded into an automated cell counter for cell concentration
estimation. Subsequently, specific concentrations of fibroblasts were drop-seeded
according to the requirements of each experiment.

-Immortal human adult skin Keratinocytes cells (HaCaT) were cultured

in Dulbecco’s modified Eagle’s medium (DMEM), containing 2nM L-glutamine and
4.5 g/L glucose, and then supplemented with 10 % (v/v) fetal bovine serum (FBS)
and 1 % (v/v) penicillin/streptomycin solution. HaCaT cells were incubated in a 75
cm? tissue culture flask at 37 °C in a humidified air atmosphere with 5 % CO2, and
medium was replaced every 2 days. Cell subcultures were made when confluence
reached values close to 80-90 %. Upon detachment of adherent cells with 0.25 %
(w/v) trypsin-EDTA solution, fresh cell culture medium containing FBS was added
to neutralise the trypsin. After centrifugation at 240 g for 5 minutes, the supernatant
was discarded and fresh medium was used to prepare a new cell suspension. The
cell suspension was loaded into an automated cell counter to determine cell
concentration. Subsequently, specific concentrations of keratinocytes were drop-
seeded according to the requirements of each experiment.

2.1.7.- RT-qPCR

The material (PCR microtubes and tips) used for PCR is purchased in a sterile
state and free from DNases and RNases. Table 11 lists the reagents and TagMan
probes used for qPCR.

Table 11: qPCR material.

Material Brand

High-Capacity cDNA Reverse Transcription Kits Applied Biosystems
Maxima Probe gPCR Master Mix (2X) Thermo Scientific
MicroAmp™ EnduraPlate™ Optical 96-Well Fast ThermoFisher
Multicolor Reaction Plates
MicroAmp™ Splash-Free 96-Well Base ThermoFisher
Phasemaker™ Tubes Invitrogen
TRIZzol™ Plus RNA Purification Kit Invitrogen
TRIzol™ Reagent Invitrogen
TaqMan Probe
ACTA2, Hs00909449_ml1 ThermoFisher
CDH1, Hs01023895_m1 ThermoFisher
VCL, Hs00419715_m1 ThermoFisher
KRT10, Hs00166289_m1 ThermoFisher
KRT14, Hs00265033_m1 ThermoFisher
PTK2, Hs01056457_m1 ThermoFisher
RPL18, Hs00965812_g1 ThermoFisher
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2.1.8.- Antibodies

Table 12 provides a detailed description of the antibodies utilised in this
thesis.

Table 12: Antibodies.

Antibod Brand
Alexa Fluor® 488 Phalloidin Sigma-Aldrich
Anti-Actin, a-Smooth Muscle antibody, Mouse SiamasAldkich
monoclonal (a-SMA) igeaieric
Anti-FAK antibody produced in rabbit Sigma-Aldrich
Anti-VE-Cadherin Antibod 44), clone BV : ; iy
& ;Aonoclonul aKT(ifJE;y L HSREELS Sigma-Aldrich (Millipore Corp)

Cytokeratin 14 Monoclonal Antibody (LLO0O2) ThermoFisher (Invitrogen)
Diamidino-2-phenylindole dihydrochloride (DAPI) Lonza
Rhodamin phalloidin 540 Sigma-Aldrich
Vinculin Monoclonal Antibody ( VLNO1) ThermoFisher (Invitrogen)

2.1.9.- Glass and plastic material

The glassware was subjected to a preliminary cleaning process, followed by
sequential rinsing with distilled water, acetone, and again distilled water and
ultrapure water type Il Sterilisation was then carried out by autoclaving at 121 °C
and 1 atmosphere pressure for a period of 20 minutes in an Autoester E-75
autoclave of the Selecta brand, based in Spain. In contrast, the single-use plastic
materials employed, including pipette tips, well plates, centrifuge tubes, and Petri
dishes, were purchased in sterile condition or underwent the identical sterilisation
process by autoclaving at 121 °C and 1 atmosphere pressure for 20 minutes.

2.1.10.- Materials used in this thesis

2.1.10.1.- ELR Polymers

Table 13 provides a detailed description of the ELR polymers employed in
this thesis, including the amino acid sequence and molecular weight.

Table 13: ELR polymers used in this thesis.

ELR Abbreviation Amino acid sequence Molecular Weight (Mw)
o MESLLP VG VPGVG [vpetﬁ G(\\;Pc;ve),]23 VPGKG (VPGVG); i

n

MESLLP {[VPGVG VPGSG VPGVG VPGKG VPGV6 VPGSE
sKs VPGV6], VAVTGRGDSPASSGEG6S6666566665 [VPGVG 82487 Da
VPGSG VPGVG VPGKG VPGVG VPGSG VPGVG]), V

MESLLP {[VPGVG VPGSG VPGV6 VPGKG VPGVG VPGSE
SKS-IKVAV VPGVG], AASIKVAVSADR [VPGVG VPGSG VPGVG VPGKG 75946 Da
VPGVG VPGSG VPGVG],)V

MESLLP {[VPGVG VPGSG VPGV6 VPGKG VPGVE VP6S6
SKS-PPFLM VPGVG], PPFLMLLKGSTR [VPGVG VPGSG VPGVE VPGKG 76980 Da
VPGVG VPG6SG VPGVG])V

MESLLP {[VP6VG VPGSG VPGVEG AASIKVAVSADR VPGVG
VPGS6 VPGVG],
VAVTGRGDSPASSGGGGSPPFLMLLKGSTRGEGES [VPGVE
VPGSG VPGVE VPGKG VPGVG VPGSG VPGVE]L)s V
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2.1.10.2.- Peptides

Table 14 presents the laminin peptides that were chemically synthesised in
this thesis.

Table 14: Laminin peptides synthesised in this thesis.

Peptide . . Molecular Weight
Amino acid sequence
Abbreviation (Mw)
IKVAV KAASIKVAVSADR 1358 Da
@ ——KAASIKVAVSADR
PPFLM KPPFLMLLKGSTR I 1530Da
Q—tkwrmumm

2.1.10.3.- Dermal substitute — Integra®

One of the most commonly utilised artificial skin grafts in clinical settings is
the Integra® Matrix for dermal regeneration, depicted in Figure 15. This matrix is
manufactured from a three-dimensional porous structure comprising bovine
tendon type I collagen fibres, which are cross-linked with glycosaminoglycans,
specifically chondroitin 6-sulphate. The matrix has been designed with a controlled
porosity and a defined degradation rate, with the objective of facilitating wound
healing. This complex matrix, comprising cross-linked fibres, serves as a scaffold for
the regeneration of dermal skin cells, facilitating the growth of a new functional
dermal layer in cases of full or partial thickness defects, where autograft is not
available in sufficient quantity or is not desirable due to the physiological conditions
of the patient.

Although the matrix is designed to mimic the structure of the dermis, the use
of a temporary acellular polymeric acellular base does not ensure adequate
regeneration of the basal layer. Consequently, dermal grafts have significant
limitations, all of which stem from the absence of a substitute epidermal layer.
Additionally, it is important to note that Integra® Matrix is not suitable for use in
infected wounds.

Figure 15: Single layer thin Integra® dermal regeneration template.
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2.1.10.4.- Pluronic® Hydrogel

Pluronic F-127 is a thermo-reversible hydrogel that has been recognised and
approved by the US Food and Drug Administration (FDA). Its composition is based
on a polyoxyethylene - polyoxypropylene - polyoxyethylene (PEO-PPO-PEO)
triblock copolymer, which is characterised by the hydrophilic nature of the PEO
block and the hydrophobicity of the PPO block. At physiological temperatures (~37
°C), this copolymer undergoes a phase transition where the hydrophobic PPO block
dehydrates and cross-links with the hydrophilic PEO block, leading to the formation
of spherical microgels, as illustrated in Figure 16. These three-dimensional porous
cross-linked gels can revert to the solution phase at temperatures close to 4 °C.

The Pluronic F127 hydrogel displays temperature sensitivity, rendering it
injectable. Furthermore, it is biodegradable, non-toxic and compatible with
biological tissues. Given these properties, it has become a subject of intense research
for its application as a dressing for both acute and chronic wounds, with the aim of
promoting healing of skin lesions [419]-[421].

O
HO\/\{ O/\H ﬂ\{o/y}o\/\w
X y z

Pluronic F-127 Heaﬁng

Cooling

Three-dimensional polymeric network

Figure 16: Pluronic F-127. Changes in the morphology of Pluronic F-127 at different temperatures.
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2.2.1.- Molecular Biology

11 ELRs utilised in this thesis were produced recombinantly and exclusively
Afor this purpose. As previously mentioned in the introduction, the ELR coding

genes were constructed using genetic engineering, employing the iterative-
recursive method [416]. The initial coding genes for the ELR sequences were
developed by an external company (NZYTech, Portugal). The genes were cloned into
the pDriveAll cloning plasmid using XL-1 Blue competent cells as the cloning strain.
E. coli is a commonly used as a bacterial host for the production of recombinant
proteins due to its rapid growth rate, ease of manipulation, and ability to grow at
different temperatures and nutrient sources [422]. In addition, this plasmid has the
recognition targets of the type Il endonucleases Sapl and Earl, which leave cohesive
ends that allow the insertion of DNA fragments into the plasmid of interest [416],
[417]. Accordingly, the ELR gene sequences must be flanked by two Earl restriction
sites to facilitate the excision of cloning vector inserts and by a Sapl restriction site
for vector linearisation. Once the final construct has been created, it is inserted into
the p7RARE expression plasmid.

In general, hyperproducing strains are typically screened using
electrophoresis under denaturing conditions (SDS-PAGE) and the strain with the
highest expression is then used to inoculate a fermenter. Fermentation is conducted
under controlled conditions of pH, temperature, agitation, and Oz concentration for
a period of 16-18 hours. Then, after washing the bacteria with saline buffer, the
biomaterial is extracted using a mechanical disruptor and purified by inverse
transition cycling (ITC). This process involves a consecutive heating (40 °C) and
cooling (4 °C) cycles, taking advantage of the temperature-dependent reversible
phase separation of the ELRs. In all stages of the process, water is used as the
solvent, and a 1.5 M concentration of salt is added to contribute to the hot
precipitation of the biomaterials. Following three to four purification cycles, the
ELRs are subjected to SDS-PAGE analysis to verify their complete purity.
Subsequently, the samples are then dialysed against distilled water (3 changes) and
ultrapure water (1 change), with the objective of removing all salts, and filtered
through a 0.22 pm filter (Nalgene), thus obtaining a sterile product. Finally, the
product is freeze-dried (FreeZone 1, LABCONCO) and stored at a temperature of -20
°C until use. The observed yield of purified ELR per litre of bacterial culture ranges
from 400 to 600 mg/L.

The following sections will provide a detailed account of the synthesis steps
involved in the recombinant production of polymers. Figure 17 illustrates the
general strategy employed to obtain the recombinant polymers SKS-IKVAV, SKS-
PPFLM, and SKS-IKVAV-PPFLM.
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Figure 17: Strategy for the recombinant protein production in E. coli. Created with BioRender.

2.2.1.1.- DNA digestion with restriction enzymes

The digestion of DNA using restriction enzymes is performed in accordance
with the specifications provided by the manufacturer for each used enzyme,
including the specific conditions for the reaction, such as temperature, reaction time,
concentration, and buffer. Two types of digestion are typically conducted: analytical
digestions using FastDigest enzymes, which require incubation of the digestion
solution for 15 minutes at 37 °C, and preparative digestions, which require
incubation for 1 hour at 37 °C or overnight at 4 °C. The results of both digestions are
confirmed through DNA agarose electrophoresis.

The fast digestion process employed enzymes from the FastDigest range,
including Earl, EcoRI, Ndel, and Sspl. Ear I was the most commonly used enzyme,
given that the ELR gene sequences were flanked by two Earl restriction sites. In
preparative digests, the enzymes Earl and Sapl are typically employed.

2.2.1.2.- DNA dephosphorylation

When a plasmid is treated with restriction enzymes Earl and Sapl, the
enzymes create complementary sticky ends. Subsequently, a dephosphorylation
step is necessary to prevent the plasmid from closing without the insertion of the
desired fragment. The manufacturer of the phosphatase provides the conditions for
the dephosphorylation reaction, including temperature, reaction time, and buffer. In
preparative digestions, the dephosphorylation process involves two consecutive
steps that use two different phosphatases to ensure effective processing. The FastAP
enzyme is employed subsequent to preparative digestion, while the shrimp alkaline
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phosphatase (SAP) enzyme is applied after purifying the linearised plasmid from the
agarose gel.

2.2.1.3.- DNA agarose gel electrophoresis

In order to guarantee the correct insertion of DNA fragments into the
plasmid, the size of the fragments resulting from enzymatic digestion with
endonucleases is analysed using analytical DNA agarose gel electrophoresis.
Analytical electrophoresis is used to rapidly verify the linkages between the insert
of interest and the plasmid. Preparative electrophoresis is employed to separate
DNA fragments following preparative digestion, with the objective of isolating the
gene fragments of interest. The concentration of agarose in TAE 1X buffer is selected
based on the expected size of the DNA fragment to be isolated on the gel, as shown
in Table 15.

Table 15: Relation between the fragment size and the final concentration of agarose in TAE 1X buffer.

Fragment size (bp Agarose final % in 1X TAE (w/v)
800-10000 0.8
400-8000 1.0
300-7000 1.2
200-4000 1.5
100-2000 2.0

In order to prepare agarose gels, the appropriate quantity of agarose must be
dispersed in a 30 mL volume of TAE 1X buffer in an Erlenmeyer flask. Prior to the
melting of the agarose, the flask is weighed. Subsequently, the agarose is melted by
heating it in a microwave to a temperature close to the boiling point, taking care to
avoid boiling. After that, ultrapure water is added to the solution until the initial
weight is reached, thus maintaining the initial concentration. The solution is cooled
until it can be poured into a horizontal mould and a comb is then used to create wells
for loading the DNA sample. The gel must be fully hardened before use. Once the gel
has formed correctly, it is placed in the reaction cuvette, and the comb is removed,
leaving wells where DNA samples can be loaded carefully to avoid damaging the gel.
Prior to loading, the DNA sample is mixed with the loading buffer (0.20 volumes of
5X DNA loading buffer). A fixed voltage, ranging from 2 to 7 V/cm, depending on the
sample, is applied. The progress of the electrophoresis is monitored using the
bromophenol blue-coloured marker as a reference, as shown in Table 16. In
analytical electrophoresis, the general conditions are 90 V constant and 400 mA for
60 minutes. In preparative electrophoresis, the general conditions are 60 V constant
and 400 mA for 120 minutes.

Table 16: Relation between linear DNA migration and bromophenol blue (BFB) according to agarose
concentration.

1X TAE-BPB (bp) % Agarose final gel (w/v)
2900 0.30
1650 0.50
1000 0.75
500 1.00
370 1.25
200 1.75
150 2.00
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After electrophoresis, the plasmid bands are stained with SimplySafe™ DNA
stain (20000x solution; 0.005 % (v/v) in TAE 1X buffer) for 30 minutes at room
temperature. The stain utilises an intercalating dye that binds between the nitrogen
pairs of the DNA. Subsequently, the DNA bands are visualised and recorded by
exposing them to UV light in a Gel Doc™ Imager (BioRad) using Image Lab 6.0
software (BioRad). The size of DNA fragments is determined by comparing them
with a commercial marker with known weight sizes, such as the 1 Kb Plus ladder
(Invitrogen) shown in Figure 18A. The obtained images are then compared to the
theoretical restriction map of the samples, which is generated using SnapGene®
software.

A)

Figure 18: Markers. A) 1 kb Plus Ladder for determination of DNA fragments. B) Unstained Protein
Pierce™ MW marker for determination of protein fragments.

2.2.1.4.- DNA fragments purification from an agarose

gel

After acquiring the corresponding image of the characteristic bands of the
DNA fragments resulting from preparative digestion, the preparative agarose gel is
subjected to analysis on a TFX-20M transilluminator (Vilber Lourmat). The DNA
bands of interest are then extracted using a scalpel. The recovered bands are then
weighed, and the DNA within them is purified using the commercial PureLink™ gel
extraction kit, in accordance with the instructions provided by the manufacturer.

Finally, the concentration (ug/mL) and purity of the DNA are evaluated using
a NanoDrop 2000c spectrophotometer (Thermo Scientific). The absorbance of the
DNA sample is measured at 230, 260, and 280 nm using the NanoDrop2000
software. The purity of the samples is determined by calculating the ratio of A260
nm to A280 nm. If the A260 nm/A280 nm ratio is equal to or greater than 1.8, it can
be concluded that the DNA is pure and free from protein contaminants and aromatic
compounds. The A260 nm/A230 nm ratio is also employed to detect the presence
of salt, phenol, and carbohydrate contaminants, with a value of less than 1.5.

2.2.1.5.- Ligation reaction

The ligation reaction involves the use of the T4 ligase enzyme in conjunction
with its corresponding buffer, in accordance with the specifications of the
manufacturer. The DNA insert with the sequence of interest (sticky end) is ligated
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with the linear plasmid (vector) after obtaining the dephosphorylated vector and
gene fragments with compatible sticky ends. The ligation reaction occurs when two
DNAs are combined in a solution with a molar ratio of 1:5 (vector : insert).
Subsequently, the T4 DNA ligase and the respective reaction buffers are then added
to the solution, which is then brought to a final volume of 10 pl (with the addition of
ultrapure water when necessary). The reaction is then carried out for 1 hour at room
temperature. T4 DNA ligase is then inactivated by incubating the mixture for 10
minutes at 65 °C. After incubation, 5 pl of the aforementioned solution is used to
transform XL1 blue competent cells.

2.2.1.6.- Transformation of competent cells

2.2.1.6.1.- Transformation of XL1 blue competent cells and XL1 blue

subcloning grade competent cells

The transformation of competent cells was performed on XL1-Blue
competent E. coli strains and XL1-Blue subcloning competent E. coli strains. These
strains have different transformation efficiencies, with = 1 x 108 and = 1 x 106
transformants per microgram of DNA, respectively and they are frequently used for
gene cloning and manipulation. The XL1-Blue competent cells are employed to
amplify a ligation product, whereas the subcloning competent cells are utilized to
amplify the quantity of plasmid DNA of interest by cloning. In both cases, the
protocol specified by the supplier is followed. To transform XL1-Blue competent
cells, 5 pl of the ligation reaction solution is added to 50 pl of bacteria and 1.7 pl of
B-mercaptoethanol in a pre-chilled 14 ml BD Falcon polypropylene round-bottom
tube (Stratagene). The solution is then incubated on ice for a period of 30 minutes.
Subsequently, the cells are subjected to a thermal shock at 42 °C for 45 seconds and
then placed them on ice for 2 minutes. Subsequently, pre-warmed SOC medium at
42 °C is added to the cells and incubate and the solution is incubated at 37 °C and
250 rpm for 1 hour. Finally, the cells are plated on Petri dishes containing LB-Agar
medium and glucose, and supplemented with kanamycin or ampicillin, depending
on the plasmid used (pD or p7, respectively). The plates are then incubated
overnight at 37 °C to allow for the growth of colonies with the plasmid of interest.
In order to transform XL1-Blue subcloning competent cells, certain modifications
are made, including the use of only 10 pL of E. coli and 1 pL of plasmid DNA. The
initial incubation on ice should last for 20 minutes, followed by a thermal shock at
42 °C for 30 seconds.

2.2.1.6.2.- Transformation of BLR (DE3) competent cells y BL21 (DE3)

competent cells

The E. coli strain BLR is utilised in the transformation of expression plasmids,
such as p7RARE or p10, using the TSS (Transformation and Storage Solution)
method to produce ELR polymers. The BLR strain exhibits a transformation
efficiency of = 2 x 10° transformants per microgram of DNA for protein expression.
Briefly, an isolated colony is selected and grown on an LB-Agar plate. Subsequently,
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10 mL of LB medium, supplemented with 1 % tetracycline antibiotic, is inoculated
for bacterial growth and incubated at 37 °C with shaking at 250 rpm. Once the
absorbance of the solution reaches an optical density (ODsoo) value of 0.3-0.4, cell
growth is stopped by incubation on ice for 5 minutes. Cell suspension is then
centrifuged at 3000 rpm (1100 g) for 10 minutes at 4 °C. The supernatant is then
discarded, and the cell pellet is resuspended in 1 mL of cold 1X TSS solution.
Subsequently, the selected plasmid (1-10 ng, 1-10 uL) is added to the mixture. The
suspension is maintained on ice for 1 hour, after which thermal shock at 42 °C for 2
minutes is applied. The thermal shock process is terminated by placing the solution
on ice for 2 minutes. Following this, 1 mL of warm LB medium (instead of SOC
medium) is added, and the suspension is incubated for 1 hour at 37 °C with shaking
(250 rpm). Finally, 50-200 pl of the transformation mixture is plated in LB-Agar
Petri dishes with the appropriate antibiotic, depending on the plasmid, and
incubated for 16-20 hours at 37 °C.

In situations where the expression of the polypeptide in BLR bacteria is
challenging, it can be expressed in the bacterial strain BL21 using the protocol
provided by the manufacturer, which is analogous to the procedure described in the
preceding paragraph. The BL21 strain contains the recombinase recA, which is
absent in the BLR strain.

2.2.1.7.- Plasmid purification from bacteria

Following the transformation of the E. coli strains and incubation in LB
medium with the appropriate antibiotic overnight, based on the plasmid used
(kanamycin for the cloning vector and ampicillin for the expression vector), the
plasmids are purified using the Quantum Prep Plasmid Mini, Midi or Maxi
commercial kit, in accordance with the instructions provided by the manufacturer.
The DNA is then eluted in ultrapure water and its concentration and purity are
evaluated using a NanoDrop 2000c spectrophotometer (Thermo Scientific) by
measuring the absorbance of the DNA sample with NanoDrop2000 software. After
purification of the plasmids and bacterial gene fragments, the samples are then
sequenced in order to compare the DNA sequences with the theoretical sequences
obtained with SnapGene® software. The genes cloned in the pD plasmid were
sequenced using primers T7 and Sp6, while the genes cloned in the p7RARE vector
were sequenced using primers T7 and T7ter.

2.2.1.8.- Analysis of protein fractions

BLR bacteria that have been transformed with the plasmid of interest contain
an expression vector that promotes protein expression. The total fraction of
bacterial proteins is quantified using protein gel electrophoresis (SDS-PAGE
electrophoresis). In brief, the bacteria are grown overnight in 5 mL TB medium (per
colony) supplemented with 1 % antibiotic. In order to evaluate the final protein
composition expressed by each bacterial colony, 1 mL of the grown bacterial culture
is extracted into an Eppendorf tube and centrifuged at 13400 rpm for 45 seconds at
RT. Subsequently, the resulting cell pellet is washed with 1 mL of ultrapure water,

102




METHODS

repeating the cycle twice more. After the final centrifugation cycle, the bacterial
pellet is resuspended in 100 pL of ultrapure water by vortexing. From this solution,
a 20 pl aliquot of the sample is then taken and 5 pl of electrophoresis loading buffer
is added. Prior to their loading into the acrylamide gel, the samples are boiled for 5
min and then centrifuged for 5 min at 13400 rpm at RT for subsequent analysis by
SDS-PAGE electrophoresis.

2.2.1.9.- Denaturing polyacrylamide gel
electrophoresis (SDS-PAGE)

The expression of ELR proteins is analysed using polyacrylamide gel
electrophoresis with the addition of the anionic detergent sodium dodecyl sulphate
(SDS-PAGE). In the presence of SDS and denaturing agents, proteins are completely
denatured and dissociate from each other. Denaturation occurs when the non-
covalent bonds that maintain the secondary structure are broken by the effect of the
anionic detergent SDS. Additionally, the inclusion of -mercaptoethanol, a reducing
agent, facilitates the breakdown of disulphide bonds present within the proteins.
Moreover, the non-covalent binding of SDS to the protein chain confers a negative
charge on the polypeptides, which masks their inherent charge and leads to
migration that is dependent on size. The protocol used to estimate molecular weight
was first reported by Laemmli [423]. In order to achieve better resolutions, various
acrylamide ratios (denoted as % T) can be used in accordance with the molecular
weight of the polypeptide to be separated. Consequently, the gel resolution was 10
% as the SKS-IKVAV protein has a theoretical molecular weight of 75946 Da, the
SKS-PPFLM protein has a theoretical molecular weight of 76980 Da, and the SKS-
IKVAV-PPFLM protein has a theoretical molecular weight of 96744 Da. Table 17
presents the optimal acrylamide ratios (% T) for a given size range.

Table 17: Optimal % T according to the size range in which the molecular weight of the polypeptide is
encountered.

g % T in Resolving gel
24-205 7.5

14-205 10.0
14-66 12.5
14-45 15.0

Table 18 provides a detailed description of the methodology employed for
the preparation of resolving and stacking gels at varying acrylamide concentrations.

Table 18: SDS-PAGE resolving and stacking gel composition (one gel).

Resolving gel Stacking gel
One gel 7.5 % 10.0 % 125 % 15.0 % 4.0%
Tris 1.5M (pH=8.8)| 1.88 mL 1.88 mL 1.88 mL 1.88 mL -

Tris 0.5 M (pH = 6.8) - - - - 0.63 mL
Acrylamide 40% 1.40 mL 1.88 mL 2.25mL 2.81 mL 250 uL
SDS 10% 75 uL 75 uL 75 uL 75 uL 18.75 uL
APS 10% 37.5puL 37.5uL 37.5uL 37.5puL 18.75 uL
TEMED 3.75 uL 3.75uL 3.75uL 3.75 uL 2.35uL
Ultrapure water 4.10 mL 3.63 mL 3.25mL 2.69 mL 1.59 mL
Total Volumen 7.5 mL 7.5 mL 7.5 mL 7.5 mL 2.5 mL
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The sample preparation process involves heating to a temperature close to
boiling point for 5 minutes, which induces denaturation of the proteins, thus
adopting their linearized conformation. The protein samples are then loaded onto a
polyacrylamide gel and immersed completely in 1X running buffer inside an
electrophoresis chamber to ensure current flow. Polyacrylamide electrophoresis is
performed using a Hoefer MiniVE vertical electrophoresis system (Amersham
Pharmacia Biotech). The regulated direct current power supply allows for the
control of voltage, current, or power. A constant electric current of 25 mA per gel
was applied to the electrophoresis chamber for 80 to 120 minutes, causing
negatively charged proteins (due to the presence of SDS) to migrate towards the
anode. Once the bromophenol blue in the loading buffer has reached the end of the
polyacrylamide gel, electrophoresis is ceased.

2.2.1.9.1.- Protein marker

In order to ascertain the molecular weight of the proteins present in the
sample, a reference ladder containing proteins of known molecular weight must be
used. The ladder should move under the same conditions as the sample during
electrophoresis. The marker used is a combination of seven native proteins, known
as Unstained Protein Pierce™ MW marker (Thermo Scientific), with a size range of
14.4-116 kDa, as illustrated in Figure 18B. The molecular weight of the protein is
determined by comparison with the marker.

2.2.1.9.2.- SDS-PAGE Staining

Once electrophoresis has been completed, the gel is stained in order to reveal
the separated proteins present in the sample. Two distinct staining methodologies
may be employed: the use of copper chloride and Coomassie Brilliant Blue.

Staining with copper (II) chloride (CuClz2) is a negative staining technique.
This implies that the detergent molecules attached to the proteins prevent the
precipitation of metal ions in protein bands, thereby enabling the gel to be stained
instead of the proteins. To achieve this, the gel is immersed in a 0.3 M solution of
CuClz in distilled water and left for 10 minutes in agitation at RT. Subsequently, the
gel is then washed with distilled water, and the separated protein bands are
visualised on the Gel Doc™ Imager (BioRad), by applying negative contrast for better
visualisation, using Image Lab 6.0 software (BioRad).

Proteins are stained using Coomassie Brilliant Blue dye, which interacts with
the amino and carboxyl groups of proteins through electrostatic interactions. The
negatively charged acid of the dye forms ionic bonds with the positively charged
proteins. To achieve this, the gel is immersed in a solution containing 0.125 % (w/v)
Coomassie Brilliant Blue, 40 % methanol (v/v), 10 % acetic acid (v/v), and 50 %
distilled water, and heated for 30 seconds to enhance the staining process. The gel
is then agitated for 30 minutes at room temperature and washed with distilled
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water. The expression pattern, represented by protein bands, is visualised using the
Gel Doc™ Imager (BioRad) and Image Lab 6.0 software (BioRad).

2.2.1.10.- Glycerol stock preparation

Following the analysis of the results of the expression screening, the clones
exhibiting the highest levels of ELR polymer expression after SDS-PAGE
electrophoresis are selected and stored as glycerol stocks for future production. To
prepare the glycerol stock, the selected colony is grown in 5 mL of LB medium
supplemented with 1 % glucose and 1 % antibiotic at 37 °C with shaking at 250 rpm.
Once the bacterial solution reaches an optical density of 0.6-0.8 at a wavelength of
600 nm (ODsoonm), 0.9 mL is transferred to a cryovial and 0.1 mL of sterile 80 %
glycerol is added. The solution is stored at a temperature of -80 °C in order to ensure
complete preservation.

2.2.2.- ELRs Bioproduction and purification

2.2.2.1.- Expression screening

Prior to large-scale production it is necessary to screen the expression
colonies to identify the optimal producer, as target protein expression can vary
between clones derived from a single bacterial transformation. Bacteria containing
the ELR polymer are seeded on an LB-Agar plate with 1 % of the appropriate
antibiotic and 1 % glucose from the bacterial stock. Isolated colonies are observed
after one day of incubation. Eight of these colonies are randomly selected and each
one is inoculated in 5 ml of TB expression medium and cultured for 16 hours.
Subsequently, the total protein fraction is analysed on an SDS-PAGE gel. The colony
that exhibits the highest level of recombinamer expression is selected as the
producer colony and used for large-scale production.

2.2.2.2.- Recombinamer bioproduction

In order to screen bacteria carrying the plasmid of interest, a depletion
seeding procedure is performed on Petri dishes containing LB-Agar. The colony
exhibiting the greatest expression level is then selected. Subsequently, a pre-
inoculum is prepared by pouring 5 mL of LB medium containing 1 % ampicillin and
1 % glucose into a 50 mL centrifuge tube. To initiate the bacterial culture, a sterile
stick that has been in contact with the selected isolated colony of bacteria is inserted
into the tube and incubated at 37 °C and 250 rpm for 10-15 hours. Subsequently,
100 pL of the cultured bacteria are inoculated into a 500 mL Erlenmeyer flask
containing 30 mL of fresh LB medium with antibiotics and 1 % glucose. The bacterial
culture is incubated at 37 °C and 250 rpm for 4-5 hours. Then, 15 mL (X2) of this
culture is transferred to two additional Erlenmeyer flasks (2L), each containing 500
mL of fresh LB medium with antibiotics and 1 % glucose. This ensures that the
bacteria always grow in a fresh medium and are in optimal conditions for maximal
protein expression. After 2-3 hours, the contents of both Erlenmeyer flasks are used
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as an inoculum and poured into the 15 L bioreactor (Applikon Biotechnology). The
fermenter contains 14 L of TB medium, 112 mL of glycerol, 1 mL of antifoam, and
antibiotics are also added. The culture conditions are programmed to remain
constant at 37 °C, 500 rpm, and an air flow of 10 L/min, as well as a pH of 7.2. To
prepare negative controls, an inoculum is grown in 5 mL of TB medium
supplemented with ampicillin at 37 °C with constant shaking (250 rpm) overnight
in an incubator. Following a period of incubation between 14 and 16 hours, the
bacteria have grown and have expressed the proteins of interest. To determine the
end of bacterial growth and thus the conclusion of the culture, samples are taken to
measure the absorbance and determine the stationary phase in the bacterial culture
[424]. These samples are also used for subsequent electrophoretic analysis.

2.2.2.3.- Bacteria disruption

Once bacterial growth has ceased, the bacteria in suspension are extracted
from the fermenter and centrifuged at 4 °C and 4000 rpm for 12 minutes, resulting
in a two-phase separation. The supernatant, comprising the medium, is discarded,
leaving only the sediment, which contains the bacteria. To wash the bacterial
sediment, multiple resuspension and centrifugation steps with washing buffer at 4
°C and 4000 rpm for 12 minutes are performed, until a clear, translucent
supernatant is obtained. Typically, three washing steps are sufficient. Finally, the
bacteria that sedimented during the washing process are resuspended in sonication
buffer. The volume is calculated by multiplying the final absorbance measured
during fermentation by the volume (in L) of the culture and then multiplying by a
factor of 5 (in mL). The solution is preheated to 100 °C to denature any proteins or
enzymes that could potentially damage the ELR. However, to prevent the
degradation of the ELR during subsequent steps, protease inhibitors are added to
the suspension. The inhibitors employed are 1 ml of PMSF at 6 uM, 0.5 ml of EDTA
at 0.8, 0.5 ml of E-64 at 6 uM, 0.5 ml of pepstatin A at 6 uM, and/or 0.5 ml of AESBF
at 0.46 mM. Then, proteins are extracted through mechanical disruption of the
bacterial membrane using a GEA Lab PandaPLUS2000 homogeniser (GEA Farm
Technologies) with an attached cooling system that maintains the process
temperature at 4 °C. The resulting lysate is then centrifuged at 13000 rpm for 90
minutes at 4 °C, resulting in the separation of a supernatant containing the
biosynthesised recombinamer, although not in a pure form, as it may contain cell
debris.

2.2.2.4.- Purification

The supernatant obtained following the lysis process contains the
recombinant of interest, which must be separated from other proteins. Purification
of the elastin-like recombinamer is achieve through the use of the inverse transition
cycle (ITC) [425], which takes advantage of the intelligent nature based on the
inverse temperature transition (ITT) [115], [426]. This process involves a
successive cycles of precipitation (by heating) and resuspension (by cooling) of the
ELR-containing solution, as illustrated in Figure 19.
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ITC Purification
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Figure 19: Inverse transition cycling process (ITC), involves the purification of the ELR through the
exploitation of the inverse temperature transition (ITT). Figure reproduced from [427].

The purification protocol commences with the heating of the sample at 42 °C
for 2.5 hours to precipitate all proteins. Subsequently, the ELRs are subjected to cold
solubilisation through overnight agitation at 4 °C and 250 rpm. The solution is then
centrifuged at 4 °C and 14000 rpm for 30 minutes. After removing the precipitate by
centrifugation, (NH4)2S04 is added in several steps to decrease the Tt, a process
known as salting-out [428]. This is followed by a 15-minute incubation at room
temperature to facilitate the separation of the recombinamer. The solution is then
centrifuged at room temperature at 7000 rpm for 1.5 hours, with the objective of
removing any residual salts. Following this, the pellet is resolubilised in cold
ultrapure water through overnight agitation at 4 °C. Inhibitors are replenished at
each purification step to prevent polymer degradation. Finally, centrifugation is
performed at 4 °C and 14000 rpm for 15 minutes. The purification process is cyclic
and is monitored by SDS-PAGE electrophoresis. Once the desired purity is achieved,
a final reverse osmosis (dialysis) process is performed using distilled water (3
changes) and ultrapure water (1 change) to remove any remaining salts. The
recombinamers are then filtered through a 0.22 pum filter (Nalgene) to obtain a
sterile product, which is then freeze-dried using a FreeZone 1 (LABCONCO) and
stored at -20 °C until use. The quality of the final product is verified using a range of
physico-chemical techniques, as described in the subsequent sections.

2.2.3.- Chemical functionalization of ELRs

2.2.3.1.- Catalyst-free click chemistry

The recombinant nature of ELRs enables the inclusion of specific motifs in
their peptide chain, which in turn facilitates further chemical modification to
functionalise the polymers. Cross-linking domains can be incorporated to obtain
covalently cross-linked hydrogels through rapid, orthogonal, and biocompatible
catalyst-free click chemistry reactions.
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Briefly, the e-amino groups on the lysine amino acid side chains of each ELR
can be modified by the introduction of cross-linkable groups, such as azide or
cyclooctyne. Figure 20A illustrates the introduction of cyclooctyne, while Figure 20B
displays the introduction of azide. The two groups are complementary and react
orthogonally when mixed, forming an irreversible covalent bond between ELR
chains, which results in a stable hydrogel.

The chemical hydrogels in question are obtained through the use of the
strain-promoted [3+2] azide-alkyne cycloaddition (SPAAC) chemical reaction
[429]-[431]. This reaction is a catalyst-free click chemistry reaction that is
promoted by the tension of its rings, as presented in Figure 20C. The reaction is
dependent on the higher reactivity of the conformationally unfavourable geometry
of the deformed cyclooctynes (activated alkyne groups). The deformation of the ring
structure facilitates a rapid reaction in the absence of a catalyst [432]. Therefore, the
success of SPAAC is contingent upon the molecular structure of the cyclooctyne,
which was subjected a series of optimisations over time, culminating in the
(1R,8S,9S)-bicyclo[6.1.0]non-4-in-9-ylmethylsuccinimidyl carbonate compound
used in this thesis, due to its commercial availability and in addition to its favourable
stability and solubility.
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Figure 20: Cross-linkable groups. A) Scheme of an ELR modification with the activated alkyne. B)
Scheme of an ELR modification with an azide group. C) Scheme of the SPAAC click reaction between two modified
ELRs.

The 1,3-dipolar Huisgen cycloaddition of azides and alkynes has been
demonstrated to be stereospecific, offering several advantages. These include high
yields, rapidity, and the ability to achieve chemical cross-linking under physiological
conditions (aqueous solvent and near-physiological pH and temperature) without
the release of any intermediate products that could be cytotoxic, thus promoting
biocompatibility [433], [434].

The degree of modification of lysines can be confirmed using a variety of
techniques, such as NMR spectroscopy, ATR (only for azide groups), and mass
spectrometry (MALDI-TOF). Additionally, the cross-linking density can be adjusted
by varying the density of azide and cyclooctyne groups. This enables control over
the mechanical properties and pore size of the network. ELRs can be chemically
modified through lysine groups and chemical click reactions, thereby allowing for
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tailoring of ELR chains with different bioactive compounds. This makes ELR-based
hydrogels a promising candidate for various tissue engineering and regenerative
medicine applications [435].

2.2.3.2.- Cyclooctyne-bearing ELRs

In this thesis, ELRs that have been chemically modified to carry a cyclooctyne
group on the side chain of the lysine residues are designated as ELR-cyclooctyne or
ELR-cc.

-VKV-cc: VKV polymer contains 24 lysines, of which 60 % are modified,
therefore approximately 14 lysine side chains will be modified with cyclooctyne
groups.

In order to prepare the reaction mixture, 2000 mg of lyophilised VKV was
dissolved in anhydrous DMF, followed by the addition of (1R,8S,9S)-
bicyclo[6.1.0]non-4-in-9-ylmethylsuccinimidyl carbonate (SynAffix BV), which had
been previously dissolved in DMF. The mixture was stirred at room temperature in
an inert atmosphere of N2 for 48 hours. After this time, the product was precipitated
by the addition of diethyl ether and centrifugation at 12500 g, 4 °C for 15 minutes.
The supernatant was removed, and the white precipitate was washed three times
with acetone by centrifugation at 12500 g, 4 °C for 15 minutes. The solvents were
then removed, and the precipitate was dried under reduced pressure overnight. The
precipitate was resuspended in ultrapure water at 4 °C and dialysed against
ultrapure water at 4 °C (3 x 25 L). The pH of the solution was adjusted to 7. The
polymer was sterilised by filtration (0.22 pm) and freeze-dried to produce a fluffy
white recombinamer.

2.2.3.3.- Azide-bearing ELRs

In this thesis, ELRs that have been chemically modified to carry an azide
group on the side chain of the lysine residues are referred to as ELR-azide or ELR-
Ns.

-SKS-N3: SKS polymer also contains 24 lysines, of which 75 % are modified.
Consequently, approximately 18 lysines of the side chains will be modified with
azide groups.

In order to modify the SKS polymer with azide, the e-amine group on the
lysine side chain was transformed, in a manner analogous to the modification of ELR
with alkyne, as previously described. A quantity of 2000 mg of lyophilised SKS was
dissolved in anhydrous DMSO. Subsequently, 2-azidoethyl (2,5-dioxopyrrolidin-1-
yl) carbonate (GalChimia), which had been previously dissolved in DMSO, was
added. The resulting mixture was stirred at room temperature and in an inert
atmosphere of N2 for 48 hours. After this time, the product was precipitated by
adding diethyl ether and centrifuging at 12500 g and 4 °C for 15 minutes. The
supernatant was removed, and the white precipitate was washed three times with
acetone by centrifugation at 12500 g, 4 °C, for 15 minutes. The solvents were then
removed, and the drying process was carried out under reduced pressure overnight.
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The precipitate was then resuspended in ultrapure water at 4 °C and dialysed
against ultrapure water at 4 °C (3 x 25 L). The pH of the solution was adjusted to 7,
and the polymer was sterilised by filtration (0.22 um) and freeze-dried to produce
a fluffy white recombinamer.

-SKS-IKVAV-N3: SKS-IKVAV polymer contains 30 lysines, of which 60 % are
modified. Consequently, approximately 18 lysines of the side chains will be modified
with azide groups. The procedure is analogous to that previously described.

-SKS-IKVAV-PPFLM-N3: SKS-IKVAV-PPFLM polymer also contains 30
lysines, of which 60 % are modified. Consequently, approximately 18 lysines of the
side chains will be modified with azide groups. The procedure is analogous to that
previously described.

-Peptide-N3: The novel hydrogel to be prepared was a three-component
system that already contained the alkyne (in the VKV-cc) and the azide (SKS-N3).
Therefore, the peptide could have been functionalised with either of the two
functional groups. However, due to the presence of the RGD cell-binding sequence
within the SKS polymer, which is inherently difficult to dissolve, and the necessity
of using DMSO to prevent the loss of functionality, peptides were anchored to the
VKV-cc. Consequently, peptides were manually synthesised by incorporating an
azide group into the amino-terminal region (N3-KAASIKVAVSADR and Ns-
KPPFLMLLKGSTR) in order to tether them to VKV-cc via a click reaction between
their complementary groups, thus obtaining the functionalised recombinamer, VKV-
cc-peptide.

2.2.4.- Production of ELR-based membranes at

a liquid-liquid interface by click chemistry

This thesis employs a chemical click reaction in the absence of a catalyst to
generate elastin membranes between polymers VKV-cc and SKS-N3, as illustrated in
Figure 21A. The resulting membrane is a hydrogel with an extremely thin thickness,
obtained following the protocol previously described by Gonzalez-Pérez et al. [436].
This technology produces micrometric ELR-based membranes that are particularly
effective for the regeneration of damaged soft tissue. The synthetic matrix is
colonised by cells, which ensures the adequate neovascularisation and functionality
of the newly formed tissue.

Briefly, the production of these ELR membranes requires the use of two ELR
polymers. VKV-cc represents the structural group, which is contained in an organic
phase that is immiscible with water, and SKS-N3 exhibits the group with cell
adhesion functionality, which remains dissolved in an aqueous phase. Upon contact,
the two complementary groups create a liquid-liquid interface due to their
respective immiscibility with one another, as depicted in Figure 21B. The polymer
chains migrate to the interface in each phase, where a spontaneous cross-linking
reaction occurs, leading to the formation of a thin ELR-based membrane.
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Figure 21: Click cross-linking reaction and formation of the ELR-based membrane at the liquid-
liquid interface. A) Click cross-linking reaction between the VKV-cyclooctyne (contained in the organic phase,
which is composed of 23 % DMSO and 77 % butanol) and the SKS-azide (contained in the aqueous phase) results in
the formation of a network via the triazole groups. B) Schematic representation of the cylindrical device employed
for the manufacture of the ELR-based membrane.

The VKV-SKS membranes are synthesized in a customized cylinder where the
organic and aqueous phases are mixed to form a circular interface, resulting in a
membrane with the same geometry. The device is equipped with a plunger seal and
an orifice specifically located on the side, which facilitates the isolation of the formed
membrane and the extraction of the aqueous phase. Prior to the addition of the
solutions, a circular coverslip is inserted into the container in order to collect the
formed membrane. Then, the SKS-N3 polymer is dissolved in ultrapure water,
whereas the VKV-cc polymer is dissolved in 23 % DMSO in butanol. Subsequently,
the solutions are then combined sequentially in equal volumes (1:1 v/v),
commencing with the denser aqueous phase, followed by a slow addition of the
organic phase, with particular attention paid to the avoidance of disruption to the
surface of the aqueous phase. The polypeptide chains are cross-linked for 50
minutes at room temperature, forming triazole groups that create the membrane at
the interface. Once the reaction has been completed, the upper organic phase is
removed using a pipette. The membrane is then detached from the device wall, and
the aqueous phase is removed through the lower orifice. Finally, the membrane is
deposited on the coverslip and removed by applying a slight force on the plunger.

This system allows the production of tuneable membranes with varying pore
sizes, thicknesses, and diffusion rates by adjusting the concentration of polymers in
the initial solutions. The thesis will concentrate on the preparation of VKV-SKS
membranes at concentrations of 5, 10, 25, and 50 mg/mL for further analysis.

2.2.5.- Synthesis of peptidomimetics by SPPS

Peptides are shorter amino acid chains than proteins, but they play an
essential role in protein function. In order to synthesize peptides that mimic natural
proteins, it is necessary to control the sequence, composition, and length of the
amino acid chain.

A number of techniques are available for the synthesis of peptides, including
recombinant deoxyribonucleic acid technology, enzymatic synthesis, transgenesis,
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and chemical synthesis [437]. In this thesis, the synthesis of peptides was achieved
through the use of organic chemistry, employing the solid phase peptide synthesis
(SPPS) method, which was first described by Merrifield [438]. This methodology is
faster, more efficient, and more economical than other available techniques. SPPS is
a technique that involves covalently bonding an insoluble polymeric support (resin)
to the nascent peptide chain. Subsequently, the anchored peptide is then extended
through a series of addition cycles using expensive reagents for the efficient
coupling and protection of amino acid. These steps are necessary to ensure
sequence specificity, eliminate by-products and prevent racemisation. Once chain
elongation is complete, the peptide is released from the support.

The SPPS method offers several advantages over other peptide synthesis
methods. For instance, it provides high yields since the peptide is bound to a solid
support, which allows for the use of excess reagents that can be easily removed
through simple washing and filtering processes. Additionally, there is no mechanical
loss of the peptide as the solid support to which the peptide is bound remains in the
same container throughout the process. Furthermore, the process is easily
automated, and the utilisation of this method for synthesis and purification results
in a considerable reduction in time [439], [440].

The general process for synthesising peptides in solid phase involves the
covalent bonding of the carboxy-terminal (C-terminal) residue, present in an
insoluble resin, with the amino group of the given amino acid. The peptide chain is
then extended by sequentially coupling specific amino acids until the desired
peptide is complete. In order to achieve high specificity and prevent amino acid
polymerisation, a series of temporary protectors are used for the a-amino group.
These protectors are removed at each deprotection step prior to the binding of the
subsequent amino acid. Additionally, permanent protection is employed for the
reactive groups on the amino acid side chains, which are removed at the end of the
synthesis [441]. The peptide bond is formed by the attachment of the next amino
acid, following activation, to the preceding amino acid, once the a-amino group is
free. The coupling process requires the activation of the a-carboxyl group of the
incoming amino acid, thereby enabling it to react with the amino group of the
growing peptide chain. After the amino acid is attached, the resin is filtered and
washed to remove any by-products and excess reagents. Subsequently, the
protecting group is removed through a deprotection process, and the resin is
washed to eliminate by-products and excess reagents. The next amino acid is then
attached to the residue. This cycle of deprotection and attachment is repeated until
the desired peptide sequence is complete. Once the peptide chain has been
synthesized, it is separated from the polymeric support, and the protective groups
are removed from the amino acid side chains, typically in a single step. Figure 22
depicts the general process of solid phase peptide synthesis.
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Figure 22: General Solid Phase Peptide Synthesis (SPPS) cycle.

The length of peptide fragments is of great importance in determining the
methodology to be employed in SPPS. Consequently, in this thesis, the synthesis of a
peptide with a length of less than 40 amino acids (exactly 13) is performed in steps,
as illustrated in Figure 22 [442].

2.2.5.1.- Solid support

In recent years, numerous polymeric matrices or resins have been developed
for solid-phase peptide synthesis. These matrices must be inert, mechanically stable,
and completely insoluble in the solvents used during synthesis. Additionally, they
must be suitably functionalised to bind the amino acid or connector.

The peptides chosen for this thesis were synthesized using commercial
TentaGel® S NHz resins (Iris Biotech). The chemical structure is displayed in Figure
23A. These resins are composed of low cross-linked polystyrene beads with grafted
polyethylene glycol (PEG) having a molecular weight of 3000 Da. The PEG spacer is
attached to the polymer matrix by an ether bond, which exhibits high stability
against acid treatment and minimizes PEG leaching. The commercial resins used
have aloading range of 0.2-0.35 mmol (reactive group) per g (carrier), and the beads
have a particle size between 90 and 130 pum.
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Figure 23: Reagents for solid phase peptide synthesis (SPPS). A) Commercial TentaGel® S NH: resin
composes of polystyrene beads with grafted polyethylene glycol (PEG). B) Fmoc-Rink amide linker. C) The 9-
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fluoromethoxycarbonyl (Fmoc) group to temporarily protect the a-amino group. D) - E) Coupling agents (HBTU
and DIPEA). F) Scheme for deprotection of the Fmoc/tBu group and cleavage from resin. Chemical structure of
compounds from commercial establishments.

It is important to note that the resins tend to increase in volume when in
contact with solvents, which is key for the successful development of the synthesis.
The swelling of the polystyrene material with organic solvents is crucial for efficient
chain assembly during solid-phase synthesis [438].

2.2.5.2.- Linker

Linkers are chemical units used to attach an amino acid to a resin bead for
solid-phase growth of the molecule. The type of chemistry that can be performed
and the conditions under which the products can be cleaved from the resin are
determined by the nature of the linker. A wide variety of linkers exist for polystyrene
core resins, but the most commonly used are Wang, Rink, and derivatives of each.
Wang linkers produce COOH products, and Rink linkers produce amide products. In
this thesis, a Fmoc-Rink amide linker (Iris Biotech) was employed as it is
recommended for the routine synthesis of peptide amides and its chemical structure
is displayed in Figure 23B.

2.2.5.3.- N-terminal amino acid protecting group

In SPPS, the protection of functional groups in amino acids is crucial in order
to prevent unwanted side reactions involving the a-amino group and side chains
[443], [444]. The Fmoc strategy was selected for this thesis because it can be
removed under mild basic conditions, thus avoiding peptide instability in acidic
environments. Its chemical structure is displayed in Figure 23C [445]. Fmoc
chemistry also supports orthogonal protection, which involves eliminating
protective groups in a different order, thus achieving deprotection [446]. Piperidine
in 20 % DMF was used as the base for the deprotection process, as it captures the
Fmoc group.

2.2.5.4.- Coupling agents

To achieve efficient peptide bond formation and minimize racemisation
processes, it is necessary to activate the a-carboxyl group of the incoming amino
acid. This thesis employs onium salts (aminium/uronium and phosphonium),
specifically the N-Hexafluorophosphate salts of [(1H-benzotriazol-1-yl)
(dimethylamino)-methylene]-N-methylmethanaminium (HBTU), to achieve this
activation. In the presence of a base, typically N,N-diisopropylethylamine (DIPEA),
most of these salts can convert the carboxylate of the protected amino acid into an
activated species [447]. The chemical structures of HBTU and DIPEA are displayed
in Figure 23D and Figure 23E, respectively.

2.2.5.5.- Cleavage from Resin

After the synthesis was completed, the a-amino Fmoc group was removed,
and the peptide was fully deprotected and released from the resin through
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acidolysis with TFA [448]. The scheme for deprotecting the Fmoc/tBu group and
cleavage from resin is shown in Figure 23F.

2.2.5.6.- Synthesis Process

The N3-KAASIKVAVSADR and N3-KPPFLMLLKGSTR peptides were
synthesized using solid-phase peptide synthesis (SPPS) with the conventional Fmoc
protection/deprotection strategy on TentaGel® S NH:z resin (0.1 mmol equivalent)
and DMF as the reaction solvent. The TentaGel® resin was incubated with 7 mL of
DMF for 30 minutes with slow stirring to complete the swelling and solvation
process. The peptides were synthesized by attaching a Fmoc-Rink amide connector,
followed by sequential amino acid coupling and deprotection steps according to the
peptide sequence. In order to facilitate the attachment of the peptide to the elastin
polymer via click chemistry, a final amino acid containing an azide group (Fmoc-L-
Lys (N3)-OH) was incorporated. This addition does not affect the functionality of the
peptide. The coupling reaction was conducted using HBTU and DIPEA at
concentrations of one and two times that of the amino acids, respectively, at room
temperature for 30 minutes, twice. For the deprotection process, 20 % (v/v)
piperidine in DMF was used for 2 minutes, three times. In all preparations, the resin,
connector, and amino acids were added in a molar ratio of 1:4:4, respectively. After
each coupling or deprotection step, the mixture was washed three times with DMF.
After the final deprotection step, the resin underwent washing with 10 ml of DMF
(x3), dichloromethane (x4), methanol (x4), and diethyl ether (x4). Then, peptides
were dried in a vacuum oven at room temperature until a constant weight was
achieved, which took approximately 2 hours. Subsequently, the samples were then
stored at 4 °C until their release. To release the peptides, the resin was incubated in
a cleavage solution (95 % TFA, 5 % H20) for 3 hours at room temperature, resulting
in the formation of two distinct phases: one comprising the resin and the other the
peptide. The cleaved peptides were then filtered through glass wool, and then
precipitated. The isolation of the peptides was achieved through washing and
centrifugation in cold diethyl ether (< 4 °C) and washed again with acetone. The
samples were dried overnight in a desiccator and stored at -20 °C until further
analysis.

2.2.6.- Laminin Peptide-Functionalized Click
Hydrogel

This thesis presents the development of a three-dimensional, tricomponent
scaffold using orthogonal and highly selective chemical cross-linking of azide-alkyne
click without catalyst to obtain ELR hydrogels with specific bioactivities achieved
through the inclusion of peptides. The VKV-cc polymer is employed as a structural
group, while the SKS-N3 polymer serves as a group with specific cell adhesion
functionality. Additionally, both groups included cross-linkable components to
enhance structural stability. Furthermore, this system incorporates the attachment
of the laminin-derived peptides N3-KAASIKVAVSADR and N3-KPPFLMLLKGSTR to
stimulate and facilitate wound healing.
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The tricomponent ELR hydrogel is obtained through a sequential chemistry
process involving two consecutive click reactions. Firstly, the VKV polymer is
functionalised with laminin peptides (VKV-cc + peptide-N3) prior to gelation.
Subsequently, a second click reaction occurs between the VKV-peptide with free
cyclooctyne groups and SKS-N3 polymer, resulting in the formation of peptide-
functionalised hydrogels (VKV-peptide-SKS). It is important to highlight that the
VKV-cc polymer contains 24 lysines, of which approximately 14 undergone
modifications with cyclooctynes. The cyclooctynes serve two purposes: firstly, to
anchor the synthesised laminin peptides, and secondly, to form the gel when
reacting with the SKS-N3 polymer. Consequently, it is important to meticulously
optimise the stoichiometric amounts of peptides in order to guarantee that an
adequate quantity of cyclooctynes remains unoccupied, thus enabling the correct
formation of the hydrogels.

In addition to the synthesis of the new hydrogels, the impact of conjugated
peptide functionalisation on their application with keratinocytes and fibroblasts is
also investigated. Hydrogels with increasing peptide concentrations (2X, 4X, and 6X)
will be constructed in order to determine which construction exhibits superior
properties.

2.2.6.1.- Binding of VKV-cc with peptides-Ns

As previously stated, VKV-cc is initially conjugated to azide-functionalised
peptides. In order to achieve this, it is necessary to calculate the mass to be reacted,
taking into account the molecular weight of the components (ELR polymer and
peptide) and the number of peptides to be included. Therefore, mass will vary
depending on the type of peptide (KAASIKVAVSADR or KPPFLMLLKGSTR) and the
specific concentration of peptides to be anchored (2X, 4X, and 6X).

Consequently, the N3-KAASIKVAVSADR peptide is dissolved in DMSO, as it is
insoluble in water. Similarly, VKV-cc is also dissolved in DMSO at room temperature
overnight with stirring. Once both components are completely dissolved, they are
mixed and then allowed to react for 24-48 hours at RT to ensure that all correct
binding of all peptide has occurred. In contrast, the N3-KPPFLMLLKGSTR peptide is
dissolved in ultrapure water, which is similar to the VKV peptide with which it will
react. Therefore, a temperature of 4 °C is required for dissolution, and the same
procedure as that previously described is followed, but in a cold chamber. Once the
reaction is complete, the functionalised polymers are dialysed three times against
ultrapure water at 4 °C (25 L each time), sterilised by filtration (0.22 pm), and
freeze-dried to obtain the white fluffy functionalised polymer, which is ready for
use.

Prior to the utilisation of the polymer, the success of the conjugation was
confirmed utilizing various experimental techniques, including MALDI-TOF, FTIR,
HPLC, NMR, and turbidimetry.
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2.2.6.2.- Binding of VKV-peptide to SKS-N3s to obtain
functionalised click hydrogel

The final hydrogels with increasing peptide concentrations will be obtained
by reacting all VKV polymers with their respective modifications (VKV-2X-
KAASIKVAVSADR, VKV-4X-KAASIKVAVSADR, VKV-6X-KAASIKVAVSADR and VKV-
2X-KPPFLMLLKGSTR, VKV-4X-KPPFLFLMLLKGSTR, VKV-6X-KPPFLMLLKGSTR)
with SKS-Ns.

To create the new hydrogels with a concentration of 50 mg/mL, the number
of cyclooctynes used to introduce the peptides need to be considered. It is important
to maintain a stoichiometric ratio of 1:1 between cyclooctynes and azides for proper
cross-linking through the click reaction. Therefore, the mass of each VKV-cc and
SKS-N3 polymer in the reaction must be readjusted. It is crucial to have knowledge
of the available cyclooctyne-containing lysines. Based on the given specifications,
the mass of the VKV-peptide polymer and SKS-N3 is calculated to be dissolved for
each condition, and the volume required to react with each other to form a 400 pl
hydrogel is determined. The volume will vary depending on the number of peptides
introduced in order to maintain a 1:1 stoichiometry between azides and
cyclooctynes. Both polymers, VKV-peptide and SKS-Ns3, are dissolved separately in
ultrapure water at the final concentration by incubating the solution at 4 °C for at
least 24 hours. Once the polymers have been completely dissolved, they are brought
into contact and left to react at 4 °C for approximately 30 minutes (below the Tt of
each ELR used) to allow the chains with functional groups to meet and form covalent
bonds, resulting in a homogeneous three-dimensional network. The reaction is then
left to complete for 2 hours at room temperature. During this period, all azide and
cyclooctyne functional groups are consumed, resulting in the formation of stable
hydrogels (VKV-peptide-SKS). A control VKV-SKS hydrogel with a concentration of
50 mg/mlL, excluding the peptides of interest, is used to serve as a reference point
for comparison against the novel functionalised three-dimensional network.

The properties of the VKV-peptide-SKS hydrogels will be characterised based
on their properties, including transparency, mechanical properties, and internal
structure through porosity to determine whether the degree of peptide
functionalisation has a direct impact on the network structure, mechanics, and cell
behaviour.

2.2.7.- Physico-chemical characterisation
techniques

2.2.7.1.- General characterisation techniques

A plethora of physico-chemical techniques are currently available for the
study and characterisation of polymer-based materials for biomedical applications.
These techniques encompass spectroscopy, microscopy, thermodynamics and
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electrochemical measurements, among others. A concise overview of the principal
characteristics of these techniques is presented in Table 19. Correlations between
surface parameters and structure with the final material properties are of great
importance for the application, as many properties depend on them. These include
roughness, porosity, swelling, hydrophobicity and biocompatibility. Surface
properties of materials forming interfaces with biological organisms essentially
determine the biocompatibility of the corresponding systems and treatments [449].
Surface characterisation of polymers varies greatly depending on whether the
polymers are in bulk or structured as hydrogels or membranes. Furthermore, these
general physico-chemical properties can be modified by varying the concentration
of the polymers, the pH, or the ion concentration. However, they are also strongly
influenced by the processing conditions, the presence of additives and stabilisers, as
well as by the sterilisation techniques employed [449].

The determination of different categories of properties depends on the type
of information obtained. These categories include: a) chemical properties
(elemental and molecular composition); b) physical properties (porosity,
roughness, specific surface area, domain structure); c) physico-chemical properties
(the ability of the surface to interact with well-defined test media, including
biomedically relevant substances); and d) biological properties (the pattern of
interaction with complex biological systems) [449].

Table 19: A summary of the most commonly used methods for characterising biomedical polymer devices.

Characterisation techniques

. . . . Lateral .
Method of analysis Nature of information Depth of analysis resolution Medium
Attenuated Total Reflectance
Fourier-Transform Infrared Molecular compasition 300 nm mm air, liquids
Spectroscopy (ATR-FTIR)
UHV
. Uppermost surface layer
Mass spectrometry Molecular composition <mm (Ultra High
vaccumm)
X-ray phoToeIi;:;»)n spectroscopy Elemental compesition 1-5 nm 5 mm UHV
Wettability,
Hydrophilicity/Hydrophabicity,
Wetting measurements . . Uppermost surface layer mm air, liquids
Interfacial free energy, Mobility of
molecule groups
Seanning ele(gg'al; microscopy Morphology Uppermost surface layer nm UHV
Atomic force microscopy : air, liquids,
(AFM) Morphology, Adhesion Uppermost surface layer <nm UHV
Zeta potential, Interfacial charge
- density, Surface site pk values , . aqueous
Electrokinetic measurements Non-electrostatic adsorption free Hydrodynamic boundary cm solutions
energy of ions
Potentiometric and Conductometric Surface charge density caused by Water-assessable aqueous
dissociated surface groups m? o
measurements ; . surface volume solutions
(dispersed solids)
Ellipsometry Optical properties, Layer thickness nm mm air, liquids

2.2.7.2.- Physico-chemical characterisation techniques

The purity, molecular weight, amino acid composition and other features of
the final product were characterized by a range of analytical techniques, including
SDS-PAGE, high-performance liquid chromatography (HPLC), Fourier-transform
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infrared spectroscopy (ATR-FTIR), matrix-assisted laser desorption/ionization
time-of-flight (MALDI-TOF) and nuclear magnetic resonance (NMR).

2.2.7.2.1.- Proton nuclear magnetic resonance spectroscopy (H-NMR)

Proton Nuclear Magnetic Resonance (1H-NMR) spectroscopy was used to
assess the molecular structure of the polymers and their purity, as well as to
accurately and reliably determine the degree of chemical modification of the ELR
compounds after a SPAAC click chemical reaction to introduce azides or
cyclooctynes, as these molecules cause the appearance of new predictable peaks in
the NMR spectrum. Finally, this technique was employed to verify the successful
functionalisation of the VKV polymer with the laminin peptides.

In this thesis, we employed a solution of 25 mg/mL of ELR dissolved in
deuterated DMSO on a 500 MHz NMR (Agilent Technologies) belonging to the
Laboratory of Instrumental Techniques (LTI-University of Valladolid). The
spectrum obtained was optimised using the MestReNova programme, correcting the
phase so that the baseline was straight and referencing with respect to deuterated
DMSO, which corresponds to the highest peak (chemical shift around 2.5 ppm). Once
referenced, the area of the peaks corresponding to the different types of hydrogens
present in the structure is integrated based on the theoretical prediction of the
chemical shift provided by the ChemDraw program.

2.2.7.2.2.- Mass Spectrometry

Matrix-assisted laser desorption/ionization time-of-flight (MALDI-TOF)
mass spectrometry is a technique employed to ascertain the precise molecular
weight and purity of recombinamers. The molecules are ionised to a gaseous state
and filtered based on their m/z for detection. MALDI-TOF is considered to be more
precise than SDS-PAGE, and can be used as a complementary technique. This
technique can be used to determine the degree of chemical modification of ELR
compounds subsequent to a SPAAC click reaction, which introduces azides or
cyclooctynes. In this thesis, MALDI-TOF was also employed to corroborate the
correct functionalisation of the VKV-cc polymer with varying concentrations (2X, 4X,
and 6X) of the laminin peptides (KAASIKVAVSADR and KPPFLMLLKGSTR).

The Laboratory of Instrumental Techniques (LTI-University of Valladolid)
conducted the analysis using a Bruker Autoflex Speed instrument (Bruker
Daltonics). The sample was prepared by adding approximately 1 pl of matrix
consisting of 2,5-dihydroxyacetophenone (DHAP), to a metal MALDI target with 1 pl
of dissolved ELR solution (1 mg/mL in DMSO or ultrapure water). The plate was
dried with air, and mass spectra were acquired using an Autoflex Speed MALDI-TOF
mass spectrometer with a Smartbeam™ laser as the ionisation source. In order to
ensure the correct interpretation of the spectra, it is necessary to locate the peak
corresponding to the single-charged molecular ion (z=1), which represents the
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molecular weight of the polymer. This value can be compared with the theoretical
value obtained using ExPASy and the ProtParam tool.

Ultra-high performance liquid chromatography (UPLC) is employed to
separate and identify analytes. This technique is often coupled with mass
spectrometry (MS-qTOF) in order to enhance the results, thereby enabling the
detection of components based on their mass/charge ratio (m/z). Furthermore,
molecular fragmentation spectra can assist in the identification of components by
comparison with specific software databases. The Laboratory of Instrumental
Techniques (LTI-University of Valladolid) employs the ESI-qTOF model Maxis
Impact (Bruker) equipment with an electrospray ionisation (ESI) source in positive
mode to perform this technique. In this thesis, the UPLC-ESI-qTOF was employed to
validate the successful synthesis of the laminin peptides, KAASIKVAVSADR and
KPPFLMLLKGSTR, by quantifying their experimental molecular weight.

2.2.7.2.3.- High performance liquid chromatography (HPLC) amino acid

analysis

A quantitative analysis of the amino acid composition of the ELRs produced
was conducted using high-performance liquid chromatography (HPLC). HPLC was
also employed to confirm the correct synthesis of the peptides and the
functionalisation of the VKV-cc polymer with the laminin peptides at different
concentrations (2X, 4X, and 6X). The Laboratory of Instrumental Techniques (LTI-
University of Valladolid) was responsible for carrying out this technique using high-
performance liquid chromatography (HPLC) with ultraviolet (UV) detection. The
WATERS600 HPLC gradient system (Marshall Scientific) was coupled to a
WATERS2487 detector (Waters).

To analyse each component individually, 4 mg of pure polymer underwent
acid hydrolysis (6 M HCl, 1 % phenol, and 2.5 hours at 155 °Cin an inert atmosphere)
to break the bonds between the amino acids. The experimental value obtained from
this technique can be compared to the theoretical values calculated from the amino
acid sequence.

2.2.7.2.4.- Attenuated Total Reflectance Fourier-Transform Infrared
spectroscopy (ATR-FTIR)

Attenuated Total Reflectance Fourier-Transform Infrared Spectroscopy
(ATR-FTIR) was employed to identify the functional groups present in the molecules
of the compounds of interest, in this case the recombinamers in the freeze-dried
solid state, without the necessity for any pre-treatment. The apparatus used was a
Bruker Tensor 27 spectrometer (Bruker Corporation) equipped with a Golden Gate

ATR accessory (Bruker), with data acquisition and analysis software provided by
OPUS (version 4.2).
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Prior to commencing analysis of the sample of interest, a background
measurement is recorded with the sample holder empty. Once obtained, the
lyophilised sample is placed in the ATR equipment and compressed against the ATR
crystal until a satisfactory signal-to-noise ratio is achieved. Subsequently, the
acquisition scans are conducted at room temperature with a wavelength sweep
between 600 and 4000 cm-1, comprising 256 scans with a resolution of 4 cm-1. It is
necessary to carry out the correction and normalisation of the signals obtained
using the OPUS spectroscopy software. Some signals are challenging to distinguish
due to potential signal overlap, given that the polymer in question has a high
molecular weight.

2.2.7.3.- Thermal behaviour characterization

The thermal behaviour of ELR polymers can be determined by two
techniques: differential scanning calorimetry (DSC) and turbidimetry.

2.2.7.3.1.- Differential scanning calorimetry (DSC)

In this thesis, Differential Scanning Calorimetry (DSC) was employed to
ascertain the transition temperature (Tt) of ELRs. The characterisation of hydrogels
by DSC allows for the determination of the amount of free and bound water present
in the scaffold. The experiments were conducted in a DSC822e (Mettler Toledo)
coupled to a liquid nitrogen refrigerator. The temperature and enthalpy were
calibrated using standard samples of indium, zinc and n-octane. To determine the
transition temperature of the polymers, VKV-cc and SKS-azide, a 50 mg/mL solution
was prepared in ultrapure water at pH 7. Subsequently, 20 puL of the ELR solution
was placed in a standard 40 pL aluminium pan and hermetically sealed. The same
volume of the solvent used to dissolve the ELR was added as a reference. Both the
sample and the reference are subjected to the same experimental temperature cycle,
which consists of an initial isothermal step (5 minutes at 0 °C to stabilise the
temperature and state of the sample), followed by a gradual increase in temperature
from 0 °C to the desired temperature range at a rate of 5 °C/min. For analysis of the
ELR-based membrane, 2 mg of lyophilised membrane was placed on the sample pan.
Subsequently, 20 pL of ultrapure water was added and allowed to equilibrate with
the sample overnight at 4 °C. The heating programme in this instance comprises an
initial isothermal stage (5 minutes at 0 °C) followed by a constant rate of heating at
1 °C per minute from 0 to 100 °C. A thermogram is generated, in which exothermic
processes are associated with positive enthalpy values and endothermic processes
with negative enthalpy values.

2.2.7.3.2.- Turbidimetry

To characterise the thermal behaviour of ELRs at low concentrations (1
mg/mL), turbidimetry experiments were conducted in a Cary 100 UV-Vis
spectrophotometer (Agilent) with a thermostated sample chamber. The Optical
density (OD) is determined by the change in absorbance at 350 nm for ELR solutions
in ultrapure water as a function of temperature in a heating ramp from 10 to 90 °C
(at a rate of 1 °C/min). The samples are stabilised at each temperature until a
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constant turbidity value is reached. This constant value is taken as the optical
density of the sample at that temperature. The transition temperatures were
determined by identifying the temperature at which the first derivative of the
turbidity versus temperature curve reached its maximum [450].

2.2.7.4.- Topography and surface characterisation

Surface roughness is a measure of the texture of a surface. For membranes,
roughness can be defined as the deviation of the actual topography of the membrane
surface from an atomically smooth ideal surface [451].

An understanding of the surface properties of ELR membranes used as
wound dressings is useful in determining how the membrane will interact with its
environment. For example, surface roughness is important in understanding the
filtration of substances such as nutrients, debris or particles of interest such as
drugs, as well as the adsorption and retention of various substances such as wound
exudates. In addition, surface roughness can be correlated with other material
properties, such as pore size distribution and molecular weight [452].

A variety of techniques were used to characterize the surface properties of
ELR membranes, including SEM, ESEM, AFM or contact angle.

2.2.7.4.1.- Scanning electron microscopy (SEM)

Scanning electron microscopy was used to determine the topography of the
VKV-SKS membranes and the morphology of the internal microstructure of the
elastin hydrogels with different concentrations (2X, 4X, and 6X) of the laminin
peptides (KAASIKVAVSADR and KPPFLMLLKGSTR) and the novel polymers SKS-
IKVAV and SKS-IKVAV-PPFLM. Two different microscopes were used. On the one
hand, the membranes were only freeze-dried and an FEI Quanta 200 FEG instrument
(Unidad de Microscopia Avanzada, Parque Cientifico, Universidad de Valladolid)
equipped with a tungsten Schottky filament, an acceleration voltage of 15 kV and a
BSED detector was used. These samples were coated with a 4 nm gold layer
deposited in a sputter coater using an EMITECH K575X equipment to form a
conductive surface. Four locations were randomly selected for image acquisition
from different areas of each sample. Each image for every sample was photographed
under identical conditions with an 800X of magnification. To analyse the roughness
of SEM samples, we installed a special Image ] plugin, called Roughness Calculation.
This plugin calculates surface roughness statistics based on topographicimages. The
input is an image or stack where the pixel values represent the distance, z, to a
surface. The calculated roughness value was provided in terms of Rq (Root Mean
Square roughness) or Ra (Average roughness). Rq is defined as the square root of
the sum of the squares of the individual heights and depths from the mean line, while
Ra is the average of the individual heights (asperities) and depths from the
arithmetic mean elevation of the profile.

On the other hand, new biofunctionalized hydrogels were frozen in liquid
nitrogen, cryofractured and freeze-dried. Micrographs were obtained using a Jeol
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JSM-IT500 microscope (Servicio de Microscopia de NUCLEUS, Universidad de
Salamanca) equipped with a tungsten Schottky filament, an acceleration voltage of
20 kV and an ES detector to observe the internal structure of the fractured
hydrogels. In this case, the samples were coated with a 5 nm gold layer using a
Quorum Q15RES instrument. Morphological details, such as pore size or porosity,
were quantitatively assessed using Fiji Image] software [453].

2.2.7.4.2.- Environmental scanning electron microscopy (ESEM)

The environmental scanning electron microscopy (ESEM) technique was
employed initially, as it theoretically permitted observation under more
physiologically relevant conditions, namely not fully dehydrated and not metallised.
In this study, ESEM was employed to characterise the surface properties of the ELR-
based membranes. Given that these membranes are intended for use as wound
dressings in their hydrated state, it is essential to ascertain that the surface
roughness remains consistent when compared to their freeze-dried state, which was
previously characterised by SEM. In brief, the hydrated membranes were mounted
directly on aluminium supports using carbon adhesive tape and observed using the
same instrument as SEM, without the need for gold coating of the sample surfaces.
Four locations were randomly selected to obtain images of different areas of each
sample. Each image of each sample was captured under identical conditions at
3000x magnification. In order to analyse the roughness, the same procedure
described in the SEM section was employed.

2.2.7.4.3.- Atomic force microscopy (AFM)

Atomic Force Microscopy (AFM) in tapping mode was employed to
investigate the topography at the Surface Analysis and Fabrication Platform of the
CIC biomaGUNE in San Sebastian, using a Multimode 8HR (Bruker). For membranes
with a concentration of 50 mg/mL, topography images were captured in standard
tapping mode using a TESPA-V2 probe (Bruker), with a nominal resonant frequency
of 320 kHz and a force constant of 0.42 N/m. The scanning rate was set at 1 Hz. For
membranes at concentrations of 25, 10, and 5 mg/mlL, the PeakForce tapping mode
was employed with SCANASYST-AIR probes with a nominal resonant frequency of
70 kHz and a force constant of 0.4 N/m. Adjustments to the scanning rate and peak
force frequency were made to optimize results. Hydrated samples were cut, and
double-sided FIXO tape was used to mount them onto magnetic tabs, after removing
excess water. A chamber was employed specifically to maintain a humid
environment and prevent dehydration of the sample. The topography of the surface
area (10 pm x 10 um) is represented by height profiles. The images were analysed
using the roughness routine Nanoscope Analysis 2.0 software (Bruker). To
characterise the surface topography of membranes, the root-mean-square
roughness (Rq) is the most commonly parameter used and can be calculated by
using Equation 1:
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Equation 1: Root-mean-square roughness (Rq)

where L is defined as the surface profile measure in terms of height (Z) and position
(x) of the sample over the evaluation length (L). Other definitions can also be used
to characterise the roughness, such as the mean roughness (the mean value of the
surface relative to the centre plane) or the peak-to-valley distance (the distance
between the highest data point and the lowest data points on the surface). However,
these definitions are less accurate than the Rq roughness. All experiments were
performed in triplicate.

To assess the membrane recovery study, a thin scalpel was used to manually
create a scratch in the 50 mg/mL membrane. Images were captured at time zero,
after 30 minutes, and after the membrane was rehydrated with 5 pl of water. The
scratched area was imaged using SCANASYST-AIR probes in tapping mode, with a
scan area of 100 um x 100 pm. Samples were cut and fixed onto magnetic tabs with
double-sided FIXO tape, removing any excess water. Image analysis was conducted
using the sectioning routine in Nanoscope Analysis 2.0 software (Bruker).
Furthermore, three-dimensional illustrations were generated to enhance the
visibility of the self-renewing process using the Nanoscope Analysis 2.0 software
(Bruker).

Finally, AFM is a standard technique utilised for evaluating the Young's
modulus of soft materials at the nanoscale using nanoindentation. To assess the
quantitative nanomechanical measurements, the PeakForce QNM module was
implemented for mapping the topography of the sample and recording
nanomechanical properties, such as Young’s modulus, adhesion, dissipation and
deformation. The distribution was obtained by bearing analysis, while the average
values were obtained by roughness routine. The probe employed for this study was
a SCANASYST-AIR (Bruker). Prior to use, the spring constant rate and deflection
sensitivity were calibrated on a sapphire sample. The tip radius was determined by
the absolute method, which involved measuring a rough titanium reference sample
and utilizing the tip qualification tool in the Nanoscope Analysis 2.0 software
(Bruker). The estimated value for the radius was 3.7 £ 0.1 um. The Hertzian model
was applied to calculate Young’s modulus. After numerous attempts, it was
unfeasible to acquire measurements that match the results from the previously
published paper [436]. This was due to the high viscosity of the samples, which
causes them to adhere to the tip of the cantilever, making it unattainable to obtain
accurate measurements.

2.2.7.4.4.- Contact angle. Wettability

The analysis of the surface energy and affinity of the liquid to the solid
substrate represents a simple and effective approach to obtaining surface
properties. In particular, the wettability or hydrophilicity of a membrane has a
significant influence on the flux rate, adsorption, type of fouling, efficiency and
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lifetime of the membrane [454]. The composition of the membrane material and the
chemistry of its surface both influence the interaction between the material and
water molecules, which in turn affects the wettability of the material.

The surface tension of a material can be used to determine the wettability of
a substrate by certain liquids by measuring the contact angle between a solid surface
and a liquid droplet on the surface in a three-phase system (solid/liquid/air). The
angle formed by the intersection of the liquid-vapour and liquid-solid interfaces
(geometrically integrated by drawing a tangent line from the point of contact along
the liquid-vapour interface of the droplet) is called the contact angle and is
determined by Young's equation:

cosf = YsG-Vst Equation 2: Young's equation
YLG
where 0 is the contact angle, yig, ysc and yst are the liquid-vapour, solid-vapour and

solid-liquid interfacial tensions, respectively, as is shown in Figure 24A.

0>90 6<%
A) B) Negligible wetting Good wetting
(water — hydrophobic) 6=90 (water— hydrophilic)

Figure 24: Contact angle. A) Contact angle formed by the liquid spreading over the surface. B) The effect
of the contact angle on the analysis of hydrophilicity and hydrophobicity. Image adapted from [454].

A lower contact angle value indicates the hydrophilic nature of the material,
i.e. a high affinity of water molecules towards the hydrophilic substrate and such
materials readily absorbs water molecules due to the presence of polar active
functional groups. A larger contact angle indicates the hydrophobic nature of the
surface. Hydrophobic materials have little tendency to interact with water and tend
to form 'beads' on their surface, as is shown in Figure 24B.

Measurements were made at room temperature using the sessile drop
method with an OCA20 (Data Physics) instrument equipped with a CCD camera. The
tip of the stainless-steel needle was always kept at the top of the sessile drop and
immersion of the needle in the drop was avoided during the measurements to
prevent the needle from distorting the shape of the drop. Contact angles were
measured by analysing the deposition of 0.5 ul water droplets on the sample surface.
For each membrane condition tested (5, 10, 25 and 50 mg/mL), two different
samples were used and five measurements were taken on each sample at different
locations on the film surface. Data are presented as SD averaged over the left and
right angles. Both hydrated and freeze-dried membranes were imaged after a 15 s
stabilisation of the droplet and it was not possible to image the hydrated membranes
by this method as they are very hydrophilic.
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2.2.7.5.- Other characterizations

2.2.7.5.1.- Swelling ratio and water content percentage (WCP)

The swelling ratio and the water content percentage (WCP) in hydrogels are
important parameters that define the mechanical properties on which the final
application of the material for biomedical purposes will depend. In addition, the
swelling of materials in the presence of fluids is essential to enable absorption and
transfer of nutrients or metabolites throughout the film structure in a physiological
environment. The degree of swelling or hydration was determined by the
gravimetric method. On the one hand, membranes with concentrations of 5, 10, 25
and 50 mg/mL were prepared, lyophilised to remove all water from their structure
and weighed to obtain the initial scaffold weight (Wi). They were then immersed in
phosphate buffered saline (PBS) or ultrapure water at 37 °C and weighed to obtain
the final weight (Ws) of the hydrated scaffold. This process was repeated at various
time intervals until the membrane reached physicochemical equilibrium. The
equilibrium swelling ratio of membranes is the swelling ratio when the membranes
swell to constant weight.

The swelling ratio was calculated using the following Equation 3:

Wf — Wi
wi

Swelling ratio (w/w) =
Equation 3: Swelling ratio

On the other hand, to determine the WCP, new membranes were prepared
with concentrations of 5, 10, 25 and 50 mg/mL, immersed in ultrapure water at 37
°C until the membranes were completely swollen and weighed when they reached a
constant final weight (W) of the hydrated scaffold. They were then lyophilized and
dried at 50 °C for 2 hours to obtain the constant dry weight of the membranes (Wi)
[455], [456]. Additionally, the WCP of hydrogels containing varying concentrations
(2X, 4X, and 6X) of the laminin peptides (KAASIKVAVSADR and KPPFLMLLKGSTR)
and the new hydrogels, SKS-IKVAV and SKS-IKVAV-PPFLM, were also studied.

The WCP value was calculated according to the following Equation 4:

Wf — Wi
wf

Equation 4: Water content percentage

WCP (%) = x100

2.2.7.5.2.- Porosity

The porosity of the ELR-based membranes was estimated by measuring their
swelling in water and applying the subsequent Equation 5 [435], [457]:
, Wf—-Wwi 100
Porosity (%) = x

P water Vmemb

Equation 5: Porosity
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where Wr and Wi represent the weight of the wet and dry states of membranes,
respectively, pwater is the density of pure water at 20 °C and Vmemb refers to the
volume of the membrane in the wet state (Vmemb = I1r2h, where r and h are the radius
and height of the cylindrical sample, respectively). All measurements were taken 24
hours after soaking the hydrogel in water at the appropriate temperature. Excess
surface water was removed with a filter paper before each measurement. All
experiments were performed in triplicate.

2.2.7.5.3.- In vitro enzymatic degradation

In general, biodegradability refers to the capacity of materials to decompose
over time once implanted in host bodies [458]. The degradation rate of ELR
membranes was studied in vitro using elastase from porcine pancreas enzyme. The
enzyme activity and optimal conditions are detailed in the enzyme data sheet
(E1250- Sigma Aldrich). Degradation experiments were performed in triplicate by
incubating each membrane with concentrations of 5, 10, 25, and 50 mg/mL in a non-
enzymatic solution - phosphate-buffered saline (PBS) to evaluate the stability of
biomaterials. The membrane was also incubated in elastase enzymatic solution at a
concentration of 24 nM to evaluate the degradation rate in contact with the wound
environment. To begin the process, the elastin-based membranes were immersed in
PBS for 12 hours until they reached an equilibrium state, then each membrane was
placed in 1.5 mL of elastase solution after removing the surface liquid using filter
paper. Next, the samples were incubated for 25 days at 37 °C with mild shaking at
80 rpm, and the solution was replaced every 2 days with a fresh portion of elastase
solution. The remaining weight of the membranes was measured at specific time
points (12 hours, daily from 1 to 25 days) after drying at room temperature. They
were then further dried in a desiccator until a constant weight (W4) was reached.
The residual weight (Wr) of the scaffolds is determined by the following equation:

Wr(%) —Wd 100
r(7/) = — X
Wi
Equation 6: Remaining weight (%) of membranes after inmersion with elastase solution

where Wi represents the weight of the membrane after swelling. The rate of
membrane degradation was also calculated using the following formula:
wWi—-wd

DT(%) = T x 100

Equation 7: Degradation rate (%) of membranes after immersion with elastase solution

2.2.7.5.4.- Rheological properties

Rheology is a branch of physics that studies the ability of materials to flow
and deform. Consequently, this methodology is employed to assess the viscoelastic
properties of hydrogels, which enables the determination of their stiffness and
hardness, thereby indicating their mechanical characteristics. Oscillating shear
measurements were conducted on elastin hydrogels with varying concentrations
(2X, 4X, and 6X) of the laminin peptides (KAASIKVAVSADR and KPPFLMLLKGSTR)
and hydrogels of the new SKS-IKVAV polymer using a non-porous stainless steel
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circular parallel geometry with a diameter of 12 mm on an AR2000ex rheometer
(TA Instruments). The measurements were conducted at a temperature of 37 °C,
which is representative of the physiological conditions observed in biological
systems.

Each ELR hydrogel was prepared in a 12 mm diameter cylindrical mould at a
concentration of 50 mg/mL with a volume of 400 pL. The hydrogel was maintained
at 4 °C for a period of two hours, during which time the polymer chains underwent
cross-linking. Following this, the hydrogel was incubated at room temperature for a
further four hours, during which time the cross-linking process was completed.
Finally, the hydrogel was equilibrated overnight at 37 °C in a saturated water
atmosphere. The VKV-SKV hydrogel was employed as a control. Three replicates
were analysed for each hydrogel condition.

After calibrating the equipment, the hydrogel is placed on the thermostated
plate and adjust the distance between plates by applying a normal force of 0.01 N to
prevent slippage. To determine the range of strain amplitudes for which hydrogels
have a linear viscoelasticity range (LVR), conduct oscillatory shear measurements.
To achieve this, a dynamic strain sweep was conducted at a constant angular
frequency of 1 Hz, with strain amplitudes ranging from 0.01 % to 20 % at 37 °C. Once
the linear range of viscoelastic behaviour was established, a frequency sweep was
performed. The frequency sweep range was set between 0.1 and 10 Hz at a fixed
strain of 1 % (within the LVR region of the hydrogel) at 37 °C. The data were
recorded using the Rheology Advantage software, version 4.1 [433].

Rheological measurements provide the storage or elastic modulus (G') and
the loss or viscous modulus (G") as a function of stress or frequency at a fixed
temperature. The elastic modulus, or storage modulus, indicates the elastic
component of the material up to a maximum value, beyond which it is purely elastic.
Conversely, the viscous or loss modulus indicates the energy dissipated in the
material during deformation. These two moduli are related by the loss tangent (tand
= (" / G'), which determines the ratio of energy lost in relation to the energy stored.

2.2.8.- Biological characterisation

2.2.8.1.- In vitro characterisation

A number of tests are available to assess the in vitro cytotoxicity and
compatibility of VKV-SKS membranes. These include studies of cell proliferation
using the MTS assay, assessment of cell membrane damage using the LDH assay,
evaluation of cell viability using the Alamar Blue or LIVE/DEAD assay, gene
expression analysis using gqPCR, and protein expression analysis using
immunostaining. Furthermore, cell growth is evaluated using the colony formation
assay, while cell migration is assessed by the transwell migration assay and in vitro
scratch assay. Additionally, the biocompatibility of hydrogels containing varying
concentrations (2X, 4X, and 6X) of the laminin peptides (KAASIKVAVSADR and
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KPPFLMLLKGSTR) and the new hydrogels, SKS-IKVAV and SKS-IKVAV-PPFLM, were
also investigated.

2.2.8.1.1.- Cell culture in vitro

Two cell types, fibroblasts and keratinocytes, were employed in a biological
characterisation of VKV-SKS membranes, which are relevant to the process of
wound healing. In particular, human foreskin fibroblasts (HFF-1) and immortal
human adult skin keratinocytes (HaCaT) were used for this purpose.

2.2.8.1.2.- Membrane sterilization

Prior to their use with cells, the VKV-SKS membranes underwent a process
of washing and sterilisation. This process involved immersion in a range of organic
reagents, including acetone (5 minutes), methanol (3 times at 5 minutes each
interval), ethanol in varying concentrations (5 minutes each), followed by deionised
water and phosphate-buffered saline (PBS) to eliminate any residual organic
solvent. Subsequently, the membranes were immersed in PBS for sterilisation
through exposure to ultraviolet radiation for a period of two hours in a cell flow
hood. Subsequently, following sterilisation, the membranes were immersed in
culture medium (DMEM) at 37 °C in a humid atmosphere with 5 % CO, overnight in
order to achieve equilibrium.

2.2.8.1.3.- MTS cell proliferation assay

Cell viability and proliferation of cells on VKV-SKS membranes were assessed
using the MTS colorimetric assay (CellTiter 96 Aqueous assay, Promega). The MTS
assay is based on the activity of NAD(P)H-dependent dehydrogenase enzymes
present in metabolically active cells that reduce tetrazolium salt (MTS) in the
presence of an electron coupling reagent (PES), resulting in the formation of a
coloured formazan product that is soluble in cell culture media and has a maximum
absorbance at 490 nm.

For the purpose of this experiment, HaCaT and HFF-1 cells were seeded onto
ELR membranes in 24-well culture plates at a density of 2 x 104 cells/well and then
grown at 37 °C in a humidified atmosphere containing 5 % CO2 for 48 hours. The
low cell densities were used to investigate cell proliferation, as there is greater
surface area available for cell growth while avoiding premature confluence.
Additionally, cells were also seeded in tissue culture plates (TCP) and on a glass
coverslip as a positive control for full metabolic activity. The distinct experimental
groups were then exposed to the MTS reagent, with the addition of 100 pul of MTS
solution to each well containing 500 pl of serum-free medium. Subsequently, cells
were then incubated for two hours at 37 °C in a humidified atmosphere containing
5% CO2z in the absence of light. To determine the coloured product of MTS reduction,
200 pl of the supernatant was transferred to a 96-well plate and analysed using a
spectrophotometric microplate reader (SpectraMax iD3, Molecular Devices) to
measure absorbance at 490 nm.
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2.2.8.1.4.- Cytotoxicity by a lactate dehydrogenase (LDH) colorimetric

assay

The cytotoxicity of ELR membranes was evaluated in HFF-1 and HaCaT cells
using the lactate dehydrogenase (LDH) colorimetric assay. LDH is a stable cytosolic
enzyme that can be detected following cell lysis, and its release therefore signifies
cell membrane damage. The detection was conducted using the cytotoxicity assay
kit (CytoTox 96® Non-Radioactive Cytotoxicity Assay, Promega). The kit enables the
quantification of LDH in the supernatant of culture media through a coupled
enzymatic assay. This process involves the conversion of tetrazolium salt
(iodonitrotetrazolium violet, INT) to produce a red formazan product by the action
of diaphorases or electron acceptors, with a maximum absorbance at 490 nm.

A significant proportion of culture media contain lactate dehydrogenase
(LDH) derived from animal serum, which can contribute to the background
absorbance when using the Cytotox 96 kit. The levels of LDH in animal serum vary
based on a variety of factors, including the species and the health or treatment of the
animal before serum collection. For instance, human serum has a comparatively low
level of LDH activity, whereas calf serum has a relatively high level. Consequently,
prior to commencing the experiment, a calibration curve is performed in order to
determine the optimal amount of fetal bovine serum (FBS) that can be used without
affecting the measurement of LDH released by the cells, as illustrated in Figure 25.
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Figure 25: Calibration curve of the LDH assay. A calibration curve to determine the optimal amount of
fetal bovine serum (FBS) that can be used in the cell cultures without affecting the measurement of LDH release
from cells.

The results of the calibration curve indicate that the sensitivity of the LDH
measurement is lost when 10 % or more FBS is used in the medium. In order to
prevent any interference of the LDH released from the FBS with that released by the
cells, it is necessary to work within the linear range. Consequently, the cytotoxicity
test for VKV-SKS membranes is performed using DMEM medium supplemented with
5 % FBS. A reduction in serum concentration to this level has the effect of
considerably decreasing background interference while preserving cell viability.
The absorbance value of the control sample is employed to standardise the
absorbance values of the other samples.
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In order to conduct this experiment, HaCaT and HFF-1 cells were seeded onto
ELR membranes in 24-well culture plates at a density of 2 x 10% cells/well.
Subsequently, the cells were grown at 37 °C in a humidified atmosphere with 5 %
CO2 for 24 hours. Furthermore, cells were seeded in TCP to serve as a negative
control and to determine the amount of LDH release in healthy cells. Additionally,
they are used as a positive control, indicating the maximum amount of LDH that can
be released by the cells when they are all dead. This is achieved by adding 10 pl of
the 10X lysis solution from the kit to 100 pl of medium to lyse the positive controls,
which are then incubated for 45 minutes. Following that, 50 pl of the supernatant
from each experimental type group is collected and transferred to a 96-well plate in
triplicate. Subsequently, 50 pl of Cytotox 96 reagent is added to each well, and the
plate is incubated in darkness for 30 minutes at room temperature. After incubation,
50 pl of stop solution was added, and the absorbance was measured at 490 nm using
a spectrophotometric microplate reader (SpectraMax iD3, Molecular Devices).

2.2.8.1.5.- Cell viability assay using AlamarBlue reagent

In order to complete the cytotoxicity analysis of cells seeded on VKV-SKS
membranes, the AlamarBlue bioassay was employed to observe their metabolic
activity and cellular health. AlamarBlue is a cell viability indicator dye that utilizes
an oxidation-reduction (redox) reaction, which fluoresces and changes colour in
response to the chemical reduction of resazurin (a non-fluorescent blue colour) to
resorufin (a fluorescent pink colour) due to the activity of mitochondrial enzymes
and other redox enzymes caused by cell proliferation [459].

The quantity of resorufin produced is directly proportional to the number of
surviving cells and correlates with cellular metabolic activity. The percentage of
viable cells can be determined by observing the change in colour solution
qualitatively or quantitatively measuring the absorbance of the solution in the
ultraviolet-visible (UV-Vis) range at 570 nm or by fluorescence with a 560 nm
excitation/590 nm emission filter set using a plate reader. While both methods are
suitable for this purpose, fluorescence-based methods are more sensitive than
absorbance-based methods. Non-viable and damaged cells exhibit a reduction in
inherent metabolic activity, which results in a correspondingly weak or absent
signal.

To assess the metabolic activity of HFF-1 and HaCaT on the ELR membranes,
1.5 x 104 cells were seeded per well on both membranes and controls. In order to
establish positive and negative controls, cells were seeded in a TCP and wells were
treated with bovine serum albumin (BSA), respectively. The metabolic activity of
cells was measured using the AlamarBlue assay (Invitrogen) at four experimental
points (1, 7, 14, and 21 days), in accordance with the instructions of the
manufacturer. For this purpose, after reaching the experimental time, the
experimental groups were rinsed thrice with PBS. Then, a DMEM solution
containing 10 % AlamarBlue (v/v) was added in place of the culture medium,
followed by incubation of the cells in darkness for four hours at 37 °C and 5 % COz2
humidity. Subsequently, 70 pL of the reduced medium was transferred to an opaque
96-well plate in order to quantify fluorescence. Fluorescence was quantified at an
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excitation wavelength of 560 nm and an emission wavelength of 590 nm using a
multimode plate reader (SpectraMax iD3, Molecular Devices). The membranes and
all experimental wells were washed three times with PBS, after which the
corresponding growth medium was added and incubated one more in order to
determine metabolic activity at different time points.

Furthermore, this method was also utilised to evaluate metabolic activity of
HFF-1 and HaCaT on the newly peptide-biofunctionalised hydrogels and the novel
polymers, SKS-IKVAV and SKS-IKVAV-PPFLM. In order to achieve this, 200 pL of
hydrogels of each peptide concentration were directly prepared on a 96-well plate,
and 8000 cells per well were subsequently seeded onto them. The procedure was
similar to that used for the ELR membranes.

2.2.8.1.6.- LIVE/DEAD fluorescence cell viability assay

Fluorescence imaging was utilised as an additional and complementary
approach to evaluate cell viability, with the aim of observing cell morphology, cell
progression within membranes, and cell viability at various intervals using
LIVE/DEAD staining. The experiment employed two fluorescent dyes, namely
calcein AM and ethidium homodimer (EthD-1), to label live and dead cells
simultaneously. The intracellular esterase activity of living cells facilitated the
conversion of the cell-permeable, non-fluorescent calcein AM into the significantly
fluorescent calcein. The polyanionic calcein dye persists in viable cells, producing an
intense and uniform green fluorescence (excitation/emission =494 /517 nm). EthD-
1 penetrates cells with impaired membranes, resulting in a 40-fold increase in
fluorescence upon association with nucleic acids. This results in a bright red
fluorescence within dead cells (excitation/emission = 528/617 nm). EthD-1 is
excluded by intact plasma membranes of viable cells.

To conduct the experiment, 1.5 x 104 cells were seeded per well onto the
membranes and allowed them to grow for varying experimental times (1, 7, 14, and
21 days). The reagents were prepared in accordance with the instructions of
manufacturer. Next, the membranes were rinsed with PBS and treated with the
reagent assay kit, followed by a 30-minute incubation at room temperature in a dark
environment. After staining, the cover with the membrane was inverted carefully
(but quickly) using fine-tipped forceps and mounted with a coverslip on the
microscope slide. The coverslip was sealed to the glass slide using clear nail polish
to prevent evaporation. The stained HaCaT and HFF-1 cells on membrane were
observed and representative images were taken with a Nikon Eclipse Ti-SR
fluorescence microscope (Japan). In the LIVE/DEAD assay, live cells were stained
green, while dead cells were stained red.

Furthermore, this staining was utilised to assess cell viability, morphology,
and progression within the newly peptide-biofunctionalised hydrogels. For this
purpose, 200 pL hydrogels of each peptide concentration were prepared directly on
an 8-well glass chamber slide, and 8000 cells per well were seeded onto them. The
procedure was analogous to that used for the ELR membranes. The stained HaCaT

132




METHODS

cells were observed under a Leica TCS SP8 lightning confocal microscope (Leica
Microsystems).

2.2.8.1.7.- Colony formation assay (CFA)

To examine the survival of single cells in vitro and their clonogenicity, the
colony formation assay (CFA) was employed. This experimental method is based on
the ability of an individual cell to proliferate and form a colony within VKV-SKS
membranes. In accordance with the specifications outlined in [460], a colony is
defined as a minimum of 50 cells. Essentially, the technique assesses each cell in the
cohort, evaluating its potential for unlimited division. The clonogenic assay is the
preferred method for determining the cell reproductive death of cells following
contact with a substance or a treatment. Only a proportion of the seeded cells retain
the capacity to generate colonies. Both the HaCaT and HFF-1 cell types were placed
on the ELR membranes at an extraordinarily low density (1,5 x 103 cells per well) in
order to enable colony formation within a period of 1 to 3 weeks. Following an
approximate period of fifteen days, colonies have developed to a sufficient size for
the observation of cellular growth. To facilitate this, the cells were fixed with 4 %
PFA and stained with 0.5 % (w/v) crystal violet (Sigma-Aldrich), before being
photographed with a stereoscopic microscope to allow for subsequent manual
quantification. To determine the plating efficiency (PE), it is necessary to ascertain
the accurate number of cells that were initially seeded. Consequently, this step must
be performed with the greatest possible care. It should be noted that the plating
efficiency of each cell line is different. When cells were seeded on protein
membranes at low densities, they grow to form colonies. The PE is defined as the
ratio of the number of colonies to the number of cells seeded [460].

2.2.8.1.8.- Cell adhesion assay

A 96-well plate was coated with different VKV-peptide (2X, 4X and 6X) and
VKV-cc or the new polymers, SKS-IKVAV and SKS-IKVAV-PPFLM, at 4 °C overnight.
The plates were then washed twice with PBS, after which the uncoated surfaces
were blocked with 1 % BSA for 30 minutes at 37 °C. A total of 5 x 104 HaCaT and
HFF-1 cells were seeded on the protein-coated plate and incubated for 3 hours at 37
°C. The unattached cells were removed by washing three times with PBS, and the
attached cells were fixed with 4 % paraformaldehyde for 15 minutes at room
temperature. The plates were then washed twice with PBS. Subsequently, the cells
were stained with 0.5 % crystal violet (Sigma-Aldrich) in methanol for 10 minutes.
The excess stain was removed by repeated washing with PBS [461]. The attached
cells were observed under a magnifying glass (Leica DMS1000 BTL5000).

2.2.8.1.9.- Immunofluorescent staining

VKV-SKS membranes were seeded with 1.5 x 104 HFF-1 and HaCaT cells in
24-well plates on sterile glass coverslips. The cells were cultured for 7 and 14 days
in accordance with the standard procedure. Immunostaining was conducted to
evaluate cell morphology at the junction between the cells and the elastin
biomaterial, as well as their capacity to express various proteins. The anti-vinculin
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antibody was employed to investigate the formation of focal contacts between cells
and the extracellular matrix. Additionally, anti-focal adhesion kinase was utilized to
examine the interaction of cells with the material, anti-cadherin to investigate the
interaction between cells, anti-alpha smooth muscle actin to assess the degree of
fibroblast differentiation, and anti-cytokeratin 14 to explore the degree of
keratinocyte differentiation. Meanwhile, rhodamine phalloidin was used to stain the
cell actin cytoskeletons, while DAPI was utilised to stain the cell nuclei.

Each membrane was placed in conjunction with its respective cover slip on a
slide and encircled with a liquid barrier marker. All procedures were conducted
within a dark, humid chamber to prevent desiccation of the samples. Following a
period of 7 or 14 days, the cells attached to the membranes were fixed with 4 %
(w/v) PFA in PBS for 10 minutes. Following the removal of PFA, a subsequent PBS
washing is carried out, after which 0.1 % (w/v) Triton X-100 is added to induce cell
permeabilization for 10 minutes at room temperature. Subsequently, the non-
specific binding sites were blocked by incubation with 1 % (w/v) BSA for one hour.
The primary antibodies were diluted in 0.1 % (w/v) BSA in PBS at the concentration
recommended by the manufacturer and incubated for one hour at room
temperature. After washing with PBS twice, the secondary antibodies were diluted
in 1 % (w/v) BSA in PBS at the intended concentration (1:500) and incubated at 4
°C overnight in darkness. Finally, samples were washed and mounted, using an
aqueous mounting medium containing DAPI (Abcam) to stain cell nuclei in blue,
prior to sealing with a cover glass. Representative images were obtained using an
inverted Nikon Eclipse Ti-E epifluorescence microscope (Nikon) and a Leica TCS SP8
lightning confocal microscope (Leica Microsystems). The specifications of the
primary and secondary antibodies used in this section are summarised in Table 20.
Due to the high autofluorescence of the elastin membrane in the green field, it is
preferable to prioritize the use of red fluorophores.

Table 20: The specifications of the primary and secondary antibodies employed for protein expression.

Antibody Abbrev. Dilution Ref. Action
Primary antibodies
: ; : : ; Sigma-Aldrich Interaction Cells-
Rabbit anti-Focal Adhesion Kinase | FAK 1:200 5AB4502498 material (FB&KC)
N y ThermoFisher (Invitrogen) | Interaction Cells-ECM
Mouse anti-Vinculin Monoclonal VCLO1 1:100 MA5-11690 (FB&KC)
Mouse anti-VE-Cadherin, clone BV9 | CD144 1:200 Sigma-Aldrich (Millipore Interaction Cell-Cell
Monoclonal ' Corp) MABT129 (FB&KC)
Mouse anti-a-Smooth Muscle Actin ] Sigma-Aldrich Differentiation
monoclonal GEL B0 A5228 Fibroblasts
Mouse anti-Cytokeratin 14 CK14 1:200 ThermoFisher (Invitrogen) Differentiation
Monoclonal ' MAB-11599 keratinocytes

Secondary antibodies

Goat Anti-Mouse Ig61-Alexa Fluor ThermoFisher (Invitrogen)

1:500 Green staining

488® a21121
Goat Anti-Mouse Ig6 (H+L) CF™ : Sigma-Aldrich a
594 1:500 SAB460032 Red staining
Goat Anti-Rabbit IgG(H+L)-Alexa ; Abcam e
Fluor 568@ o) ab175471 Red staining
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2.2.8.1.10.- RNA isolation, Reverse Transcription (RT) and quantitative
real-time Polymerase Chain Reaction (q-PCR)

Quantitative real-time PCR is a technique that is widely used for the detection
and quantification of gene expression levels. This method involves measuring the
quantity of DNA present in a sample at the conclusion of each cycle, using

fluorescent dyes that generate a signal in direct proportion to the amount of PCR
product produced.

For the real-time qPCR assay, 1.5 x 10> HFF-1 and HaCaT were seeded on
VKV-SKS membranes and incubated for different experimental times (0, 3, 7, 14 and
21 days). Total RNA was extracted from cells using Trizol™ reagent (Invitrogen), and
a scalpel was used for cutting the membrane in order to facilitate complete cell
extraction. To obtain a greater number of cells, each experimental sample was
composed of two elastin membranes. Samples in Trizol™ reagent were transferred
to Phasemarker™ tubes for manual nucleic acid separation using chloroform (Merk).
The Trizol™ Plus RNA purification kit (ThermoFisher) was then used to obtain
purified RNA following the protocol provided by the manufacturer. The quality of
the extracted RNA was analysed using a spectrophotometer NanoDrop 2000C
(Thermo Scientific) to measure the optical density at 260 and 280 nm, which yielded
the purity ratio (OD 260/280) and concentration.

A two-step real-time qRT-PCR was conducted using total RNA, which was
first transcribed into complementary DNA (cDNA) by reverse transcriptase. The
resulting cDNA was then utilized as a template for the qPCR reaction. The High-
capacity cDNA reverse transcription kit (ThermoFisher) was employed for the RNA
reverse transcription (RT) reaction to obtain cDNA. One microgram of total RNA was
reverse transcribed using a Master Mix that included MultiScribe™ reverse
transcriptase enzyme, 10X PCR buffer, random primers, and mixed dNTPs. The
reaction was conducted in a Mastercycler Pro thermal cycler (Eppendorf) using a
program comprising a 25 °C incubation for 10 minutes, a 37 °C incubation for 120
minutes, and an 85 °C incubation for 5 minutes.

The procedure was performed using the TagMan® gene expression assay
(Applied Biosystems). The RT reaction cDNA products were amplified using
TagMan® probes as primers for specific genes and the Maxima Probe qPCR Master
Mix kit (ThermoFisher), according to the protocol provided by the manufacturer.
The qPCR 7500 Fast Real Time PCR system (Applied Biosystems) was utilised for
the procedure. In summary, the amplifications were conducted in a final volume of
20 pl, comprising 10 pl of Maxima probe qPCR Master Mix, 8 pl of endonuclease-free
water, 1 ul of TagMan® probe, and 1 pl of cDNA. A not template control (NTC) was
employed as a negative control, comprising all components except the cDNA
template. For each sample, gPCR reactions were made in triplicate. The following
protocol was implemented in a thermal cycler: after an initial general denaturation
step at 95 °C for 10 minutes, 40 cycles were performed, with DNA denaturation
executed at 95 °C for 15 seconds, followed by 60 °C for 1 minute for the annealing
and extension process. These amplifications were utilized for the purpose of
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comparing different samples. Real-time qPCR was carried out using the MicroAmp™
Splash-Free 96-Well Base (ThermoFisher) to simultaneously quantify the
expression of six genes in each sample.

The study investigated the specific genes involved in fibroblasts, which
include VCL, PTK2 and ACTAZ2, as well as those in keratinocytes, which consist of
VCL, PTK2, CDH1, KRT10, and KRT14. The 18S ribosomal RNA (RP18) was used as
an endogenous control gene (housekeeping gene). The following TagMan® gene
expression assay probes were employed in the research: RP18, Hs0096585812_g1;
VCL, Hs00419715_m1; PTK2, Hs01056457_m1; CDH1, Hs01023895_m1; ACTAZ2,
Hs00909449_m1; KRT10, Hs00166289_m1 and KRT14, Hs00265033_m1.

The data were acquired using the 7500 software Fast-Real Time v2.3. The
point at which the PCR product was first detected above a fixed threshold, termed
as the threshold cycle (Ct), was determined for each sample. Subsequently,
expression levels were examined utilising the relative quantification method (AAC),
as previously described by Livak and Schmittgen [462]. The comparative Ct was
calculated using the formula 2(-A2C), which denotes the difference in Ct between a
gene of interest and the housekeeping gene (RP18) for a sample in comparison to a
calibrator, which is the zero day of the experiment for each cell type in this research.
In the event that gene expression was undetectable in any of the conditions, a Ct
value of 40 was assigned for comparisons.

2.2.8.1.11.- Transwell migration assay

The transwell migration assay is a quantitative method for determining the
number of cells that have migrated through inserts coated with ELR membranes and
into a chemoattractant (comprising either complete culture medium or a
supplemented culture medium with agents including growth factors). This
migratory mechanism is relevant to the movement of keratinocytes across and
above the provisional matrix of granulation tissue during the growth phase of
wound healing.

To perform the migration assay, cell culture inserts with an 8 pm pore size,
made of a polycarbonate membrane (Costar), were used. These inserts were placed
in 24-well culture plates, thus creating both upper and lower compartments for the
assay. Subsequently, VKV-SKS membranes were placed on top of the transwell
membranes and allowed to dry for 24 hours to facilitate adhesion. Following this, 3
x 10* HFF-1 and HaCaT cells were seeded in serum-free medium into the inner
chamber of the insert on the ELR membranes. The outer chamber was
supplemented with complete medium as a chemoattractant. Following a fifteen-day
incubation period, cells that had migrated through the membrane were fixed using
4 % PFA and stained with 0.1 % (w/v) crystal violet for subsequent manual
quantification under a stereoscopic microscope.

2.2.8.1.12.- Scratch assay

Cell migration is of great importance in multiple intricate physiological and
pathological processes. The wound healing assay is a straightforward technique for
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studying cell migration in vitro. The method is based on the observation that, upon
creating an artificial gap in a confluent cell monolayer, cells located at the wound
edge will begin to migrate until new cell-cell contacts are established, leading to the
closure of the wound. The in vitro scratch assay is ideal method for exploring the
influence of cell-matrix, cell-material, and cell-cell interactions on cell migration,
simulating the in vivo wound healing process. Accordingly, this approach was
utilized to investigate the migratory capacity of HaCaT cells in the presence of VKV-
SKS membranes.

The creation of a scratch is a crucial step in this wound healing assay. Several
techniques have been developed to establish a gap in a cell monolayer. These
techniques include scraping with a needle or pipette tip, placing an insert or
template, chemical surface treatment or the use of electricity. In order to prevent
damage to the elastin membrane during the formation of a scratch in the cell layer,
the 24-well culture insert (Ibidi) was used in this thesis. The insert was then
positioned on the 24-well plate, and 3.5 x 104 HaCaT cells were seeded into each
well, using 70 pl of complete media. The used insert comprises two independent cell
culture wells, with a well-defined cell-free space of 500 pm between them. Once the
cells have reached confluence after 24 hours, the insert was removed with sterile
forceps, and the cell layer was washed with PBS to eliminate any cell debris and
unattached cells. The elastin membrane was then placed over the cells, which were
subsequently incubated with serum-free media at 37 °C and 5 % CO2 until the
desired experimental time. To eliminate any potential interference caused by cell
proliferation, cells are maintained in a serum-free environment and their migration
is analysed over shorter time periods than those required for cell division.
Additionally, cell proliferation can be inhibited by the administration of a
proliferation inhibitor, such as mitomycin or actinomycin C.

The most characteristic measure of a migration assay is the alteration in the
area of cell coverage (scratch closure) over time, which is used to quantify the
wound closure rate and determine the cell migration rate. Based on the area of
concern, microscopy may be utilised to generate a video or capture images at
various time intervals. In this instance, the use of a phase contrast microscope to
observe cell migration in real-time is not viable due to the opacity of the elastin
membrane. Consequently, the use of non-toxic live cell staining with CellTracker™
Green CMFDA fluorescent probes is necessary to follow cell migration. At each
designated experimental time point, the plates are removed from the incubator for
imaging using the inverted Nikon Eclipse Ti-E epifluorescence microscope (Nikon).
Subsequently, the plates are returned to the incubator and incubated for the
remaining duration of the experiment, which must be completed within 16 hours.
To ensure precise analysis, it is of great importance to maintain the same spacing
position throughout the experiment.

The acquired images are utilised to assess in vitro re-epithelialisation, with
the cell migration rate being quantitatively analysed using the Image ] software. The
scratched wound recovery index (SWRI) percentage was calculated according to the
following Equation 8:
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SWRI (%) = Total wound area — Actual wound area 100
(%0) = Total wound area x

Equation 8: Scratched wound recovery index percentage
22.82.- Ex vivo characterisation

2.2.8.2.1.- Human ex vivo wound culture model

This model was employed in this thesis to investigate the efficacy of elastin
membranes in wound healing via partial-thickness excision wound healing in ex vivo
human skin. These experiments were conducted as a visiting student at the Center
for Molecular Medicine, Karolinska University Hospital Solna (Stockholm, Sweden),
under the guidance of Dra. Ning Xu Landén.

Human skin was acquired with full informed consent from patients
undergoing brachioplasty at Nordiska Kliniken in agreement with Karolinska
University Hospital (Stockholm, Sweden). Skin samples that were discarded after
surgery were transported in retaining media and processed immediately upon
arrival at the laboratory. Subsequently, the samples were then placed in culture
within five hours or less of surgical excision. All experimental procedures utilizing
unfixed human tissue were conducted within a Biosafety Level-2 (BSL-2) setting,
using a class Il laminar flow biosafety cabinet.

Partial-thickness wounds were generated on ex vivo human skin and cultured
throughout the healing process. To achieve this, the tissue was sterilized with 70 %
ethanol, rinsed thrice using fungizone-containing saline solution (Gibco), and
partial-thickness surface wounds were created using a sterile 2 mm biopsy punch
by carefully removing only the epidermis layer with sterile forceps and surgical
scissors, and then excised from the skin using a sterile 6 mm biopsy punch.
Subcutaneous fat was then carefully detached with sterile scissors before placement
of the tissues, with the epidermis facing upwards, in a 12-well cell culture plate. Any
explants exhibiting inconsistent wound size or depth were excluded prior to culture.
Subsequently, the wounds were then treated with different biomaterials, including
the elastin VKV-SKS membrane, elastin hydrogel, Pluronic hydrogel, and a dermal
substitute, referred to as Integra®. Some wounds are left uncovered to investigate
the re-epithelialisation behaviour in the absence of biomaterials. Elastin membrane
and dermal substitutes were cut using a 2 mm biopsy punch, while hydrogels were
applied to each wound at a volume of 5 pl. High-glucose DMEM medium (Gibco) was
supplemented with 10 % FBS (Gibco) and antibiotics (1x penicillin and
streptomycin, Gibco) (800 pl per well) to create a surrounding environment of the
tissue. This allowed the epidermal surface to be exposed to a liquid-air interface
facilitating complete wound healing through epithelialisation. The samples were
cultured at 37 °C in a humidified atmosphere containing 5 % CO2. The medium was
replaced every two days. The complete procedure is illustrated in Figure 26.
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Figure 26: The surgical procedure for creating a partial-thickness excision wound in an ex vivo
human skin model. 1) Intact human arm skin is obtained from surgery. 2) A partial-thickness wound is created
using a 2 mm biopsy punch. 3) A full-thickness wound is created to obtain an explant using a 6 mm biopsy punch.
4) The explant is then extracted from the punch using forceps. 5) The adipose tissue layer is excised from the explant
with scissors. 6) The explant is then placed in a 12-well plate. 7) Complete medium is added in order to cover only
the dermis, without affecting the epidermis. 8) The wounds are then treated with the application of distinct
materials.

The use of an intravital fluorescent dye, CellTracker™ Green CMFDA Dye
(Invitrogen), enables the real-time monitoring of ex vivo wound closure through
non-invasive technology. In order to achieve this, 4 pl of CMFDA dye (50 uM) was
added to each wound surface and incubated at 37 °C with 5 % CO2 for 30 minutes.
After rinsing the tissue with PBS drops, the wound was imaged daily in a
perpendicular manner using a Nikon Eclipse Ni-E fluorescence microscope. Tissue
from two separate donors was employed, with each treatment involving three to
four explants per donor.

Furthermore, wound samples were also collected at representative time
points, (days 3 and 6 post-injury) for the purpose of enabling histomorphometry
analysis. The collected tissue samples were subsequently fixed with 4 % PFA for 24
hours, subjected to dehydration using an ethanol-xylene series, and processed for
embedding in paraffin. Subsequently, tissue samples were sliced in consecutive 5
um increments until the wound was visible under a microscope. The samples were
then treated with xylene and water and stained with haematoxylin and eosin (H&E)
using a standard protocol. Images were captured using a Nikon Eclipse Ni-E
brightfield microscope.

Fluorescence and H&E images of the skin wound areas were analysed using
the Image ] software. The epidermis, dermis and migrating epithelium present in the
wound bed can be identified in fluorescence images in order to obtain measures
such as wound contraction, re-epithelialisation and percentage of wound closure. A
drawing of the wound closure can be generated by marking the contour of the
advancing epidermis at each experimental time point in each fluorescence photo,
and then superimposing all experimental time. To ensure the accuracy of the
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measurements, it is necessary to define specific parameters, including the initial
wound-edge area at day 0 (IWo), the wound-edge area at each experimental time
point (IWn), and the remaining open wound area at each experimental time point
(OWh). These parameters are illustrated in Figure 27A.
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Figure 27. Skin wound area images. A) Fluorescence images permit the evaluation of specific
parameters. The initial wound-edge area (white line without interruption), the remaining open wound area (white
dotted line), and sections of weakly fluorescent regions (i.e. unstratified epidermis that has recently formed) and
bright areas of epidermis can be defined (white dashed line). Image from [463]. B) Schematic representation of the
progression of wound healing over the course of days 1, 4, and 9. On day 1, a thin layer of adjacent epithelium can
be observed near the open wound. On day 4, an epithelial tongue is observed migrating beneath the wound scab
accompanied by the presence of a thick layer of proliferative epithelium, consisting of proliferative epithelial cells.
By day 9, the wound has successfully closed through re-epithelization. The restored epidermis displays a dense layer
of epithelial cells that envelopes the wound (box), in contrast to the regular epidermis (arrow). Image from [464].

The extent of wound re-epithelialisation was quantified by measuring the
wound-edge area and the remaining open wound area at the same experimental
time point. The calculation was then expressed as a percentage of wound re-
epithelialisation per day, as shown in Equation 9:

W, — oW,

Re — epithelialisation (%) = W " x100
n

Equation 9: Re-epithelialisation in percentage

Tissue contraction was calculated by evaluating modifications within the
initial wound-edge (IW time point) over time during the wound healing period as
shown in Equation 10:

IWO - IW

— %100

Wound contraction (%) = W
0

Equation 10: Wound contraction in percentage

The extent of epithelial wound closure was assessed by measuring the area
of the initial wound-edge, and the remaining open wound area at each time point.
The results were expressed in two ways: either as the percentage of wound closure
on each day or as the area of healing achieved on each day in square millimetres, as
shown in Equation 11:

WO_

M 100
w,

I
Wound Healing (%) =

Area healed (mm?) = IW, — OW,,

Equation 11: Epithelial wound closure in percentage and area of healing achieved on each day
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For H&E histological examination, paraffin sections were prepared by
capturing the tissue at a thickness of 80 um from the beginning of the paraffin block
containing wound tissue to the middle of the wound at its widest point of diameter.
Subsequently, frontal images of the wounds were captured. In the H&E images, the
epidermis, dermis, neo-epidermis, and epidermal tongue are identifiable in Figure
27B. Various measurements can be obtained, including wound re-epithelialisation,
the distance between the epithelial wound margins (i.e. the open wound), and the
number of cell layers of the newly formed tissue. Re-epithelialisation was quantified
by measuring the neo-epidermis formed over the wound on both sides of the wound
margins.

2.2.8.3.- In vivo characterisation

2.2.8.3.1.- Subcutaneous implantation in vivo mouse model

Experimental procedures involving the use of animals were approved by the
Ethical Committee on Animal Care and Use of the University of Valladolid in
accordance with the European Union Directive 2010/63/EU and the Spanish Royal
Decree RD 53/2013. Animals were housed at the Animal Research and Welfare
Service (S.I.LB.A.) at the University of Valladolid.

To assess the in vivo biocompatibility and stability of elastin membranes, 9-
week-old, pathogen-free Swiss female mice weighing an average of 400 g were used.
In order to minimise inter-mouse variability, each mouse is subjected to two
random experimental conditions. The study will examine cell-free VKV-SKS
membranes and VKV-SKS hydrogels samples, with the commercial Integra®,
dermal substitute which is commonly used in hospitals for treating burn patients,
acting as a control. A total of 18 animals were used in the study, with four replicates
utilised for every experimental group at each designated time point (1, 3, and 7
weeks). The number of animals used in the experiments was determined in
accordance with the 3R principles of replacement, reduction, and refinement, as
formulated by Russell and Burch, in order to ensure the ethical and humane
treatment of animals whilst promoting animal welfare [465].

The mice were subjected to surgical procedures in a sterile operating room
and anaesthetised via inhalation of 3 % isoflurane. The sterile ELR membranes and
dermal substitute were implanted subcutaneously in the dorsal area by creating a
small subcutaneous pouch using a sterile surgical scalpel, into which the scaffolds
were carefully placed. The wound was subsequently closed using absorbable
sutures. The hydrogels were subcutaneously injected. Prior to injection, sterile ELRs
were dissolved in PBS and mixed in an Eppendorf tube. They were injected
subcutaneously without cells using a 1-ml syringe with a 20-gauge needle forming
an instantly chemically cross-linked hydrogels, that could be seen as a small lump
under the skin. Mice were kept in a 12-hour light-dark cycle and provided with food
and water ad libitum. Animals were euthanized using CO2 at three different time
points (1, 3, and 7 weeks) post-implantation in order to evaluate the
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biocompatibility of the material and the long-term stability of the scaffold
histologically.

2.2.8.3.2.- Murine excisional wound model

Excisional wounds are a frequently used model for the study of wound
healing, as they are considered to mimic acute clinical wounds by removing the
different layers of skin (epidermis, dermis, and subcutaneous fat). Although this
model has been tested in a variety of animal species, including mice, rats, rabbits,
guinea pigs and pigs, in an effort to replicate human skin repair, these models are
influenced by anatomical and physiological variations. Injured mice and rats heal
through the contraction of the subcutaneous muscle (panniculus carnosus), rather
than re-epithelialisation, which is observed in humans. Furthermore, the thickness
of the skin and the time required for healing may vary between species, as small
animals tend to heal more rapidly than humans. Consequently, the utilization of an
in vivo animal model necessitates a significant quantity of replicates for each
treatment situation to minimise the impact of intraspecies differences and ensure
the reproducibility of the experiments, thereby yielding dependable outcomes.
Nevertheless, animal-based in vivo models remain the most predictive way of
studying wound healing due to their capacity to reflect realistically the wound
environment by simulating various cell types, environmental signals and paracrine
interactions, as well as embodying the complexity of a complete organ and its
interactions with other organs, as the host vascular and immune systems are active,
in a way that more closely mirrors clinical scenarios than the ex vivo model [466]-
[468]. Accordingly, this thesis will employ this model to investigate the utilisation of
elastin membranes in full-thickness excision wound healing in vivo murine skin.
These experiments were conducted as a visiting student at the Center for Molecular
Medicine, Karolinska University Hospital Solna (Stockholm, Sweden), under the
guidance of Dra. Ning Xu Landén. The protocols for the murine experiments were
approved by the North Stockholm Ethical Committee for the Care and Use of
Laboratory Animals (Stockholm, Sweden). The number of mice selected was based
on the 3R principle (replacement, reduction, and refinement) to ensure ethical and
humane treatment of animals, while respecting animal welfare.

For the study of murine skin wound healing, sixteen 9-week-old male
C57BL/6] (JAX™ Mice strain) mice were individually housed in cages one week prior
to the commencement of in vivo wound experiments, in order to allow the mice to
become acclimatized to the facilities [469]. General anaesthesia was administered
with 3 % isoflurane (Abbott). Prior to the surgical procedure, the hair on the dorsal
region was shaved with an electric razor, followed by the application of depilatory
cream to ensure that there were no residual hairs which could potentially interfere
with the process of wound healing. The skin was then cleansed with 70 % alcohol.
Two full-thickness excisional wounds, which extended through the fleshy
panniculus on the dorsum, were produced by using a 4-mm biopsy punch. Sterile
biomaterials (VKV-SKS membrane, VKV-SKS hydrogel, and Pluronic hydrogel) were
used to cover the excision wounds. Subsequently, scaffolds were then fixed in place
with medical adhesive tape, Tegaderm®, in order to prevent their damage.
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Tegaderm® adhesive tape also serves to avoid wound contraction by creating a
mechanical fixation of the skin, which stimulates healing through re-
epithelialisation and granulation tissue formation in the murine model, which
closely mimic the process in humans. The complete procedure is illustrated in
Figure 28.
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Figure 28: The surgical procedure for the generation of full-thickness excisional skin wounds in
mice. 1) Hair from the dorsal side of the mice is shaved with an electric clipper. 2) Hair removal depilatory cream
is applied to remove the remaining fur. 3) Wound is generated with a 4 mm-biopsy punch. 4) The skin is lifted with
forceps and removed with scissors until a perfect circle wound is formed. 5) ELR membrane is placed on the skin
wound with forceps. 6) ELR hydrogel is placed on the skin wound with a pipette. 7) Sterile scaffolds were then fixed
in place and covered with medical adhesive tape, Tegaderm®. The wound alongside with a circular reference is
photographed daily using a digital camera.

In order to serve as a control for the normal healing process in mice, wounds
were left uncovered. The treatment assignment was randomised based on wound
location to prevent anatomical differences. For the initial 48 hours, animals were
administered analgesics via intraperitoneal injection of buprenorphine (0.03
mg/kg) twice daily to mitigate any pain and distress that might arise from the
surgical procedure. Subsequently, the animals were housed individually and
maintained in 12-hour light/dark cycles, with food and water were provided ad
libitum. Daily observations were recorded of the body weights of the animals, and
the wound area was photographed every day until approximately 90 % of the
wound had healed. A circular reference was placed in close proximity to the wound
for the purpose of quantitative analysis. To ensure accuracy, the wound area was
measured using Image] software and then standardized to the area of the circular
reference in the same image. The wound healing rate is calculated by comparing the
current wound size to its original dimensions, as demonstrated in Equation 12:

. Wo — W,
Wound Healing (%) = TxlOO
0

Equation 12: Wound Healing rate (%)

where the wound area on the wounding day is designated as Wo, while the wound
area on each respective day is named as Wt.
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Eight days following the injury, the mice were euthanized via carbon dioxide
asphyxiation and skin biopsies were obtained by placing the epidermis upwards on
a Whatman filter paper. The collected tissue was processed for subsequent
histological analysis.

2.2.8.3.3.- Sample processing and histology

Following extraction, the samples were fixed in 4 % PFA for at least 24 hours
at 4 °C. Subsequently, the specimens were dehydrated by immersing them in ethanol
solutions of increasing concentration (30 %, 50 %, 70 %, 95 % and 100 %), with two
subsequent changes in xylene solution (Sigma-Aldrich). Samples were then
embedded in paraffin for approximately six hours and sectioned at a thickness of 6
um using a rotary microtome (Leica). The obtained samples were then collected
onto slides prior to being subjected to deparaffinization. Subsequently, they
underwent immersion in solutions comprising of xylene and ethanol, with the
concentration gradually decreasing (100 %, 70 %, 50 % and 30 %). Finally, the
specimens were fully rehydrated with distilled water.

Haematoxylin-eosin staining (Sigma-Aldrich) was performed using the
method previously described [470]. In brief, the slides were immersed in
haematoxylin stain for 30 seconds and then washed in water for one minute. A 1 %
eosin solution was applied for a 30-second staining period with shaking.
Subsequently, samples were dehydrated through immersion in ethanol and xylene
solutions. Finally, the sample on the slide was covered using a microscope coverslip
and a mounting medium (Sigma-Aldrich). Images were obtained using a Nikon
Eclipse Ni-E bright-field microscope with various magnifications. The interpretation
of the H&E staining is as follows: the nuclei are observed as blue, the cytoplasm is
pink or red, and the red blood cells appear as dark red.

In addition, the samples were also stained with Masson's trichrome in order
to assess the presence of collagen after biomaterial implantation, in accordance with
the protocol of manufacturer. All kit components were purchased from Sigma-
Aldrich. Briefly, the samples were initially deparaffinised, followed by immersion in
xylene and ethanol solutions of decreasing concentration (100 %, 70 %, 50 % and
30 %), and finally rehydrated completely with distilled water. The slides were
placed in a preheated solution of Bouin's (56 °C) for one hour in an oven and
subsequently cooled to room temperature via a tap water wash. The nuclei were
then stained with Weigert's iron haematoxylin solution for a period of five minutes,
followed by tap water washes and rinses with ultrapure water. Afterwards,
Biebrich's Scarlet-acid Fuchsin was used to stain the slides for five minutes followed
by a rinse in ultrapure water. Subsequently, the sample was immersed in a
phosphotungstic/phosphomolybdic acid working solution for five minutes, after
which, an additional Aniline Blue staining was carried out for five minutes. Then, the
sample was treated with a 1 % acetic acid solution for two minutes and dehydrated
through immersion in ascending ethanol and xylene solutions. Finally, the sample
on the slide was covered using a microscope coverslip and a mounting medium
(Sigma-Aldrich). Images were obtained with a bright-field optical microscope
(Nikon Eclipse 80i) equipped with a colour camera (Nikon Digital Sight DS-Fil),
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using the NIS-Elements AR software (Nikon Corporation) with various
magnifications. The analysis of the samples treated with Masson's Trichrome
revealed the following: the nuclei are dark brown to black; the cytoplasm appears
light red, collagen is blue, and muscle fibres are red.

2.2.9.- Statistical analysis

The GraphPad Prism version 8.0 software was employed for the statistical
analysis of the data. The data presented in this thesis is presented as the mean *
standard deviation. The specific statistical analyses employed in this study were
contingent upon the data group collected in each experiment. A one-way analysis of
variance (ANOVA) was applied followed by a post hoc Tukey test when only one
factor was observed. However, for the purpose of conducting multiple comparisons
between groups, a two-way ANOVA is employed, followed by a post hoc Tukey test.

The resulting values were represented by according to their respective
significance levels, as follows:

No significant difference (ns) 2 P > 0.05
*> P<0.05

** > P<0.01

¥+ > P<0.001

ik > P <0.0001
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3.- Results

3.1.- Elastin-Like Recombinamer
Membranes

3.1.1.- Controlled production of ELR-based
membrane at liquid-liquid interface by click
chemistry

he elastin membranes used in this thesis were produced in accordance with

the previously outlined protocol by Gonzalez-Pérez et al. [436]. Elastin

membranes are produced using the click chemical reaction without catalyst
between the polymers VKV-cc and SKS-N3, which act as a structural group and a
group with RGD cell adhesive domains, respectively, at the interface of two
immiscible liquids. Upon contact between the two complementary groups, the
polymer chains migrate to the interface in each phase. A spontaneous cross-linking
reaction occurs at the interface, resulting in the formation of a thin ELR-based
membrane, as shown in Figure 29A. The contact of the complementary aqueous and
organic ELR solutions triggers a series of events at the liquid-liquid interface.
According to Gonzalez-Pérez et al. [436], the ELR chains cross-linked in separate
regions along the liquid surface, resulting in the nucleation and growth of
independent entities over time. During the reaction, violent collisions between
protomembranes occur, leading to the interconnection of cross-linked networks
and the formation of a continuous matrix across the entire surface. This process
results in the evolution of dense fibre-like clusters across the membrane surface, as
illustrated in Figure 29B.

Membrane
Formation

Figure 29: Click cross-linking reaction and formation of the ELR-based membrane at the liquid-
liquid interface. A) Scheme of the cylindrical device employed to manufacture the ELR-based membrane. B)
Representative images of hydrated ELR-based membranes with dense fibre-like clusters across the membrane
surface.

Gonzdalez-Pérez et al [436] conducted an initial physicochemical
characterization, which revealed a direct correlation between the concentrations
employed and the resulting thickness, porosity, mechanical, and diffusion

151




RESULTS: PARTI

properties. An increase in the concentration of used recombinamers resulted in an
increase in membrane thickness and a reduction in the size of pore distributions.
Moreover, the capacity of the membranes to selectively regulate the diffusion rate
of fluorescein isothiocyanate (FITC)-labelled dextrans with molecular weights
ranging from 4 to 150 kDa was also investigated. The findings indicated that larger
particles exhibited reduced permeation through the membrane, resulting in lower
diffusion rates for the same membrane concentration.

Consequently, this system enables the production of tuneable membranes
with varying pore sizes, thicknesses, and diffusion rates by adjusting the
concentration of polymers in the initial solutions. The thesis will focus on the
preparation of VKV-SKS membranes at concentrations of 5, 10, 25, and 50 mg/mL
for in-depth analysis of their physicochemical properties, biocompatibility, and
ability to promote cell adhesion and proliferation in a specific application, namely
skin regeneration.

3.1.2.- Physico-chemical characterization of
ELR membranes

3.1.2.1.- Chemical characterisation

Infrared spectroscopy (FTIR) is a valuable analytical technique that offers a
straightforward approach to identifying the presence of specific functional groups
in biomaterials. Each functional group exhibits characteristic vibrational
frequencies that can be utilized to distinguish it from other groups. Figure 30A
shows the ATR-FTIR spectra of the individual freeze-dried modified polymers, VKV-
cc and SKS-azide, prior to cross-linking, and the freeze-dried cross-linked
membrane, consisting of the same polymers at varying concentrations (5, 10, 25 and
50 mg/mL), with a wavelength sweep between 600 and 4000 cm-, in which the
characteristic functional groups were contained.

The spectra of the VKV-cc and SKS-azide polymers and the VKV-SKS
membrane showed the characteristic peptide-binding vibrational bands of the
proteins corresponding to amide I and amide II [471]. The absorption associated
with amide I gives rise to a high-intensity peak in the spectrum around 1600 cm-1,
whose signal is attributed to the stretching vibrations of the carbonyl group bond
(C=0), related to the secondary structure of the proteins. On the other hand, the one
associated with amide II gives rise to bending vibrations of the N-H bond, as
indicated by the signal at 3400 cm-1. The bands at 1450 cm-! are attributed to the C-
H bending of the methyl group of the alkane from amino acids such as valine, at 1200
cm-1 to the C-N stretching of the amine from amino acids such as lysine, and at 1000

cm1 to the C-O stretching of the primary alcohol from amino acids such as serine
[471].
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Figure 30: Chemical characterisation. A) ATR-FTIR spectra of VKV-cc, SKS-azide and VKV-SKS
membrane. B) ATR-FTIR of the VKV-SKS membrane as a function of concentration (5, 10, 25, 50 mg/mL).

In addition, ATR-FTIR analysis permits the identification of the azide-
reactive tethered-click group. Thus, the presence of azide groups in the SKS polymer
is confirmed by a peak in the infrared region centred at 2100 cm-1. However, this
technique cannot identify the signal indicating the chemical modification of VKV
with cyclooctyne due to the symmetry of the compound, which makes the IR
absorption inactive and the triple bond invisible around 2200 cm-1. Upon formation
of VKV-SKS membrane, the complementary cyclooctyne and azide groups cross-link
orthogonally, resulting in the disappearance of the azide signal at 2100 cm-! in the
spectrum of the membranes disappears as it is consumed to form the bond. As
expected, the ATR-FTIR spectrum of the VKV-SKS membranes is independent of the
polymer concentration and exhibits a comparable profile as depicted in Figure 30B.
Consequently, this technique enables the identification of the principal functional
groups that constitute ELR membranes. Furthermore, it demonstrates the correct
synthesis of the ELR membrane, as the azide signalling disappears when consumed
during the process of obtaining the membrane.

3.1.2.2.- Thermal behaviour characterization

Thermal characterization enables the identification of transition
temperature (Tt) values associated with the endothermic phase transition of ELR
polymers in aqueous solution. Furthermore, this technique allows for the
observation of the effect of the inclusion of cross-linkable groups, such as azide and
cyclooctyne, on the transition temperature. This introduction leads to a change in
the overall polarity of the molecule, which in turn results in a change in the final
transition temperature. The thermal properties of the complementary and modified
polymers, VKV-cc and SKS-azide, as well as the 50 mg/mL VKV-SKS membrane, were
evaluated by differential scanning calorimetry (DSC) in a nitrogen atmosphere by
determining the respective transition temperature. This technique has been widely
employed in the study of hydrogels, as it permits the measurement of changes in
mass, water and thermal effects in hydrogels as a function of temperature. Thus, the
significance of elucidating the nature of the internal water in hydrogels lies in the
potential critical influence of polymer-solvent interactions on the microscopic and
macroscopic properties of hydrogels, such as phase transitions, diffusion in the
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vicinity of polymer chains or the stability of drugs incorporated in hydrogels [472]-
[475].

Figure 31A displays the DSC thermograms obtained at temperatures ranging
from 15 to 75 °C, with a heating rate of 5 °C/min for the individual polymers and 1
°C/min for the VKV-SKS membrane at a concentration of 50 mg/mL. The
thermograms demonstrate the presence of endothermic peaks with negative
enthalpy values, which indicates that the inverse transition with temperature of the
ELR is preserved, and therefore, the thermosensitivity of the hydrogels.
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Figure 31: Thermal behaviour characterization. A) The transition temperature of the individual
polymers, namely SKS-N3 and VKV-cc, as well as the membrane VKV-SKS at a concentration of 50 mg/mL in water
at pH 7, is defined as Tt.

The endothermic peaks indicating the transition temperatures in ultrapure
water at pH 7 of the VKV-cc and SKS-N3 polymers are 23.6 °C and 38.2 °C,
respectively. On the one hand, the compositional differences between the two ELR
polymers result in slight variations in their thermosensitive behaviour. The SKS
polymer shows an increase in Tt, which can be attributed to the $-hydroxyl groups
of the serine with polar side chains that increase the overall hydrophilicity of the
polymer and prevent the characteristic hydrophobic folding of the ELR chain in
aqueous media below 70 °C [436], [476]. In addition, the incorporation of azide and
cyclooctyne groups into ELR polymers leads to the partial disappearance of the
positively charged primary amines, thereby reducing the hydrophilicity of the ELR
and causing a reduction in the T: peak in both cases. The high transition
temperatures facilitate the handling of these polymers relatively easily at room
temperature and enable the formation of the VKV-SKS membrane through cross-
linking. The transition temperature of the cross-linked membrane exhibits a sharp
increase to 72.6 °C. This phenomenon can be attributed to the formation of a dense
cross-linked network within the membrane, which results in a reduction in chain
mobility and a partial loss of the conformational freedom, hindering the chain
folding that occurs when the ELR is heated above its Tt. This hindered chain mobility
also causes a significant broadening of the endothermic peak [433], [477].
Furthermore, the membranes exhibit a greater degree of rigidity due to the presence
of a higher number of cross-links within the network, which impedes the mobility
of water molecules. This, in turn, favours the interaction of associated water, as this
water is structurally forced to remain within the network [478]. It is of note that the
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inverse transition temperature of monomeric ELR solutions can vary by more than
30 °C, depending on the molecular weight of the ELRs. In contrast, the majority of
the contraction of ELR gels occurs over a similar temperature range, regardless of
the molecular weight of the ELRs from which they were constructed. This suggests
that the gels are more chemically similar than are the polymers from which they
were derived. Regardless of composition and molecular weight of the initial
material, cross-linking results in a reduction of the difference between the ELRs by
consuming charged lysine groups and producing polymer networks of essentially
infinite molecular weight. The only differentiating factors between the gels are the
total protein content and the segment length between cross-links [479]. Thermal
analyses were also conducted for concentrations of 5, 10 and 25 mg/mL, however,
no endothermic peaks were observed due to the limitations of the technique in
detecting low energy exchanges associated with these transitions.

3.1.2.3.- Topography and surface characterisation

The surface properties of materials are of paramount importance, as they
determine their interactions with body fluids. Thus, the roughness parameter is
crucial in the context of wound dressings, as each roughness has a distinct retention
and adhesion behaviour of substances. A significant number of researchers concur
that increased surface roughness equates to a larger surface area in contact with
water, which consequently results in greater adhesion of substances, such as
chemical pollutants or cells [480].

Furthermore, the wetting properties of the membrane surface are of critical
importance in wound healing applications, as they influence the process of permeate
flux and the adsorption of molecules or cells. A number of factors, including pH,
temperature, charge density and surface energy, influence the interaction between
the membrane surface and liquid macromolecules [454].

Consequently, a variety of techniques were employed to ascertain the surface
topology of ELR membranes, including SEM, ESEM, AFM and contact angle, given
that this has an impact on the behaviour of the biomaterial in its surrounding
environment. For instance, this can be observed in terms of adhesion.

In order to investigate the surface uniformity of ELR membranes with
varying concentrations of ELR polymers (5, 10, 25 and 50 mg/mL), electron
micrographs of the surface were taken upon samples are lyophilisation and coating
with gold, as shown in Figure 32 (A, B, C and D). Subsequently, the roughness of the
different samples is then calculated using the roughness calculation plugin of the
Image] software. The root mean square roughness values (Rq) obtained from the
top surfaces of four different membranes are presented in Figure 32E. The Rq value
is preferable to the Ra value, which is the roughness average for the determination
of roughness. This is because the formula described previously in the Methodology
chapter for the calculation of these parameters incorporates squared terms, thereby
affording greater weight to large deviations from the average height than is the case
with the Ra value. The Rq value for a surface that is perfectly smooth surface would
be 0 nm.
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Figure 32: Evaluation of the roughness of ELR membranes through the use of SEM images. A, B, C
and D) SEM surface micrographs of membrane samples showing different roughness as a function of concentration
(A =50mg/mL; B=25mg/mL; C=10 mg/mL; D =5 mg/mL). Magnification of 800x and scale bar = 100 um. A, B,
C’ and D’) Surface profile of the membranes (A’ = 50 mg/mL; B’ = 25 mg/mL; C’ = 10 mg/mL; D’ = 5 mg/mL). E)
Roughness values (Rq) as a function of membrane concentration. F) Schematic representation of the importance of
roughness for different-sized particles adhering to the membrane surface. Image from [481].

The data indicates that surface roughness increases with decreasing ELR
polymer concentration, with no statistically significant differences in roughness
between the 5 and 10 mg/mL membranes, which have similar roughness. However,
the remaining samples demonstrate a statistically significant change in roughness
with significance, with a p-value of less than 0.0001. The reduction in surface
roughness observed on the top surface of the sample can be attributed to the fact
that as the polymer concentration increases, the average pore size decreases. This
results in a greater number of junction points between the chains, which in turn
leads to the formation of a more homogeneous surface. Consequently, the surface
becomes more uniform, and thus obtaining a reduction in surface roughness. These
changes in the roughness of the Rq parameter are consistent with the SEM images
in Figure 32, and the average Rq value is provided in Table 21. Figure 32 (A", B’, C’
and D’) also displays a surface plot generated with Image] tools, which enables the
visual identification of the surface roughness of the sample. However, this plot does
not provide any information about the depth or high dimensions in micrometres.

Table 21: Average roughness measurements of different membrane concentrations from SEM images.

5mg/mL 10 mg/mL 25 mg/mL 50 mg/mL
Rq (nm) 128.6 £+ 2.8 1269+ 2.1 113.5£ 0.9 1043+1.4

Moreover, electron microscopy was employed to ascertain the thickness of
ELR-based membranes, which were found to be thicker than 3-4 pm. This was
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achieved by cryo-fracturing the membranes in liquid nitrogen and subsequently
freeze-drying them to determine the thickness in the cross-section [436].

Therefore, the roughness parameter is crucial for membranes used as wound
dressings, as rougher surfaces exhibit greater adhesion to nanometric particles than
smooth surfaces [436], as illustrated in Figure 32F. The efficacy of engineered
scaffolds for skin regeneration is contingent upon the surface texture,
microstructure, and morphology of the porous architecture, including porosity, pore
size, pore shape, and interconnectivity between pores. Consequently, the
measurement of these parameters with SEM in the membranes is of paramount
importance for the subsequent success of their use.

As these membranes are to be used as wound dressings in their hydrated
state, it is necessary to verify that the surface roughness does not change compared
to their freeze-dried state, which was previously characterised by SEM. Ideally, the
sample should be maintained at a stable hydration state, as dehydration during the
measurement could result in a change in the apparent roughness, particularly if the
data acquisition is prolonged.

In order to study the surface topography of hydrated ELR-based membranes
with different concentrations of polymers (5, 10, 25 and 50 mg/mL), electronic
images of the surface were taken in the ambient state, as shown in Figure 33 (A, B,
C and D). Subsequently, the roughness of the different samples is then calculated
using the roughness calculation plugin of the Image] software. The average
roughness values (Rq) obtained from the upper surfaces of four distinct membranes
are plotted in Figure 33E.
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Figure 33: Evaluation of the roughness of ELR membranes through the use of ESEM images. A, B, C
and D) ESEM surface micrographs of membrane samples demonstrate a correlation between roughness and
concentration (A = 50 mg/mL; B=25mg/mL; C =10 mg/mL; D = 5 mg/mL). Magnification of 3000X and scale bar
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=30 um. 4, B, C’ and D’) Surface profile of the membranes (A’ = 50 mg/mL; B’ =25 mg/mL; C’=10 mg/mL; D’ =5
mg/mlL). E) Relationship between membrane concentration and roughness values (Rq).

The data indicates that the surface appearance is similar regardless of the
technique used, namely ESEM and SEM. However, it seems that the definition of the
images is slightly better when gold coating is performed. In addition, it is observed
that they follow the same pattern of surface roughness, with a decrease in value with
increasing ELR polymer concentration, finding no statistically significant
differences in roughness between the 10 and 25 mg/mL membranes, which
therefore have a similar roughness. However, the remaining samples exhibited a
statistically significant change in roughness, with a significance of p < 0.0001. The
observed increase in surface roughness of the sample can be related to the fact that
as the polymer concentration decreases, the average pore size increases, resulting
in a reduction in the number of junction points between the chains, forming a more
heterogeneous surface, which reduces the uniformity and thus results in a higher
roughness. The changes in roughness of the Rq parameter are corroborated by the
ESEM images in Figure 33. The average Rq value is presented in Table 22, which
illustrates that the roughness trajectory is consistent between ESEM and SEM.
Figure 33 (A’, B’, C’ and D’) also shows a surface plot generated with Image] tools,
which enables the visual identification of the surface roughness of the sample, but
this plot does not give any information about the depth or high dimensions in
micrometres.

Table 22: Average roughness measurements of different membrane concentrations from ESEM images.

5mg/mL 10 mg/mL 25 mg/mL 50 mg/mL
Rq (nm) ESEM 130.4 + 2.8 1152 +£0.9 113.3+2.5 95.0+3.3
Rq (nm) SEM 128.6 £ 2.8 1269+ 2.1 113.5£ 0.9 104314

Additionally, atomic force microscopy (AFM) is commonly utilised to
characterise membranes due to its capacity to generate nanometre-resolution
images of material surfaces through mechanical interaction between a small tip
mounted on a cantilever and sample surfaces [482]. AFM has been employed in a
multitude of studies on the roughness of polymeric and ceramic membranes,
yielding not only measurements of roughness, but also the dimensions and
morphology of pores on the surface [483].

In order to achieve uniform results, it is of the most importance to capture
images using the same scan range to facilitate the comparison of the surface
roughness of various samples. It has been demonstrated that deviations in scan size
can result in differing surface topographies, which in turn can lead to distinct
roughness values [483]. Consequently, the roughness of ELR-membranes of varying
concentrations was scanned within an identical 10 x 10 pm? area.
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Figure 34: Evaluation of the roughness of ELR membranes through the use of AFM images. A, B, C
and D) AFM surface micrographs of membrane samples demonstrate a correlation between roughness and
concentration (A = 50 mg/mL; B =25 mg/mL; C =10 mg/mL; D = 5 mg/mL). Scale bar = 2 um. E) Roughness values
(Rq) as a function of membrane concentration. F) Image of the device used for atomic force microscopy (AFM) with
a magnification depicting the membrane placement within the system. G) Detail of the specific system for working
in humid environments.

Figure 34 depicts the AFM images of the surface nanomorphology of ELR
membranes with four varying concentrations (A =50 mg/mL; B =25 mg/mL; C=10
mg/mL; D = 5 mg/mL) manifesting a three-dimensional network structure. The
morphology of the membrane with a concentration of 50 mg/mL exhibits a
relatively smooth surface with a roughness of 62 nm. As the polymer concentration
is reduced, the resulting membranes gradually exhibit an increase in roughness,
reaching a value of 202 nm at a concentration of 5 mg/mL. The reduction in
roughness, as the concentration increases may be attributed to the final roughness,
which is influenced by the size and thickness of the pores. Thus, an increase in
concentration leads to the formation of smaller pore sizes, which facilitates greater
interconnectivity between polypeptide chains and enhances binding, resulting in
the formation of a denser matrix with a lower roughness [484]. These values are
clearly evident when studying the Rq of the samples, as shown in Figure 34E.
However, no significant differences are observed between the roughness at the
different concentrations. Although the surface roughness has varied, this variation
has a minimal impact on the overall transparency of the membranes. Figure 34F
illustrates the importance of correctly positioning the sample within the system in
order to obtain accurate measurements. Meanwhile, Figure 34G displays the
chamber system that preserves a humid environment within the sample to prevent
dehydration, which may adversely impact on the final results.

The surface roughness can be identified by analysing the AFM images, where
valleys are represented by darker colours and ridges by brighter ones [485]. The
results of the roughness measurements acquired utilizing tapping mode AFM are
presented in Table 23, which provides an average of three sets of data. These
findings indicate that the concentration of the ELR-membrane has a significant
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effect on the increase in surface roughness as its concentration decreases. These
conclusions are consistent with the hypotheses derived from previous SEM and
ESEM techniques.

Table 23: Average roughness measurements (nm) obtained using tapping mode AFM for different concentrations
(5,10, 25 and 50 mg/mL).

5 mg/mL 10 mg/mL 25 mg/mL 50 mg/mL
Rq(nm) | 202.3£25.0 181.3 +90.8 1526486 | 622+17.4

The AFM technique can determine scaffold thickness. However, in this thesis,
electron microscopy was necessary to determine the value for ELR membranes
which are thicker than 3-4 pm, exceeding the detection limit of the AFM technique.

In conclusion, the utilisation of the aforementioned techniques, including
SEM, ESEM, and AFM, has demonstrated that ELR membranes possess adequate
surface roughness to facilitate cell adhesion, thus aiding in the healing process. This
surface roughness increases the surface area in contact with water, thereby
enhancing the adhesion of cells and other substances. Consequently, ELR
membranes with lower concentrations may be more suitable for cellular
applications, as their higher surface roughness facilitates better cell adhesion [454].

The new scaffolds should exhibit mechanical properties that correspond to
those of the simulated tissues, in addition to an appropriate external geometry,
macrostructure, microstructure, and interconnectivity. In the human body, cells
exist in an extremely complex microenvironment, which is exposed to both
exogenous and endogenous forces. The cytoskeleton is subjected to these forces via
the extracellular matrix and integrins. Therefore, the mechanical properties of the
extracellular matrix exert a profound influence on cell morphology, proliferation
and differentiation [486]-[488]. The mechanical properties of various tissues differ
depending on their location and composition. Hence, to replicate the physiological
microenvironment during wound healing, soft and flexible materials such as ELR
membranes are essential. To assess the mechanical properties of ELR membranes,
the AFM technique may be employed to measure Young's modulus, adhesion,
dissipation, and deformation. Nevertheless, despite the numerous attempts,
obtaining accurate measurements was unfeasible due to the many complexities of
the technique, particularly with ELR membranes. These membranes are highly
viscous, very fine and sticky, which renders the PeakForce QNM mode unsuitable
for topography mapping. The tip of the cantilever adheres to the membrane surface,
preventing it from separating adequately to take readings, thus making accurate
measurements unfeasible.

In a previous study, Gonzalez et al. [436] determined the elastic modulus
(Young's modulus) and strength and strain at break of ELR-based membranes by
conducting a uniaxial test to failure. In general, a reduction in the concentration of
ELR-based membranes resulted in a progressive decline in their mechanical
properties. Consequently, the ELR-based membrane with a concentration of 50
mg/mL (0.6 MPa) exhibited a doubled elastic modulus compared to the membrane
with a concentration of 5 mg/mL (0.3 MPa). In contrast, the modulus of the

160




RESULTS: PARTI

membranes with concentrations of 10 and 25 mg/mL displayed an intermediate
modulus between them, being 0.35 and 0.5 MPa, respectively. An identical pattern
was noticed when tensile strength was assessed the at the breaking point. The
membranes, with concentrations of 25 and 50 mg/mL, demonstrated a tensile
strength of approximately 2-2.5 MPa prior to fracturing. In contrast, the membranes
with concentrations of 10 and 5 mg/mL exhibited a considerable decrease in
strength, with values of 1.5 MPa and 1.2 MPa, respectively. Furthermore, the tensile
strain at the breaking point was analysed. While the 10, 25, and 50 mg/mL
membranes exhibited a value of approximately 400 %, the 5 mg/mL membranes
exhibited a notably lower value of approximately 250 %. The values for the elastic
modulus are comparable to those obtained from native elastin (0.3-0.6 MPa), while
the values for the strain at rupture are double that of the natural substance (100-
220 %). It can therefore be concluded that the mechanical properties of these
membranes are also suitable for application as patches on skin wounds, since they
can be easily handled and placed without fear of breakage. However, membranes
with a concentration of 5 mg/mL are unsuitable for use, as they are of a soft
consistency and prone to breakage when handled.

Finally, the study of membrane surface characterisation will be completed
with an investigation into wettability. This property is directly related to biological
interactions, which in turn affect the biocompatibility of biomaterials used in
regenerative medicine. The surface properties of a material placed in the area of
damaged tissue will determine the interactions with body fluids on contact.
Furthermore, surface energy, which is closely related to wettability, correlates with
biological interactions and determines cell adhesion, cell growth and overall implant
stability. In general, biomaterial surfaces with moderate hydrophilicity facilitate cell
growth and exhibit greater biocompatibility [454].

In addition to influencing cell adhesion and differentiation, surface
topography also affects wettability. It is well established that surface wettability is a
function of both surface chemistry and surface roughness. Consequently, wettability
of the surface of ELR membranes is quantified by means of contact angle
measurements. In the majority of cases, the contact angle of membranes is typically
measured in their dry state, as shown in Figure 354, using the sessile drop technique
[454]. However, membranes employed as wound dressings are in a wet state, and
therefore, in order to understand the surface properties of the membrane under
working conditions, contact angle analysis of the membranes must also be carried
out in their wet state, as illustrated in Figure 35B. For this reason, the water contact
angle (WCA) of the membranes was measured in both states. The results are
presented in Figure 35C, which demonstrates that the hydrophobicity of the
samples undergoes a significant change when hydrated or dry. On the one hand, the
freeze-dried membranes presented values exceeding 90 degrees, indicating a
hydrophobic character due to the composition of the polypeptide chains,
predominantly -CH2 and -CHs groups, and no statistically significant differences
were observed between the different polymer concentrations. The hydrophobicity
of the membranes radially changes when they are maintained in their hydrated
state, becoming more polar due to the presence of hydroxyl groups (-OH) of the
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amino acid serine, which can form hydrogen bonds with water. This technique has
the disadvantage that the lower contact angle values (below 20 degrees) cannot be
measured with great accuracy due to the uncertainty in assigning a tangent line
when the liquid drop profile is almost flat. For this reason, and in accordance with
to the literature, we accept the value of these contact angles as 0 degrees. The
hydrophilic hydrated membranes exhibit no statistically significant differences
between the different polymer concentrations. It is noteworthy that there are clear
statistically significant differences between the hydrophobicity values of the
membranes in their wet state (0 °) and their dry state ( > 90 °).

-

92.4° 95.3° 92.1° 93:1°

LA A A A

iy .
A
* Dehydrated membrane
Hydrated membrane
0° 0° 0° 0°

o - [ ] [ ] [

T T T

5 10 25 50

Membrane Concentration (mg/mL)

Water Contact angle (°)
3

Figure 35: Evaluation of the wettability of the membrane surface. A) Image of water contact angle
(WCA) measurement of dried membranes. B) Image of water contact angle (WCA) measurement of hydrated
membranes. C) Effect of polymer concentration on the water contact angle of a dried and hydrated ELR-based
membrane.

As previously mentioned, the hydrophilicity of the hydrated membranes is
an essential factor in their suitability for use as wound dressings, as it provides an
adequate level of moisture in the wound, which promotes uniform re-
epithelialisation, facilitates the absorption of exudate and also provides good
bioadhesion to the wound surface.

Consequently, the efficacy of scaffolds designed for skin regeneration is
highly dependent on texture, microstructure, pore architecture morphology
(including porosity, pore size, pore shape and pore interconnections) and
wettability of the material, as these factors can be employed to enhance the
material-host response. In light of the comprehensive characterisation of the
membrane surface, it can be concluded that the physicochemical properties of the
surface in terms of wettability and roughness are optimal for subsequent successful
cell adhesion, migration, proliferation and differentiation processes.

3.1.2.4.- Self-healing behaviour

Currently, a considerable quantity of research is focused on the development
of self-healing hydrogels for use in wound healing. The majority of these materials
employ dynamic cross-linking, specifically Schiff bases, in addition to ionic
interactions and hydrogen bonding [489]-[492].

The primary limitation of using membranes to treat wounds is often
attributed to their integrity, so in order to evaluate the recovery potential of
membranes, an AFM technique was used and a fine scalpel was employed to
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manually create a scratch on the surface of the membrane, as schematically
presented in Figure 36C. Figure 36A presents AFM images captured at the initial
stage, after 30 minutes, and after rehydration of the membrane with 5 pl of water,
with the objective of assessing its potential for regaining functionality. The images
permit the measurement of different points along the horizontal distance of the
scratch edges, thereby enabling the tracking of their evolution over time. The
corresponding results are presented in Table 24. Therefore, it is possible to observe
the wound progression and note a slight closure after 30 minutes. However, if the
sample is rehydrated, it is possible to verify that the scratch has been completely
closed. This quick and autonomous self-healing process of the membrane can be
explained by the methodology employed in obtaining the samples. The SKS and VKV
polymers are modified using complementary groups that react orthogonally upon
contact. The membranes are obtained at the interface of two immiscible liquids,
where only the reactive chains located at the interface can be chemically cross-
linked. Thus, there may be some azide or cyclooctyne groups that did not undergo
the requisite chemical reaction during the membrane formation process. Upon
rehydration, the peptide chains with reactive groups can move and form a covalent
bond with the free complementary groups, resulting in the closure of the scratch. To
enhance the visibility of this self-renewing process, the Nanoscope Analysis 2.0
software (Bruker) is used to generate the three-dimensional illustrations depicted
in Figure 36B.

A) 1Omin +30min After hydration
b

C) ‘rOmm +30min After hydration

Y </

Figure 36: Evaluation of self-healing capacity of ELR membranes. A) The use of AFM to scan planar
images of the membrane surface allows for the observation of the progress of self-healing after a scratch at different
time points. The numbers indicate horizontal distances and are presented in the Table 24. B) 3D AFM images of the
membrane surface demonstrate the evolution of self-healing after a scratch at different time points. C) Schematic
representation of the self-healing process following a scratch.
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Table 24: The horizontal distances between the points of contact on the surface of the material after the creation
of a scratch at different intervals of time.

Horizonal distance Horizonal distance Horizonal distance
Points
t = 0 min (um) t = 30 min (um) After hydration (um)
1 66.7 56.9 0
2 60.8 36.5 0
3 65.5 56.9 0
4 49.8 40.8 0

It is therefore possible to obtain membranes that are capable of self-healing
in situ and restoring their properties after scratching are obtained. This feature is of
great significance at the application level, as any physical damage to the membrane
structure during implantation in the wound could be regenerated by the circulating
water without the need for any external intervention. This property is of great
interest, as hydrogel wound dressings demonstrating self-healing capability may
extend the durability and provide enhanced wound protection, thereby making
them safer for users [493].

3.1.2.5.- Swelling ratio and water content percentage
(WCP)

The determination of the percentage of water content is of paramount
importance in the characterisation of a hydrogel, as it is intimately related to a
number of other properties. In general, hydrogels with higher water retention are
more suitable for medical applications, as they indicate better permeability and
biocompatibility [494]. Nevertheless, high water absorption results in a reduction
of mechanical properties, thus necessitating the identification of an optimal balance.
Moreover, measuring the swelling of the membrane is useful for determining the
dimensional changes in the network. This is heavily dependent on the hydrophilicity
of the membrane and is limited by the degree of cross-linking of the polymer chains
and the porosity. Consequently, when hydrogels are in contact with an aqueous
solution, they reach a level of equilibrium swelling that is primarily dependent on
the type of polymer, as well as the type and density of their cross-linking. An
increase in the content of hydrophilic monomer results in an augmented number of
affinity groups for water molecules, thereby enhancing the interaction between the
hydrogel and aqueous solutions [495]. Conversely, an increase in the amount of
hydrophobic monomer causes a reversal of this behaviour, resulting in an increase
in interactions between the polymer chains due to a decrease in their interaction
with water molecules. Therefore, a reduction in the hydrophilicity of the polymer
and an increase in the cross-link density led to a reduction in water absorption
[496].

In their dry state, membranes are solid and relatively hard materials.
However, when immersed in an aqueous solution, they exhibit an inward diffusion
of water. Consequently, the membranes absorb a considerable volume of water until
they reach a state of equilibrium, as illustrated in Figure 37A. In this diffusion
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process, water migrates into either pre-existing or dynamically formed spaces
between the hydrogel chains.
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Figure 37: Swelling behaviour and water content percentage. A) Representative images of the typical
appearance of both dry and swollen membranes. Scale bar = 1cm. B) Water content percentage of an elastin-based
membrane according to concentration. C) Swelling profile of elastin-based membranes in ultrapure water within
48 hours at 37 °C. D) Equilibrium swelling ratio of the elastin-based membranes in ultrapure water. E) Swelling
profile of elastin-based membranes in PBS within 48 hours at 37 °C. F) Equilibrium swelling ratio of the elastin-
based membranes in PBS.

Figure 37C and Figure 37E illustrate the absorption isotherms of the
membranes at varying concentrations in ultrapure water and PBS solution. The
swelling behaviour of the membranes varied depending on the conditions under
which they were tested. The study revealed that the membranes exhibited a reduced
degree of swelling in PBS compared to ultrapure water. The degree of swelling and
water content percentage are influenced by the duration of immersion, with longer
immersions result in higher water percentages and swelling values until the
equilibrium hydration values are reached, as shown in Table 25. The initial
immersion period for all elastin-based membranes demonstrated a rapid increase
in swelling, with equilibrium swelling being reached at approximately 12 hours for
both ultrapure water (Figure 37C) and PBS (Figure 37E).
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Table 25: Equilibrium Swelling ratio and water content of ELR-based membranes in PBS and ultrapure water
after reaching equilibrium.

Membrane concentration Water Content (%) Equilibrium Swelling ratio
(mg/mL) ; (w/w)
MQ MQ PBS
5 99.43 + 0.04 542425 33.4+25
10 99.42 +0.14 544+29 328+4.1
25 98.76 + 0.22 468+ 1.2 26.2+3.5
50 98.57 £ 0.17 44.5+3.0 244 +£3.7

The concentration of the membrane produces an influence on its absorption
regardless of the solvent, as presented in Figure 37C and Figure 37E. The degree of
equilibrium swelling is observed to decrease with an increase in concentration, in
accordance with the findings of other ELR hydrogels documented in the literature
[479], [497], [498]. Consequently, the membrane with a concentration of 5 mg/mL
exhibited the highest swelling percentage, with a value comparable to that observed
at a concentration of 10 mg/mL concentration, which was 54 (w/w) in ultrapure
water and 34 (w/w) in PBS. The membranes with a concentration of 25 mg/mL
showed values of 46 (w/w) in ultrapure water and 26 (w/w) in PBS. Finally, the
membrane with a concentration of 50 mg/mL presented the lowest degree of
swelling, with values of 45 (w/w) in ultrapure water and 24 (w/w) in PBS. An
increase in concentration results in an increase in the number of polymer chains and
cross-linking density, which in turn leads to a stiffer polymer network.
Consequently, the chains are unable to expand fully as water enters into the
hydrogel network, causing a significant decrease in free volume within the
polymeric network, and thereby a reduction in the swelling ability of the hydrogel
[499], [500].

The equilibrium fluid absorption is a balance between the osmotic forces
generated by the water entering the macromolecular network and the cohesive
forces exerted by the macromolecular chains that resist expansion. The results
presented in Table 25 indicate significant differences in the values of equilibrium
swelling ratios between membranes with a concentration of 10 mg/mL and those
with 50 and 25 mg/mL, as well as between membranes with a concentration of 5
mg/mL and those with 50 and 25 mg/mL when immersed in water, as shown in
Figure 37D. In contrast, no statistically significant differences were observed when
membranes were immersed in PBS, as depicted in Figure 37F. However, it is
observed that there is an analogous behaviour between water and PBS with the
concentrations. In both cases, the value of the swelling equilibrium rate is observed
to increase as the membrane concentration decreases. This phenomenon can be
attributed to an increase in concentration, which results in a reduction in pore size,
thereby leading to a decrease in the maximum water content that hydrogels can
retain [501].

According to the literature, the final equilibrium value reached by ELR
membranes was determined by the temperature at which they swell [456], [479],
[497]. At lower temperatures, ELR hydrogels exhibit a higher degree of swelling in
aqueous solvents. This phenomenon can be attributed to the gradual increase in
hydrophobicity of the elastin material, which results in a reduction in the degree of
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swelling and water content as the temperature rises. The experiments were
conducted at 37 °C, as this is the standard body temperature and the membranes
are intended for use in the treatment of wounds.

In ultrapure water at 37 °C, the water content of the membranes after
reaching equilibrium was found to be over 98 % regardless of the concentration, as
shown in Figure 37B. This characteristic highlights their ability to absorb body
exudates, rendering the membranes an appropriate material for use as an artificial
wound healing dressing [456]. Moreover, ELR membranes display a degree of
swelling ranging from 34 to 24 (w/w), dependent on the concentration, when
immersed in PBS at 37 °C. These values do not result in material shrinkage, which in
turn will promote homogeneous skin regeneration.

The results suggest that ELR membranes are suitable wound dressings for
promoting the healing process. ELR membranes possess the ideal features of a
wound dressing, including the regulation of wound hydration, the prevention of
dehydration through the creation of an appropriate moist environment, the effective
absorption of exudate, and the adhesion to the wound surface. The moist
environment enhances cell migration, thereby promoting enhanced new skin
regeneration.

3.1.2.6.- Morphological properties

An increase in scaffold porosity is associated with a reduction in mechanical
properties, emphasising the importance of maintaining an optimal balance between
scaffold porosity and mechanical properties. The porosity of a scaffold can be
modified in order to achieve the desired mechanical properties. Consequently, by
modifying the porosity distribution on intricate structures, optimal interconnecting
channels can be designed based on functional gradients with the objective of
enhancing permeability and fluid transport through the structure. The dimensions,
shape, orientation, connectivity, and composition of the channel surface collectively
determine the nature of nutrient transport. Furthermore, the interconnectivity of
channels enables the natural expansion of cells and tissue. The efficient connectivity
of biomaterials allows for the transmission of fluids to deeper regions, thereby
facilitating the diffusion within scaffolds, which in turn forms a permeable structure
for tissue engineering. Furthermore, the pore size exerts a significant influence on
cell growth, with the optimal size for cell permeation varying according to the cell
type in question. The ECM is a mesh-like network comprising pores that facilitate
the transport of nutrients, growth factors, and gases. Consequently, porosity
assumes a pivotal role in biomimetic hydrogels. This is of particular relevance in
cell-encapsulated three-dimensional gels, as it facilitates the supply of nutrients
from the medium, removal of waste products, and gas exchange. Porosity can be
quantified as the maximum size of solute that can diffuse into the hydrogel. This is
determined by the mesh size, which is dependent on the cross-link density of the
polymer chains [502].

The porosity of the membranes can be estimated in accordance with a
previously published study by the group [457], using the previously measured
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swelling rate in water. This is achieved by combining the values of the membranes
in their dry and wet states, the density of pure water at 20 °C and the volume of the
membranes as described in the methodology chapter. Figure 38A depicts cross-
sectional images of the membranes, with the thickness values for the distinct
membrane concentrations delineated and presented in Table 26. The value of the
membrane volume can be calculated by applying the aforementioned thickness
value derived from the SEM images and the known diameter of the membrane,
which is 15 mm. This allows the determination of the porosity value. Consequently,
Figure 38B illustrates the percentage porosity of the ELR membranes for varying
polymer concentrations.

A) 50 mg/mL

Porosity (%)

-~
@
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50 25 10 5
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Figure 38: Evaluation of the porosity of ELR membranes. A) Representative SEM images of the freeze-
dried and cryo-fractured ELR-based membranes. The cross-section borders are highlighted by a white dashed line,
which determines the thickness of the membrane for each concentration. Scale bar = 50 um. Images from [436]. B)
Percentage of porosity for each concentration of ELR-membrane.

The ELR membranes exhibit a high degree of porosity, with values ranging
from 75 to 80 %. Additionally, the porosity of these membranes is concentration-
dependent, with lower concentrations resulting in higher porosity. The results
presented in Table 26 indicate that there are no significant differences in porosity
values between membranes with varying concentrations. These results are
consistent with those of a previously reported study by the group [457], which was
demonstrated that porosity decreases with increasing concentration. Furthermore,
a direct correlation was observed between the porosity of the membranes and their
swelling capacity, indicating that a decrease in porosity leads to a reduction in the
membrane swelling process.

Table 26: Comparison of the morphological properties of distinct concentrations of ELR-membranes.  * Values
collected from the article [436].

Thickness (um)* Porosity (%) Average pore size (um)*
799+33

78.6+3.2
75712
75.0+1.9
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The internal microstructure of the membranes was previously described by
Gonzalez et al. [436] after freeze drying using SEM images and Table 26 presents a
summary of the values. It was observed that an interconnected and porous
morphology dominates the interior of the structures. Furthermore, it was
demonstrated that higher polymer concentrations resulted in smaller pore size
distributions and higher thicknesses. Therefore, cross-sectional imaging revealed
that the average pore size was 5.0, 4.1, 3.0 and 2.2 pm for the concentrations of 5,
10, 25 and 50 mg/mL, respectively. This effect is related to the formation process,
as higher concentrations should increase the binding sites used by the ELR chains
to interconnect, thus forming a denser matrix with smaller pore size. Furthermore,
an increase in membrane thickness was observed with increasing concentration,
with values of 6, 19, 23 and 25 pm for concentrations of 5, 10, 25 and 50 mg/mL,
respectively. The authors hypothesise that an increase in the quantity of material
will result in an acceleration of the growth stage, thereby impeding the horizontal
alignment of the developing independent networks and facilitating the reaction-
melting process in a direction perpendicular to the liquid-liquid interface.

As previously stated, porosity and average pore size are crucial factors in the
design of specific scaffolds that provide 3D spaces for cell attachment and the
development of complex structures such as vascularisation, innervation and
extracellular matrix. Consequently, the degree of control over scaffold
characteristics, including pore size and porosity, should be adjustable based on
various scaffold fabrication parameters, such as temperature, polymer solvent,
solute concentration and cross-linking type. Given the considerable diversity in
extracellular matrix composition within and between different tissues, it is essential
to adjust the physicochemical features of biomaterials or biomaterial surfaces in
order to recreate the local cellular surroundings and satisfy the anticipated
applications (i.e. tissue or organ function).

Another relevant feature observed in the images of Figure 38A is the absence
of the phenomenon known as "skin effect,” which occurs in hydrogels produced by
alternative methodologies. This phenomenon involves the formation of a superficial
layer with distinct characteristics in comparison with the internal portion of the
hydrogel [503], [504]. In this instance, the observed porosity is identical on the
external faces as it is within the membrane, which will further facilitate cell invasion
since they will not encounter a barrier upon contacting the membrane surfaces. This
advantageous feature is a consequence of the novel methodology employed in the
production of these membranes.

A number of research have demonstrated that scaffolds with a porosity of
between 60 and 90 % are well-suited to applications in wound healing. These
scaffolds provide sufficient space for cellular activity, oxygen and nutrient exchange,
and the production of new extracellular matrix [505], [506]. Both low and high
porosity scaffolds facilitate the initial attachment, spreading and proliferation of
primary dermal fibroblasts. However, only high porosity scaffolds promote
migration and infiltration of active cells [507]. Consequently, in the specific case
under consideration, the high values of porosity observed in the membrane
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(between 75 and 80 %) indicate that elastin-based membranes are suitable for use
in regenerative medicine, and in particular as wound dressings.

3.1.2.7.- In vitro enzymatic degradation

The ELR-based membranes were evaluated with an in vitro degradation test
to assess their stability (non-enzymatic PBS solution) and degradability under the
influence of an elastase solution, which simulates the conditions present in a chronic
wound environment [508]. The wound healing process involves MMPs, including
collagenases, gelatinases, stromelysins, and elastases, which catalyse the hydrolysis
of essential ECM components such as collagen, laminin, elastin, and fibronectin
[509] through peptide bond cleavage [510], which plays a crucial role in ECM
remodelling. Chronic wounds are also characterised by the persistence of infections
and a prolonged inflammatory phase. As a result, the human immune system
produces high levels of lysozyme, which combats bacterial infections [511].
Consequently, peptide-based materials may degrade in the presence of cell-
produced enzymes, which are present in chronic wounds at elevated levels, and this
may negatively impact the stability of the scaffolds [512], [513]. However, the
degradation process of biomaterials is necessary to facilitate cell growth and
proliferation, thereby enabling the generation of new tissue. In order to guide the
ingrowth of lax connective tissue, the proliferation of fibroblasts and epithelial cells,
and the formation of blood vessels, skin dressings must be both biodegradable and
stable enough to maintain their composite structures for a minimum of three weeks
before subsequently degrading and restoring the new tissue [514], [515].

A simple method to monitor the degradation process of ELR membranes is to
evaluate their weight loss after a specified incubation time, which can also
determine the degradation rate. The results of the enzymatic degradation test in
vitro are presented as the remaining weight for each time point and as the
degradation rate. Figure 39A illustrates the temporal evolution of the ELR
membrane (50 mg/mL) when immersed in a proteolytic elastase solution or in PBS.
In the first case, the membrane undergoes a process of degradation over time, with
a complete disappearance occurring approximately 22 days after immersion. In
contrast, when submerged in PBS, the membrane maintains its integrity and is not
susceptible to degradation for at least 22 days. The two graphs demonstrate a
notable difference in the rate of degradation between samples that were exclusively
exposed to PBS, which exhibited minimal degradation, with approximately 90 % of
the mass remaining consistent after 25 days, regardless of the concentration of the
membrane. In contrast, samples that were exposed to elastase in PBS exhibited
complete degradation within the same period of time.
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Figure 39: Evaluation of enzymatic degradation of ELR membranes in vitro. A) Representative
images of the degradation process of membranes in PBS and in elastase solution. B) Remaining weight profile of
different concentrations of membrane samples immersed in either PBS alone or in an elastase solution, is expressed
as a mass percentage. C) The degradation rate profile of elastin-based membranes in either PBS alone or elastase
solution within 25 days.

Figure 39B and Figure 39C demonstrate that the ELR membranes exhibited
minimal weight loss following incubation in a PBS solution, indicating their high
stability under the specified conditions. However, the elastin-based membranes
showed degradation in the presence of elastase, with a concentration-dependent
response observed. The lower the concentration of the membrane, the faster its
enzymatic degradation, which is logical, given that it contains less protein material.
Consequently, the 5 mg/mL membrane exhibited the highest rate of degradation
among all groups, with complete degradation occurring in just 12 days. Both the 10
mg/mL and 25 mg/mL membranes completely degraded within a period of
approximately two weeks, specifically in 14 and 17 days, respectively. Conversely,
the 50 mg/mL membranes showed the slowest degradation rate, with a complete
degradation occurring over a period of 22 days.

The existing literature emphasises the importance of materials used in
regenerative medicine exhibiting slow degradation. This is especially important in
the context of wound dressings, which must remain stable for a minimum of three
weeks (21 days) in order to facilitate the gradual replacement of damaged tissue by
newly formed healthy tissue [516]. The results clearly demonstrate that the
developed ELR membranes exhibit high stability and slow degradation in enzymatic
solution, thus satisfying the criteria for being a candidate wound dressing.
Moreover, the degradation rate in vivo can be modulated by adjusting the
concentration of the ELR membranes to maintain them in the wound for the desired
duration [517]. However, it is crucial to consider additional factors when evaluating
the degradability of dressings, as it is not solely dependent on the concentration of
the material, but is also influenced by the composition of the material, which may
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contain enzyme cleavage sites, as well as the pH and temperature of the wound site,
the use of external additives, and the local enzyme concentrations [518].
Furthermore, the new scaffolds used as wound dressings should replicate the
properties of the tissues they are meant to simulate, including external geometry,
microstructure, interconnectivity, and mechanical properties. Additionally, the
scaffolds must provide structural support for cells to grow, migrate, proliferate and
differentiate, thus enabling the formation of three-dimensional, tissue-like
construct.

In light of the findings presented in this section, it is evident that the
developed VKV-SKS membranes exhibit favourable physicochemical properties,
making them optimal candidates as dressings for skin regeneration and wound
healing. Firstly, the membranes possess a porous structure, comprising
interconnected pore spaces that are crucial for nutrient exchange, cell migration,
and cell proliferation within the scaffold, thereby facilitating the creation of
functional neotissues.

On the other hand, the slow dynamics of chronic wound healing requires a
gradual degradation of the scaffold, which must remain stable for a minimum of two
to three weeks to facilitate the replacement of damaged tissue by newly formed,
healthy tissue [516]. The developed ELR membranes exhibit high stability and a
slow degradation rate in enzymatic solutions, thus meeting the requirements for a
possible wound dressing. Furthermore, the ELRs can be broken down into peptides
and amino acids, which can be easily removed from the body ensuring that the
degradation products do not elicit an immune response [458].

In addition, other characteristics of the membranes are contingent upon the
porosity of the materials, including their mechanical properties. The control of the
porous structure of the scaffold allows for the adjustment of these properties to
match those of native tissues. Therefore, the tensile strength, Young's modulus, and
strain at break values are crucial parameters for assessing the suitability of the
mechanical properties of the scaffold. In the present study, the elastic modulus
values are similar to those observed in native elastin, with a range of 0.3 to 0.6 MPa.
Moreover, the strain at break is twice as high as that of the natural elastin.
Furthermore, these membranes exhibit an appropriate degree of roughness, which
makes them suitable for use as wound dressings, as rough surfaces exhibit better
adhesion to wounds in comparison to smooth surfaces. In this sense, it can be
concluded that lower concentration membranes would be more advantageous for
cell cultures, since the rougher surfaces would encourage cell adhesion.
Furthermore, these membranes exhibit strong hydrophilicity in their hydrated state
and a high swelling ratio, which is ideal for absorbing wound exudate, providing an
appropriate level of moisture to facilitate uniform re-epithelialization and
promoting good bioadhesion to the wound surface. Finally, the capacity to
manipulate these ELR-derived membranes increases their versatility, as their low
probability of rupturing ensures their durability over the long term in hostile
environments. If any injuries occur, the membranes are capable of self-regeneration.

172




RESULTS: PARTI

From the preceding analysis, it can be reasonably inferred that VKV-SKS
membranes have the potential to serve as dressings for the treatment of wounds, as
they meet the aforementioned criteria. To investigate further at the cellular level
and in vivo, the membranes with a concentration of 10 mg/mL will be selected for
further analysis. Consequently, all subsequent experiments will employ this
membrane concentration.

3.1.3.- Biological characterisation of ELR
membranes

3.1.3.1.- Biocompatibility and cytotoxicity

The biocompatibility is a crucial factor in the development of novel dressings
for chronic wound healing. Materials utilized for this application, such as scaffolds,
films, and coating/functionalization surfaces, must exhibit nil toxicity towards cells
and not produce any toxic degradation products that may adversely affect the ability
of the host to regenerate skin [497]. A number of tests are available to assess the in
vitro cytotoxicity and compatibility of VKV-SKS membranes. These include studies
of cell proliferation using the MTS assay, assessment of cell membrane damage using
the LDH assay, evaluation of cell viability using the Alamar Blue or LIVE/DEAD
assay, gene expression analysis using qPCR, and protein expression analysis using
immunostaining. Furthermore, cell growth is evaluated using the colony formation
assay, while cell migration is assessed by the transwell migration assay and in vitro
scratch assay.

For the purpose of cell proliferation assay, HaCaT and HFF-1 cells were
seeded onto ELR membranes in 24-well culture plates at a density of 2 x 104
cells/well and then grown at 37 °C in a humidified atmosphere containing 5 % CO2
for 48 hours. The results of the MTS assay for fibroblasts and keratinocytes are
presented in Figure 40A. The viability of the cells seeded on the TCP is considered
as a control (100 %) for comparison. Upon analysis of the aforementioned graphs,
it can be inferred that the presence of ELR membranes does not restrict the viability
and proliferation of HFF-1 and HaCaT cells. This is evidenced by the fact that cell
viability was above 85 % for both cases following 48 hours of incubation. Therefore,
according to the internationally recommended guidelines for in vitro cytotoxicity
(International Organization for Standardization [SO-10993-5: Cytotoxicity and
Biocompatibility testing), it can be concluded that our protein membranes are not
toxic to cells as cell viability is above 70 % post-exposure. The data were evaluated
using analysis of variance (ANOVA) and post hoc Tukey tests, with each type of cell
being considered separately. Significant variations were observed in the cell
proliferation between the cells cultivated on the membranes and those grown on
the TCP and glass coverslip among HFF-1 cells. Conversely, a statistically significant
difference was noted between the TCP and the membranes and the glass coverslip
for HaCaT cells. The aforementioned results demonstrate that the VKV-SKS
membranes, when cells were grown on them, were non-toxic. Furthermore, a 10
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mg/mL concentration was found to be suitable for the in vitro growth and
proliferation of fibroblasts and keratinocytes, which are necessary for wound
healing.
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Figure 40: Biocompatibility and Cytotoxicity. A) Cell viability values obtained from an MTS assay
conducted on HFF-1 and HaCaT cells seeded onto a VKV-SKS membrane and cultured for 48 hours. B) Effect of the
ELR membrane on LDH release after 24 hours of culturing. C) The reduction of AlamarBlue in HFF-1 cells seeded
onto ELR membranes was measured at different time points. D) The reduction of AlamarBlue in HaCaT cells seeded
onto ELR membranes was measured at different time points.

The determination of the cytotoxic effect of the protein materials used in
these novel wound healing dressings is a crucial parameter as the materials should
not elicit a harmful reaction in the body or cause cell death within surrounding
tissue. For this reason, a lactate dehydrogenase (LDH) colorimetric assay was
performed. Prior to commencing the experiment, it is essential to calibrate the
optimal quantity of FBS to be employed in this assay, in order to prevent
interference with the absorbance of LDH released by the cells, as previously
demonstrated in the methodology chapter. Consequently, the cytotoxicity of the
membranes is evaluated utilising DMEM medium supplemented with 5 % FBS. In
order to assess the cytotoxicity of the ELR membranes, HaCaT and HFF-1 cells were
seeded onto ELR membranes in 24-well culture plates at a density of 2 x 104
cells/well. Subsequently, the cells were incubated at 37 °C in a humidified
atmosphere with 5 % CO2 for 24 hours. The outcomes of the lactate dehydrogenase
release assay, conducted on fibroblasts and keratinocytes, which were seeded in
direct contact with the cell membranes, are presented in Figure 40B.

This assay assesses the irreversible damage caused to cell membranes in
culture media. The positive control for each cell type is represented by the
cytotoxicity of the cells seeded in the TCP and then lysed, which corresponds to the
maximum LDH release value (100 %). The optical density (OD) at a wavelength of
490 nm was measured to quantify the LDH release profile of all groups under
investigation. From the graphs obtained, it can be observed that the LDH levels in
the membranes are less than 40 % after 24 hours of incubation. Furthermore, the
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release of LDH from living cells seeded on the TCP (negative control) exhibits a
relative LDH concentration similar to that of the cells in contact with the materials.
Consequently, there was no evidence to suggest that the membranes were
accelerating the rate of cell death. The data were evaluated using analysis of
variance (ANOVA) and post hoc Tukey tests, with each type of cell being considered
separately and individually for each cell type. Statistically significant differences in
LDH release were observed between the positive control and membranes with both
HFF-1 and HaCaT cells. Therefore, the aforementioned results demonstrate that
VKV-SKS membranes do not exhibit any cytotoxic effects on cells, possibly due to
the purity of the material during preparation and the subsequent sterilisation
process prior to use.

In order to complete the cytotoxicity analysis of the VKV-SKS membranes, a
non-toxic technique, namely AlamarBlue, was employed to assess metabolic activity
and long-term cell health. For this purpose, 1.5 x 104 HFF-1 and HaCaT cells were
seeded onto both membranes and controls. In order to establish positive and
negative controls, cells were seeded in a tissue culture plate (TCP) and wells were
treated with bovine serum albumin (BSA), respectively. The BSA coating impedes
cell adhesion, rendering it a negative control with minimal adhesion. In contrast,
TCP, which promotes cell adhesion, will serve as the positive control, representing
the optimal adhesion scenario. A series of time points (1, 7, 14, and 21 days) were
selected to record assay data and gain a deeper insight into the cellular metabolism
of HFF-1 and HaCaT in a static culture. The analysis of cell viability indicates an
increase in fluorescence intensity that directly correlates with heightened metabolic
activity for all conditions at various time points, as presented in Figure 40C for
fibroblasts and Figure 40D for keratinocytes. While cell viability appears to be
initially lower in cells cultivated on the membranes compared to those seeded on
the TCP, the cells grown on the membranes exhibit the ability to proliferate over
time and ultimately achieve favourable levels of cell viability after 21 days in culture.

The aforementioned statement indicates that the membranes encourage
adhesion and promote the growth and proliferation of both HFF-1 and HaCaT cells.
The biocompatibility demonstrated by the ELR-based membranes aligns with
analogous cross-linked hydrogels that have been previously analysed [519]. The
viability assay curve conforms to the standard cell growth patterns, exhibiting an
exponential increase in cell number during the initial culture phase, followed by a
more constant value. However, fibroblasts seeded in the TCP after 21 exhibited a
slight decrease in cellular activity. This may be attributed to the cells reaching
confluence after a prolonged period, resulting in their demise due to a lack of
adequate space for further proliferation. Nevertheless, this phenomenon is not
apparent in keratinocytes, which are capable of proliferating in multilayers.

LIVE/DEAD staining was employed to provide additional insight into the
results of the cell viability analysis conducted on the protein membranes. To conduct
the experiment, 1.5 x 104 HFF-1 and HaCaT cells were seeded per well onto the VKV-
SKS membranes and allowed to grow for varying experimental times (1, 14, and 21
days). Figure 41 displays fluorescence microscopy images that demonstrate an
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increase in the number of cells within the membranes over time for both cell lines,
HFF-1 and HaCaT.

In addition, throughout the observation period, predominantly live cells
(stained green) were observed which confirms a typical appearance in terms of cell
size and morphology. Live cells were identified both on the surface of the
membranes and within the internal structure, as illustrated in the magnification of
day 21, where cells remained viable within the internal part of the structure. The
observed results indicate that nutrients are transported freely throughout the
scaffold, thereby ensuring the viability of the cells.

Day 1 Day 14 Day 21

Fibroblasts

Keratinocytes

Figure 41: Fluorescence images. Fluorescence microscope images of stained fibroblasts (HFF-1) and
keratinocytes (HaCaT) cells, seeded onto VKV-SKS membranes, during a 21-day culture period. Green staining
distinguished live cells, while red staining revealed cell death. A slight autofluorescence was detected on membranes
in the green channel. Scale bar: 100 pm.

The fluorescent images are consistent with the previously obtained viability
results. The cell proliferation (MTS) and cell viability (AlamarBlue) assays verified
an increase in the proliferation rate, with a peak observed at day 21 of the
experiment, as also evidenced through the fluorescent images. Additionally, the
images also illustrate that the cells exhibit a rounded morphology on day 1, while as
the culture evolves, they adopt an expanded morphology. This behaviour is to be
expected, given that both cell types are adherent cells. Adherent cells require a
surface to adhere to in order to grow and proliferate and achieve their characteristic
morphology. In fibroblasts, this morphology is extended with filopodia, which
facilitate growth and interaction with adjacent cells. In contrast, keratinocytes grow
as clustered cells, forming colonies that grow until they unite with adjacent colonies
to form a monolayer. This behaviour is commonly observed in porous hydrogels
[475], [520], and may be the reason why they take more days to reach values similar
to those obtained when seeded in the TCP. Furthermore, the LIVE/DEAD images
corroborate the findings of the cytotoxicity assay (LDH) results, which indicate a
minimal presence of dead cells in samples in contact with membranes.

Based on the results, it can be concluded that ELR membranes have the
capacity to support a range of cell types with great versatility, thereby enhancing
cell proliferation, viability, and metabolic activity over an extended period. This
confirms the biocompatibility of VKV-SKS membranes, rending them a potential
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choice for wound healing dressings, as they promote the adhesion and growth of
fibroblasts and keratinocytes, which are essential cell types in the healing process.

3.1.3.2.- Cell growth

In contrast to the cell numbers employed in previous experiments, which
were in the range of 2-1.5 x 104 cells per well, this experiment utilises a significantly
lower cell concentration, in the range of 1.5 x 103 cells per well. The colony
formation assay enables the determination of cell reproductive death after exposure
to substances or treatments and their clonogenic potential. This is achieved by
testing the ability of an individual cell to proliferate and form colonies within the
VKV-SKS membranes. Figure 42A depicts crystal violet colony staining images of
fibroblasts cultured on the membranes, while Figure 42B shows crystal violet
colony staining images of keratinocytes. In both cases, the images demonstrate that
colonies can be formed even when the initial seeding concentration is very low.
However, only a small proportion of the seeded cells possess the ability to generate
colonies.

Following a 15-day incubation period, fibroblasts were observed to have
formed approximately 18 colonies on the VKV-SKS membranes. Similarly,
keratinocytes formed approximately 26 colonies on the protein membranes, as
illustrated in Figure 42C. In this experiment, the incubation period is excessively
long for the HaCaT cells, which complicates the counting of their colonies when
several are joined together. However, if a shorter incubation period is selected, it
becomes impossible to observe the colonies formed by fibroblasts. Consequently, in
order to facilitate a comparison between the two cell types, an intermediate time
period was selected that was optimal for both cell types, given that they exhibit
different growth rates. In any case, the presence of membranes does not impede the
colony-forming ability of cells, which is conducive to the regeneration of skin
following the application of the dressing to the wound.

C) D)

N° of colonies formed
Plating Efficienty (%)

FB KC FB KC

Figure 42: Cell growth was tested using a colony formation assay. A) Representative crystal violet
staining images of cell culture on membranes for fibroblasts. B) Representative crystal violet staining images of cell
culture on membranes for keratinocytes. C) Number of colonies formed within ELR membranes. D) Plating
efficiency refers to the ratio of the number of colonies to the number of cells seeded.
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Plating efficiency is defined as the ratio of the number of colonies to the
number of cells seeded [460]. The results are illustrated in Figure 42D. The data
indicates that there is variation in plating efficiency among the different cell lines,
with differences of approximately 0.5 %. Nevertheless, although the plating
efficiencies of fibroblasts and keratinocytes on membranes are relatively similar,
with values of 1.2 % and 1.8 % respectively, there is a significant difference between
them. Both cell types are capable of adhesion and colony formation, with this
process being further facilitated by the RGD cell adhesion sequences present on the
ELR membrane. However, the keratinocytes cell line is the most favoured.

3.1.3.3.- Expression of cells in membranes

More traditional techniques, such as the use of immunofluorescent markers
to stain cells, can be combined with more advanced molecular biology methods like
quantitative real-time polymerase chain reaction (qQRT-PCR) in order to accurately
determine gene expression levels. This combination of techniques can provide
insight into how cells respond to and interact with their environment in the
presence of a scaffold. The interactions between a biomaterial and the biological
environment that surrounds it are of significant importance when considering the
effects of implanted biomaterials within the human body. These interactions are
recognized to exert an impact on the dynamics of the tissue interface. Accordingly,
itis imperative to investigate the interactions between the surface of the biomaterial
and the cell surface.

The assessment of biocompatibility in relation to a surface is contingent upon
the consideration of cell adhesion, which is influenced by the surface properties of
the implanted material. The focal contact is the primary subcellular structure that
regulates the effects of cell adhesion. These macromolecular complexes facilitate the
attachment of cells to the extracellular matrix (ECM) by connecting integrin
receptors to the contractile actin cytoskeleton, concurrently aligning and organising
numerous structural and signalling proteins at integrin binding and clustering
locations [521]. Consequently, in a culture environment, the majority of cells adhere
to their underlying growth surface through focal contacts. Focal contacts can be
identified by the presence of vinculin, a protein that binds to actin filaments.
Therefore, in this instance, the antibody against vinculin serves as a marker to
evaluate the effectiveness of cell adhesion and spreading of fibroblasts and
keratinocytes to membranes in vitro, as demonstrated in Figure 43. On elastin
membranes, elongated, bright spots at cell peripheries, which are characteristic of
focal contacts, exhibited vinculin-specific immunoreactivity. Additionally, the
formation of these focal contacts occurs rapidly following surface coating. Moreover,
another molecule that is characteristic of focal adhesions is focal adhesion kinase
(FAK). As a scaffolding protein recruited to integrin cluster sites, it illustrates the
cell-material interactions. Thus, an FAK antibody was employed to determine the
adhesion of HFF1 and HaCaT cells to the material, resulting in the formation of focal
adhesions, as shown in Figure 43. Similarly, FAK is also distributed evenly in
proximity to the cell periphery, in a manner analogous to that of vinculin.
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Immunofluorescence staining of fibroblasts and keratinocytes was also
conducted to confirm the presence of cell-cell junctions, using an antibody against
E-cadherin. The protein has been reported to act as a mediator of cell-cell adhesion
within tissues, as visually demonstrated in Figure 43. Hence, cadherins are adhesion
proteins that play a significant role in developmental processes, wound healing, and
tissue homeostasis. This superfamily of calcium-dependent transmembrane
proteins forms adherent junctions between adjacent cells, establishing homotypic
zipper-like interactions. These junctions link to the cell cytoskeleton, allowing
cadherins to sense forces and activate mechanotransduction signalling cascades
that drive processes such as proliferation, differentiation and migration, among
others. In the skin, E-cadherin-mediated adherent junctions play a vital role in
maintaining the epidermal barrier. Therefore, visualisation of these junctions
demonstrates that cell behaviour is appropriate for the development of a new tissue
by mediating cell-cell adhesion.

A) Phalloidin

—
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Vinculin E-Cadherin aSMA
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Vinculin E-Cadherin

Figure 43: Immunofluorescence staining of fibroblasts and keratinocytes on an elastin-based
membrane for 7 and 14 days. A) Expression of multiple markers relevant for fibroblasts. Scale bar = 25 um. B)
Expression of multiple markers pertinent to keratinocytes. Scale bar = 25 um, C) Examples of cell invasion inside
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membrane (in green and blue). The initial two images pertain to fibroblasts, whereas the final image corresponds
to keratinocytes. Scale bar = 50 um.

The morphology, extension, spatial arrangement, and cytoskeletal
reorganization of HFF-1 and HaCaT cells were assessed in vitro following cell
adhesion. This was achieved by staining the cytoskeletal actin and cell nucleus
specifically after a 7- and 14-day of the culture period, as illustrated in Figure 43. On
the seventh day of the culture period, both HFF-1 and HaCaT cells exhibited an
elongated, fibrous shape on the surface of the membranes, distributed in cell islands.
Over time, they were observed to gradually infiltrate the scaffold. Following 14-day
culture period, the cells had colonised the majority of the material. The cells
possessed distinct, regular nuclei and exhibited a longitudinal profile with
cytoplasmic extensions that formed junctions with adjacent cells, thereby creating
aggregates along the scaffold. Therefore, cells grown on the membrane exhibited
remarkable adhesion and established a complex three-dimensional structure with
widely spread cells. Based on the findings, it can be concluded that the scaffold
facilitates the delivery of nutrients and provides support for cells, both internally
and externally.

Furthermore, the invasion of cells into the membrane can be observed using
the green autofluorescence of the elastin-based materials, as demonstrated by the
examples depicted in Figure 43C. In order to optimize the visualization of cells, dyes
in the red field have been given priority due to the autofluorescence of the
membranes.

Finally, markers specific to each cell type were employed to assess the extent
of cell differentiation. For fibroblasts, the analysis of alpha smooth muscle actin («-
SMA) antibody expression was conducted, as illustrated in Figure 43A, which is a
critical feature of the transformation of fibroblasts into myofibroblasts, which are
responsible for wound repair. A considerable number of cells were observed to stain
positively for a-SMA. Fibroblasts play a critical role in the wound healing process,
particularly during the initial inflammatory phase after biomaterial implantation.
The initial adhesion, subsequent spreading and proliferation, and growth of
fibroblasts are essential for the wound healing. For the analysis of keratinocytes, the
expression of cytokeratin 14 was examined, as illustrated in Figure 43B.
Cytokeratins (CK) serve as cell markers in human stratified squamous epithelium
and play an active role in the process of wound healing.

To complete the aforementioned study, cells were examined by real-time
quantitative PCR, using probes to assess their capacity to express specific genes
during proliferation on the surface of VKV-SKS membranes. The expression of the
desired genes indicates the capacity of cells to adhere, proliferate, and migrate on
the material, establishing new connections with neighbouring cells. The wound
healing process is accompanied by the expression of various cytokines in epithelial
cells, namely KRT14, KRT10 and VCL. Furthermore, the expression of several genes
related to cell adhesion and proliferation was also investigated, including PTK2,
CDH1 and ACTAZ2. In order to normalize gene expression data, the 18S ribosomal
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RNA (RP18) was utilized as an endogenous control gene. Consequently, the relative
gene abundance is expressed as 2(-ACt), where ACt = Ctgene - Ctrr1s.

The relative abundance of genes in fibroblast and keratinocyte cells is
presented in Figure 44A and Figure 44B, respectively. The graphs illustrate the
expression of genes in elastin membranes at various experimental times (1, 3, 7, 14,
and 21 days), with data being normalized to an endogenous control, ribosomal
protein RP18. Upon examination of the cellular expression profile of the
membranes, it becomes evident that the KRT14 and CDH1 genes are the most
abundant in keratinocytes, whereas the VCL gene is the most abundant in
fibroblasts. Additionally, the VCL gene displays high levels of abundance in
keratinocytes, with the KRT10 gene being minimally represented. Furthermore, the
expression of the ACTAZ and PTK2 genes is observed in fibroblasts.
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Figure 44: Gene expression in cells on the VKV-SKS membrane. A) The expression of VCL, ACTAZ and
PTKZ genes in fibroblasts (HFF-1) and B) VCL, KRT14, KRT10, PTKZ and CDH1 genes in keratinocytes (HaCaT) were
quantified by qRT-PCR. The relative RNA expressions were normalized to RP18.

Cytokines, in particular KRT14 and KRT10, act as markers expressed within
epithelial cells to denote the differentiation status of keratinocytes. In addition to
proliferation, differentiation is a crucial cellular function of keratinocytes in
achieving and maintaining the integrity and homeostasis of epithelial tissue [522].
During the 21-day experiment, cultured keratinocytes on elastin membranes
exhibited extensive expression of KRT14, indicative of basal keratinocytes
characterised by continuous cell proliferation and renewal [523]. However, the
expression of KRT10 is minimal and virtually absent after seven days of incubation.
Keratin 10 expression is commonly observed in cells of the keratinized stratified
epithelial layer, which indicates a withdrawal from the cell cycle. The findings are
consistent with the use of the immortalized keratinocyte cell line (HaCaT), which is
unable to differentiate into highly keratinized cells, unless factors are added to
stimulate the process, such as the presence of Ca?*, resulting in minimal KRT10
expression throughout the study period [524].

In cell culture, the majority of cells adhere to their underlying growth surface
through focal contacts, which can be distinguished by the presence of the vinculin
protein [525], [526]. Consequently, both fibroblasts and keratinocytes are able to
bind to the ELR membrane, as the VCL gene is expressed in both cell types. Although
the expression levels of the VCL gene in fibroblasts are slightly higher than those in
keratinocytes, the levels remain constant throughout the incubation period, with the
exception of day 3, which shows a slight increase. This indicates that the efficacy of
cell adhesion is maintained throughout the incubation period [527].
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Integrins constitute a family of extracellular matrix transmembrane
receptors, which are present in cell adhesions. The a634 integrin is considered to be
as specific to the epithelium and is responsible for the formation of tight adhesive
junctions between cells and the basement membrane [528]. Focal adhesion kinase
(FAK) has been identified as a crucial mediator of integrin-triggered intracellular
signalling. Hence, the aggregation of FAK with integrins and cytoskeletal proteins in
focal contacts is responsible for the activation and autophosphorylation of FAK by
integrins in cell adhesion, thereby demonstrating the interaction between cells with
surrounding substrates [529]. Consequently, the expression of the PTK2 gene is
evident in both fibroblast and keratinocytes cells, with a higher abundance on the
first day of incubation in both cases, followed by a slight reduction on the remaining
days. This suggests that the cells are capable of adhering to elastin membranes.

The formation of cell-cell contacts is a fundamental process in the
maintenance of epithelial cell structural integrity and the regulation of their
adhesion, proliferation, and differentiation. The mature organization and function
of epithelial tissues rely on the establishment of stable junctions between
neighbouring cells, which are controlled by adherents and tight junctions where E-
cadherin plays a crucial role as a main component [530]. The data revealed a slight
increase in CDH1 gene expression in keratinocytes from day 7, which can be
attributed to the elevated cell density, which in turn enhances the formation of
stronger connections between adjacent cells.

Finally, the expression of a-actin was investigated, which performs a vital
function in numerous cellular processes, including cell division, cell motility, and
contractile force generation. The expression of smooth muscle a-actin (ACTA 2) is
predominantly limited to smooth muscle cells, pericytes, and specialised fibroblasts,
also referred to as myofibroblasts. a-SMA expression begins when fibroblasts
differentiate into myofibroblasts, and acquire a contractile phenotype that enhances
wound closure [531]. The findings indicate that the expression of ACTAZ2 is present
in fibroblasts and remains relatively constant over time. This may be attributed to
the possibility that some of the fibroblasts employed in this specific experiment may
have undergone differentiation into myofibroblasts.

It can be inferred from representative immunofluorescence staining images
and gene expression results of fibroblasts and keratinocytes that the membranes
are non-toxic and promote normal cell adhesion, growth, proliferation, and
metabolic activity by expressing various markers relevant to both cell types. In
particular, focal cell-cell contacts have been identified through the vinculin protein
and the VCL gene itself, where cell-cell interactions have been demonstrated, with
good cell adhesion and proliferation of fibroblasts and keratinocytes. Furthermore,
the interactions between the cells and the material were also confirmed through
another molecule present in the focal adhesions, namely focal adhesion kinase
(FAK), at both the immunostaining and PTK2 gene level. This demonstrated that the
cells were adequately adhered to the VKV-SKS membranes. Finally, the degree of
differentiation of both cell types was determined by studying the smooth muscle a-
actin and its gene ACTA2 for fibroblasts, and cytokeratins as markers of the degree
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of differentiation of epithelial cells, through cytokeratins 10 and 14 and their
respective genes KRT10 and KRT14. It can be concluded that a small degree of
differentiation from fibroblasts to myofibroblasts has occurred, which is
responsible for generating the contractile force that favours wound closure. While
keratinocytes express predominantly 14, indicating the presence of basal cells that
are characterised by a continuous proliferation, this is thought to favour the renewal
of damaged tissue.

3.1.3.4.- Cell migration

During the proliferative phase of wound healing, cells initiate the process of
reproduction and migration towards the damaged area, with the objective of
reconstructing the destroyed tissue. In the case of chronic wounds, cells at the injury
site experience premature senescence as a result of unremitting inflammation and
stress, thereby resulting in a reduction in migratory capacity and alterations to the
microenvironment that affect nearby cells. The application of biomaterials in the
healing process is essential, as they interact with biological systems and accelerate
the healing process. Dressings provide structural support and facilitate cell
adhesion and migration. Hence, the in vitro scratch assay and transwell migration
assay are conducted to investigate the cell motility of fibroblasts and keratinocytes
on elastin membranes, given that this plays a vital role in the re-epithelialisation of
wounds.

The results of the transwell migration assay demonstrate that the membrane
does not impede cell motility, as some cells can be observed in the well of the culture
plate. Figure 45A (fibroblasts) and Figure 45B (keratinocytes) display
representative images of cells that have migrated through both the elastin and
transwell membranes and have been stained with crystal violet after fifteen days of
culture. The results demonstrate that migrated cells are capable of proliferating
within the fifteen-day culture period, with evidence of cell clusters, particularly in
keratinocytes. Additionally, a schematic diagram in Figure 45C presents an objective
overview of the experimental setup and cell flow in the transwell assay. Finally,
Figure 45D illustrates the complete coverage of the insert using the elastin
membrane for the experiment.
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Figure 45: Transwell migration assay. A) Representative image of HFF-1 cells migrating through the
VKV-SKS membrane after fifteen days. B) Representative image of HaCaT cells migrating through the VKV-SKS
membrane after fifteen days. The findings indicate that migrating cells have the ability to undergo proliferation
during the fifteen-day incubation period, as evidenced by the formation of cell clusters. C) Diagram outlines the
procedure for conducting the experiment. D) Real image of the transwell with an elastin membrane.

In a previous examination of these membranes, it was demonstrated that
certain molecules are capable of passing through them. To substantiate this,
Gonzalez et al [436] performed diffusion studies in which ELR-based membranes
were clamped between the donor and acceptor compartments of a Franz cell glass
device. Phosphate-buffered saline (PBS) was added to the recipient compartment,
and the donor compartment was filled with a fluorescent dextran solution of distinct
molecular weights (4, 20, 40, 70, and 150 kDa). The outcomes indicated that the
membranes were capable of diffusing the molecules and demonstrated that the
concentration of the selected membrane affected the diffusion process.

Furthermore, in order to ascertain the efficacy of the membranes in
facilitating in vitro cell migration, a second assay is conducted. This involves the
creation of an artificial gap in a confluent cell monolayer, whereby cells located at
the wound edge will begin to migrate until new cell-cell contacts are established,
thus leading to the closure of the wound. The results of the in vitro scratch assay
indicate that ELR membranes do not impede the movement of HaCaT cells. It is
crucial to ensure that the gap sizes in all wells are consistently and homogeneously
identical throughout the experiments, in order to reduce any potential variations
caused by differences in scratch width and to improve the reproducibility of the
results. The inserts were employed in accordance with the protocol outlined in
Figure 46C. Figure 46D displays a real insert seeded with keratinocytes in both
reservoirs, separated by a 500 um gap.

In the conventional scratch experiment, phase contrast microscopes are
utilised to observe the cells. Nevertheless, the use of these microscopes in this
particular case is precluded due to the presence of opaque elastin membranes,
which hinder the passage of light and, thereby restrict the visualisation of cells.
Consequently, an alternative approach was employed to track cell migration, using
non-toxic live cell staining via CellTracker™ Green CMFDA fluorescent probes. It is
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imperative to ensure that the fluorescence intensity does not cause damage to the
cells. Prolonged illumination of the same area for image acquisition can result in the
production of sufficient heat to damages the cells. In order to protect the cells, it is
advisable to reduce the light intensity or utilise a shutter that opens solely when the
image is acquired. Figure 46A presents two images captured at the same location on
the 24-well plate. The image on the left was captured using a phase contrast
microscope, while the image on the right was captured using a fluorescence
microscope. The image comparison reveals that the cells are not visible in the
former due to the presence of the elastin membrane, whereas the latter exhibits
clear cell observations.

A)

Figure 46: In vitro scratch wound assay on keratinocytes. A) Two images were captured at the same
location on a 24-well plate. The image on the left was captured using a phase contrast microscope, and it is notable
that no cells are visible due to the presence of the elastin membrane. Conversely, the image on the right, obtained
via fluorescence microscopy, displays clear cell observations. B) Quantitative analysis of the scratch wound recovery
index (SWRI) widths at the indicated time points by measuring the area of the scratched region. C) A uniform gap
size was achieved by employing a specific protocol involving the use of inserts. D) A real insert seeded with
keratinocytes in both reservoirs, separated by a 500 um gap. E) Representative photographs of the migration of
serum-free keratinocytes in the presence of VKV-SKS membranes for wound closure at the indicated time points
following the scratch. Scale bar = 200 um.

The observation of the change in the cell-free region over time is the primary
measure of a migration assay, which is used to determine the rate of wound closure
and cell migration. Figure 46E presents representative fluorescence images
acquired with inverted microscopy of confluent cells forming an artificial wound at
various time points until closure completion. To eliminate any potential
interference caused by cell proliferation, the cells are maintained in a serum-free
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environment. Consequently, the migration of cells from the edges of the gap to the
centre can be monitored until the wound is completely closed and new cell-to-cell
contacts are established. It is important to note that this experiment exclusively
utilises keratinocytes, as they are crucial cells for effectively migrating over the ELR
membrane and re-epithelializing chronic wounds [532], [533]. A quantitative
analysis was conducted to evaluate the impact of migration on the scratch wound
recovery index (%), as determined by fluorescent imaging. Figure 46B displays the
results obtained, indicating a slower in vitro re-epithelialization rate during the
initial hours after the wound scratch, which reaches approximately 50 % after 11
hours. Subsequently, the percentage of mobility increases gradually until it reaches
a full recovery of 100 % after 16 hours.

The findings indicate that the VKV-SKS membrane, acting as a temporary
scaffold, preserves cellular mobility in vitro. The implementation of these
membranes in chronic wounds is anticipated to enhance the movement of cells in
the senescent cell population with reduced mobility. The utilization of biomaterials
will facilitate adhesion and subsequent mobility from the wound margins towards
the injured site, thus promoting re-epithelialization of the wounds.

3.1.4.- Human skin wound healing of ELR

membranes

3.1.4.1.- Assessment of wound regeneration capacity
of ELR membranes using a human ex vivo wound

culture model

Chronic non-healing wounds represent a significant unmet clinical need, with
preclinical models inadequately predicting the clinical effectiveness of novel
therapies. The most commonly employed model for studying wound repair is that
of acute wounds in mice. Despite the general similarities observed between mouse
and human healing, interspecies differences in skin structure and healing dynamics
persist. Thus, rodent skin is distinct in that it possesses a layer of subcutaneous
muscle (panniculus carnosus), which causes rapid wound contraction following
injury. In contrast, in humans, wounds heal through re-epithelialisation and
granulation tissue formation [468]. This discrepancy between species makes it
challenging to extrapolate in vivo rodent wound research to clinical settings, and
thus, there has been a growing emphasis on the development of ex vivo human
models with broad applicability and translatability [534], [535]. Consequently, the
ex vivo model provides significant advantages by incorporating all skin cell types,
maintains the native architecture of skin, and ensures the basement membrane,
Langerhans cells, pigment cells, and nerve endings remain intact [466].
Nevertheless, the differentiation of keratinocytes and the epidermis-dermis
junction remain inadequately characterised in this model [466]. Additionally, it is
essential for this model to replicate the processes of wound healing in humans. This
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should include a re-epithelialisation procedure that is comparable to the re-
epithelialisation observed in vivo in human skin, where keratinocytes migrate,
proliferate and differentiate from the wound margin to cover the complete wound
region [536]. Moreover, the model exhibits gene expression patterns comparable to
those observed in in vivo models, thereby enhancing the potential for translating ex
vivo data to clinical applications [537]. Finally, an additional significant benefit is
that a considerable number of wounds can be obtained from a single donor, thus
reducing experimental variability. In conclusion, the ex vivo human skin culture
model represents a valuable tool for investigating and comprehending the
fundamental mechanisms of human wound healing, identifying potential wound-
healing agents to devise novel strategies for wound healing [536], and assessing the
efficacy of potential new treatments to enhance the healing process [538]-[540].

As previously mentioned, chronic wounds do not heal in a typical process;
therefore, biomaterials can facilitate the healing process. In humans, re-
epithelialisation and granulation tissue formation play a significant role in wound
healing, and ex vivo human skin models are a suitable starting point for testing
elastin-based biomaterials in these processes. In order to conduct these
experiments, surplus skin from arm reduction surgeries (brachioplasty) is utilised.
Punch biopsies are used to create small 2-mm partial-thickness excisional wounds
on healthy donor skin, penetrating to the level of the papillary dermis. Subsequently,
the excised skin is maintained viable at the air-liquid interface. Biomaterials are
placed over the wound to investigate complete healing by epithelialisation, whereby
progress is evaluated through fluorescence and histology between days 0 and 6. One
of the key advantages of this methodology over in vitro studies is that skin explants
utilise primary human cells that are derived directly from living human tissue. In
contrast, in vitro studies employ immortalised lines that do not accurately reflect the
environment of real human tissue. Consequently, the ex vivo technique more closely
resembles the living conditions of human skin.

To track the real-time healing progression of wounds, a macroscopic
evaluation was conducted employing a non-invasive fluorescent dye (CMFDA),
which is absorbed by viable cells in culture to trace the epidermal cell lineage [541].
In addition, dye absorption can be easily visualised using an upright fluorescent
microscope. Tissue-native molecules emitting fluorescence upon light excitation can
also indicate cellular activity and protein structure [536].

Figure 47A presents representative fluorescent images for the longitudinal
monitoring of ex vivo wounds over the period of six days. The images demonstrate
the daily changes in re-epithelialization, demonstrating the presence of the
epidermis, dermis and migrating epithelium in the wound bed. This evidence
suggests that ex vivo human wound repair employs an extended shield mechanism
of collective migration. A comprehensive interpretation of these images is presented
in the chapter of methodology. This technique distinguishes the neoepidermis and
areas of open wound and surrounding unwounded tissue. The resulting images
produced with cellular tracking allow for the qualitative assessment of tissue
characteristics and pathology, as well as quantitative measurements such as wound
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re-epithelialization, tissue contraction, and epidermal maturation being able to
identify alterations in healing.
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Figure 47: Fluorescent images of wound healing ex vivo. A) Daily fluorescent imaging was used to
monitor the epithelial migration of ex vivo wounds over the period of six days following the injury. The size and
shape of the initial wound, as well as the progression of the migrating epithelium, were observed at various time
points in the same wound for different experimental samples, including an ELR membrane, an ELR hydrogel, a
Pluronic hydrogel, an Integra dermal substitute and an uncovered wound. Scale bar = 500 um. A figure in the right
panel displays the changes in wound area over time, indicating the degree of re-epithelialisation following injury.
B) Quantification of wound contraction (%). A slight contraction was observed in the wounds in culture after six
days. C) Quantification of the area of re-epithelialization (%). D) Wound healing rate (%).

One advantage of ex vivo in situ wound assessment is that it is non-invasive,
thereby eliminating any detrimental effects and therefore obviating the need to
waste skin tissue in order to collect data. Consequently, this methodology permits
the longitudinal acquisition of visual data on the same wound over several time
points, thereby reducing variability by studying the entire wound evolution on the
same sample. Thus, Figure 47A illustrates the initial wound size and shape, as well
as the progression of the migrating epithelium at various time points in the same
wound for different experimental samples, including an ELR membrane, an ELR
hydrogel, a Pluronic hydrogel, an Integra® dermal substitute, and an uncovered
wound. With regard to the ELR materials, the objective is to ascertain whether the
structure and thickness of the scaffold influence the regeneration process. The ELR
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membrane is thinner than a slightly thicker ELR hydrogel, which would presumably
facilitate cell proliferation and nutrient diffusion due to its thinner nature. In
addition, Pluronic hydrogel and Integra® dermal substitute are employed as
positive controls, as they are materials that are routinely used in clinical wound
healing. The Integra® dermal substitute is an artificial skin graft comprising a high
concentration of collagen, bound with chondroitin-6-sulphate. The Pluronic
hydrogel is a triblock copolymer comprising hydrophilic groups (PEO) and
hydrophobic groups (PPO), which present a temperature-dependent behaviour.
Daily imaging revealed the presence of clearly defined areas of epidermal
restoration, with a faint CMFDA expression band visible towards the epidermal
front with brighter regions closer to the margin, indicating longer-lived cells that
have been previously labelled several times, while the darker regions indicated
newly formed tissue [463], [542]. Hence, through this technique, the epidermis and
dermis were identifiable in every ex vivo wound analysed, regardless of the degree
of wound closure. Furthermore, Figure 47A presents a graph that depicts the
variation in wound area over time, measuring the extent of re-epithelialisation
following injury. The graph illustrates a reduction in the wound area as keratinocyte
cells cover the exposed dermis. Furthermore, it has been discovered that the process
of wound healing is not uniform across the various regions of a single wound. In fact,
certain areas exhibit a significant inward migration. The underlying cause of this
phenomenon can be attributed to the disparities in the microenvironment of the
wound bed at the cellular level [542].

In all cases, it is evident that the wound area decreases gradually over time
as a result of the re-epithelialisation process. However, after six days of the
experiment, the wound did not close entirely. As indicated in the literature, the
excisional wound of healthy human skin without biomaterial should close entirely
between days three and five after injury [466]. Fluorescent staining must be
conducted every day to obtain images, which necessitates the samples being outside
the incubator. This delay may impede the healing process. The rate of
epithelialisation of ex vivo samples is slower than that of healthy in vivo skin, as
evidenced by literature. Furthermore, the duration of the cultured skin experiment
was constrained by the limited lifespan of the skin samples. Following six days, the
capacity of keratinocyte to proliferate in response to injury is reduced, and cell
apoptosis may occur, making it challenging to correlate with in vivo behaviour [466].

Upon examination of the images, it is evident that the edge of the wound
cannot be observed when treated with Integra® dermal substitute, as the
biomaterial is of considerable thickness, so when placed on the wound, the material
protrudes from the top and reflects the light, as illustrated in Figure 47A. For this
reason, this material has been excluded from the subsequent quantitative analyses,
as it is not possible to measure the requisite values from the image. This technique
is not suitable for this biomaterial.

The measurements of the explants every day display that the wound
experiences some contraction over time, as demonstrated in Figure 47B.
Fluorescence images indicate that the outer edge of the wound is not always
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constant, undergoing periodic changes. Following the wound, there may be a slight
initial increase, which is particularly noticeable with the ELR hydrogel. However,
over time, a shrinkage process typically occurs, which can reach up to 10 % after 6
days of treatment with the Pluronic hydrogel or in the wound alone without
biomaterials. It has been observed that the utilization of elastin materials, including
both hydrogels and membranes, significantly reduces the phenomenon of
contraction. This indicates that the use of these biomaterials facilitates healing
without causing contraction, which is the main cause of visible scars. This is a
problem particularly relevant in the context of severe burns.

Re-epithelialization is a crucial process in the healing of wounds, as it
delineates the reconstruction of the stratified squamous epithelium. It is therefore
used as a criterion for defining success, with the absence of re-epithelialization
precluding the classification of wound as healed. Moreover, epithelialization is
affected in all types of chronic wounds [536]. Figure 47C therefore evaluates the
wound re-epithelialization process. In partial-thickness epidermal wounds, re-
epithelialisation arises predominantly at the wound edges from viable epidermal
cells that undergo behavioural changes, such as cell migration, proliferation and
keratinocyte differentiation at the wound margins [543]. Both elastin membranes
and hydrogels demonstrate superior re-epithelialisation compared to the Pluronic
hydrogel, which is frequently utilised in hospitals for burn wounds. The ex vivo
samples were obtained from healthy patients, and the wound without materials
progressed rapidly, resulting in the quickest case. It would be of interest to conduct
experiments using skin explants derived from diabetic or burn patients, who face a
pronounced hurdle in wound closure rate. Such experiments would provide a
reliable assessment of the efficacy of employing biomaterials in wound
management. However, obtaining these samples is challenging due to the potential
for biopsies of chronic wounds to impede healing [463].

The quantification of the epithelial closure rate during the process of skin
wound healing can be illustrated in Figure 47D. To measure this rate, the outer edge
of the wound on the initial day is compared to the edge of the newly formed
epithelium in subsequent days. The results resemble those of re-epithelialisation,
where the wound healing process of elastin materials is more effective than that of
the commonly used commercial Pluronic hydrogel in hospitals.

Comparisons are made between assessments of wound spaces observed in
fluorescence and histological images, as presented in Figure 484, in order to gain
insight into their relationship. The fluorescence images display similar identifying
features of traditional histological techniques, such as the initial wound edges and
the migrating epithelial tongue. The epithelial tongue that migrates is composed of
a uniform layer composition of keratinocytes, typically one or two layers of cells. It
extends without any disruptions from the wound edge, positioned parallel to the
more disorganized dermis. Figure 48A presents a fluorescence image on the left and
an H&E histology image of a wound at the same experimental stage (3 days) on the
right. The use of different coloured arrows serves to indicate the same areas in both
types of images. The white arrows indicate undamaged normal epithelium within
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the wound with a typical skin structure. The black arrows reveal the presence of
activated cells in the adjacent epithelium, which are proliferative and facilitate
wound closure. Finally, the purple arrows illustrate the epithelial tongue, which
comprises the cells responsible for wound closure.

ELR membrane

ELR hydrogel

Dermal substitute Pluronic hydrogel

Figure 48: H&E images of ex vivo wound healing process. A) A comparison between fluorescence and
histological quantification methods on day 3. The white arrows indicate undamaged normal epithelium within the
wound with typical skin structure. The black arrows identify activated cells in the adjacent epithelium that are
proliferative and support of wound closure. Additionally, the purple arrows indicate the epithelial tongue, which
consists of cells responsible for wound growth and closure. Scale bar = 500 um. B) Representative images of ex vivo
human wounds at 3- and 6-days post-injury, stained using H&E method, display the epidermis and dermis following
biopsy. Epithelial migration at different time points was observed for several experimental samples, including an
ELR membrane, an ELR hydrogel, a Pluronic hydrogel, an Integra® dermal substitute, and an untreated wound.
Samples collected on day 4 demonstrate the presence of an epithelial tongue migrating beneath the wound scab,
accompanied by a thick proliferative epithelium consisting of proliferating epithelial cells. Conversely, samples
collected on day 6 reveal the presence of a thick layer of epithelial cells covering the wound in the repaired
epidermis. Scale bar standard image (4X) = 500 um. Scale bar zoomed image (40X) = 50 um.
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For the purposes of data collection, tissue sacrifice for histological analysis is
required at selected experimental times, specifically days 3 and 6. Hence, tissue
samples were acquired for morphological analysis by haematoxylin and eosin
staining at the characteristic wounding times of day 3 and day 6 in order to examine
epithelialisation. Figure 48B illustrates the epidermis, dermis, and epidermal tongue
observed in these images. From these frontal images of wounds, a plenty of
quantitative data can be extracted, including the level of re-epithelialisation, which
can be identified by measuring the distance between the wound margins and the
number of cell layers in the newly formed tissue. Moreover, comparisons of the
morphology and size of newly formed cells can be performed.

In partial-thickness excisional epidermal wounds, epithelial cells enter a
proliferation stage and undergo cell migration as early as days 3 to 4 post-injury.
Viable epidermal cells at the wound edge exhibit behavioural transformations,
including migration, proliferation and keratinocyte differentiation. The initial event,
migration, involves the movement of suprabasal cells, which is then succeeded by a
mitotic process. Upon the closure of the wound, epithelial cells cease migration and
proliferation due to contact inhibition. The process of differentiation of the newly
formed epidermis commences shortly after the migrating tips, preceding the
completion of wound re-epithelialization. This process results in the formation of
epidermal layers and the consolidation of a new epithelial barrier [543].

The wound healing process can be categorised into three distinct phases: the
latent phase (early phase), the proliferative phase, and the remodelling phase.
Although various cell types work together in an organised manner to orchestrate
the healing process, it is the re-epithelialisation process that provides the protective
barrier to the wound. The timeline commences on the day of the injury. The size of
the wound has a direct impact on the duration of each stage of the healing timeline.
The Figure 48B demonstrates the wound area (day 3) and the surface area of the re-
epithelialized wound (day 6) in both standard (4X magnification) and zoomed (40X
magnification) images. The images illustrate that on the third day, the wound
without biomaterials has completely closed. In the other samples, re-
epithelialisation is becoming apparent as neoformed epidermis migrates over
granulation tissue of the open wound, carrying proliferative cells that can close the
wound. Nevertheless, a gap persists between the two edges of the wound. After six
days of incubation, all samples, with the exception of the Pluronic hydrogel, achieved
full wound closure, thereby completing the process of re-epithelialisation.
Furthermore, the regenerated epidermis was indistinguishable from the
surrounding uninjured tissue. Morphologically, the keratinocytes in samples with
elastin biomaterials displayed no significant differences compared to fresh human
skin. The number of cell layers that are able to form is a crucial aspect of the wound
healing process, indicating keratinocyte proliferation. The cell layers are displayed
in Figure 48B, with black arrows indicating their respective positions. After a period
of six days of culturing, keratinocyte layers between four and five cells thick were
observed in the wound that had not received any biomaterial. Similarly, the wounds
that were treated with the ELR membrane and ELR hydrogel showed the presence
of these layers, indicating the involvement of proliferation and migration in the
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wound closure process. On the other hand, the Pluronic hydrogel resulted in the
formation of three to four layers of cells, which was comparable to the dermal
substitute. As illustrated in Figure 48B with pink arrows, it is evident that
keratinocyte infiltration occurs within the elastin membrane. This is particularly
important in chronic wounds that do not heal spontaneously and necessitate the use
of biomaterials. The elastin membranes promote the adhesion, proliferation, and
migration of keratinocytes, thereby aiding in the complete closure of the wound and
potentially reducing the visible scarring resulting from certain types of wounds.

As previously stated, the fluorescence images indicate that the wound
remained incompletely healed throughout the six-day period following injury.
Conversely, the H&E images demonstrate re-epithelialisation of all samples, with the
exception of the Pluronic hydrogel. This finding is consistent with the literature,
which indicates that healthy human skin wounds should fully close within 3-5 days.
The prolonged period of time required for samples to be kept outside of the
incubator for fluorescent imaging may result in a delay in the normal healing
process. In contrast, the samples used for histology remain within the incubator and
exhibit normal healing. Consequently, the H&E staining technique provides more
accurate results that more closely reflect the actual healing process. However,
fluorescence images offer a comprehensive daily evaluation of the wound, while
histological images only offer a brief picture showcasing the wound, which may vary
slightly contingent on the wound region being evaluated.

The results demonstrate that the ex vivo model provides significant
advantages by incorporating a realistic environment of natural skin architecture.
Furthermore, it is crucial for this model accurately replicates the features of wound
healing in humans in order to demonstrate a re-epithelialisation procedure that is
comparable to that observed in wound re-epithelialisation in skin in vivo. In this
process, keratinocytes migrate, proliferate and differentiate from the wound
margin, gradually covering the entire wound region. The rate of epithelialization is
slower for all biomaterials than that of healthy skin in vivo [536]. Nevertheless, these
ELR membranes are employed when a critical defect or non-healing wound
necessitates the use of a biomaterial to stimulate cell regeneration, which is not the
case when the skin is healthy and capable of healing independently [544], [545].

Furthermore, it has been demonstrated that the elastin membranes exhibit
adequate elasticity, allowing them to adapt to the dynamics of the wound
environment without suffering initial degradation. This is due to the fact that the
elastin membranes are a more elastic material than those used as controls, namely
the Pluronic hydrogel and the Integra® dermal substitute. This property, in
conjunction with the favourable porosity of the scaffold, contributes to the
biocompatibility of the membranes, which exhibit good migration and proliferation
of keratinocytes. This phenomenon is facilitated by the adequate diffusion of
nutrients and gases. Furthermore, it is observed that the cells are able to grow
within the elastin membrane, since it presents the RGD cell adhesion sequences that
favour cell infiltration. Another crucial factor in this experiment is the thickness of
the materials employed. Both the hydrogels (ELR and Pluronic) and the Integra®
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dermal substitute have a thickness greater than that of the elastin membranes,
rendering this thinner thickness highly suitable for skin regeneration. This is
because the cells can proliferate more easily, and the diffusion of nutrients is also
favoured. Furthermore, although the natural process of skin healing involves re-
epithelialisation, a minor degree of contraction can be observed due to the presence
of myofibroblasts, which possess contractile properties that facilitate the
approximation of wound edges. The findings indicate that elastin materials
significantly reduce excessive wound contraction, exhibiting notable improvements
in comparison to Pluronic hydrogels and the Integra® dermal substitute. This
suggests that the utilisation of these biomaterials facilitates healing without
inducing contraction, which is the predominant factor contributing to the formation
of visible scars.

These characteristics render ELR membranes a highly promising option as
dressings for the treatment of chronic wounds, offering a solution that could
improve the speed and quality of healing. The combination of mechanical strength,
elasticity, and biocompatibility suggests that they have potential for use in clinical
applications for the regeneration of complex and difficult-to-treat wounds.
Nevertheless, it is important to note that this ex vivo human skin culture model is
subject to inherent limitations. Further testing of elastin-based biomaterials in vivo
is necessary to observe their toxicity and assess their effect on the wound healing
process in living animals.

3.1.5.- In vivo behaviour of ELR membranes

3.1.5.1.- Assessment of in vivo biocompatibility and
long-term stability of ELR membranes via

subcutaneous implantation

It is crucial to conduct biological evaluations of materials that come into
contact with tissues and fluids through animal implantation. In addition to non-
toxicity, the material must also meet functional requirements whilst eliciting the
appropriate host response, a property referred to as biocompatibility [546].
Moreover, achieving a balance between neotissue formation and scaffold
biodegradation remains a significant challenge in biomedical applications, with
controlling the biodegradation rate of biological surrogates [547], [548]. It is
therefore important to determine the degree of biocompatibility of biomaterials,
particularly their propensity to induce innate immunity, inflammation, fibrosis, and
foreign body response. Furthermore, a comprehensive preliminary investigation of
in vivo cytotoxicity, cell survival, cell infiltration, and degradability of these
biomaterials is required. Such inquiries are crucial for the optimal utilisation of
these materials in the biomedical field.

A multitude of previous studies have corroborated the in vivo
biocompatibility of ELRs, demonstrating that they have no influence on cytotoxicity
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or inflammatory response following subcutaneous placement, and remain stable
over time [549], [550]. In order to assess the biocompatibility, stability, cell invasion
of the support, as well as the degradation rate and neovascularisation potential of
the VKV-SKS membranes, they were implanted subcutaneously in the dorsal area of
Swiss mice. The 3R principle was followed to minimize the number of experimental
animals and all experimental procedures were approved by the Ethical Committee
on Animal Care and Use of the University of Valladolid, in accordance with the
European Union Directive 2010/63/EU and the Spanish Royal Decree RD 53/2013.
In addition to the membranes, the VKV-SKS hydrogels and commercial Integra®
dermal substitute were also included. A comparison was made between the elastin
membrane and hydrogel, with Integra® serving as a control, which is routinely
utilized in hospitals for skin issues. The sterile ELR membranes and dermal
substitute were implanted subcutaneously in the dorsal area by creating a small
subcutaneous pouch using a sterile surgical scalpel, into which the scaffolds were
carefully placed while the hydrogels were subcutaneously injected. The
experimental times selected for analysis were 1, 3 and 7 weeks, with the objective
of evaluating the biocompatibility of the material and the long-term stability of the
scaffold histologically.

Figure 49A illustrates the macroscopic appearance of the implant materials
and surrounding tissue seven weeks post-operation. A solid material is present at
all post-operative stages (1, 3 and 7 weeks), and a slight reduction in the dimensions
of the implanted materials is discernible, particularly observed in the ELR hydrogels
following seven weeks. The materials exhibited complete integration into the tissue,
as evidenced by slight adhesion to the hypodermis in all mice across each group and
time point. This highlights the excellent stability of the materials upon subcutaneous
implantation in vivo, which correlates with the previously obtained in vitro [433],
[551]. Furthermore, there is no evidence of inflammation or fibrotic tissue in the
implantation area, indicating non-toxicity in the surrounding tissue. The elastin
scaffolds, comprising both membrane and hydrogel, exhibit the formation of
functional blood vessels, whereas the dermal substitutes do not present the same
outcome.
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Figure 49: In vivo biocompatibility of ELR subcutaneously implanted in mice. A) Representative
images of the materials implanted in mice subcutaneously seven weeks after operation. B) Representative H&E
staining images of ELR-membrane, ELR hydrogel and Integra® dermal substitute at 1-, 3- and 7-weeks post-injury.
Columns correspond to different time points, while rows indicate different materials. The pinks arrows identify
newly formed capillaries and the dashed circle indicates the granulomatous inflammatory reaction in the samples
of elastin membrane. Scale bar standard image (5X) = 500 um. Scale bar zoomed image (20X) = 100 um.

In order to gain a better understanding of the cellular behaviour of the ELR
membrane, histological staining using H&E was conducted. Figure 49B displays
cross-sectional images of the elastin membranes, elastin hydrogels, and Integra®
dermal substitute at varying magnifications (5X and 20X) over three experimental
intervals (1, 3 and 7 weeks). The H&E staining provides a detailed analysis of the
cell types present in the implant and their morphology. The cells appear blue-violet
in hue, while the materials exhibit a slightly greyish tone, which facilitates their
identification, in contrast to the surrounding pinkish muscle fibres.

From the first week following surgery, it is noticeable that all materials are
fully integrated into the tissue, as they adhere to the hypodermis of the mice. A small
number of cell nuclei have begun an initial cellular infiltration within the scaffold
area. It has been observed that cells of the animal invade the material by starting
from the edge in contact with the tissue, where there is a higher predominance of
cells in the first week. Subsequently, cells gradually colonise the interior of the
material, where cell density is higher, after several weeks. The integration of the
material into the surrounding host tissue is particularly evident in the case of
elastin-based materials, while it is somewhat lower in Integra® due to the fact that
fewer cells are observed inside the scaffold. This indicates that the elastin materials
are highly compatible with the surrounding tissue, as evidenced by the infiltration
of various cell types within the material after seven weeks of implantation, with
differences become more evident in the enlarged images from weeks 3 and 7, as
shown in Figure 49B. The presence of cell adhesion domains (RGD) in the elastin
membrane and hydrogel, due to the SKS polymer which contains this sequence is
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likely to enhanced cell colonisation. Consequently, it encourages the recruitment of
cells from surrounding tissue to infiltrate the material, thereby facilitating the
regeneration of injured tissue by accelerating the rate of cell migration. The
histological examination revealed a higher cellular density in the ELR membrane
compared to the hydrogels and dermal substitute. The thinness of the elastin
membrane may facilitate the migration of cells through it and their complete
colonisation of the structure due to the suitability of the pore size of the structure.
The pore size, porosity and elasticity of the materials regulate cell behaviour and
tissue remodelling in vivo. Furthermore, the volume of the material structure
determines the time required for cells to colonise the construct [552].

The images demonstrate the structural integrity of scaffolds, which remain
stable with a reduction in size visible after seven weeks. This can be attributed to
the longevity of protein polymers (VKV and SKS) with no degradation sequences,
which allows for the extended preservation of scaffold integrity. Similar results have
been observed in other elastin materials employed in diverse [307], [435], [553],
[554]. As these materials degrade slowly, an increasing number of cells accumulate
in the border region of the structure. This process of cell infiltration occurs
simultaneously with the degradation of the biomaterial. The existing literature
highlights the importance of materials used in regenerative medicine to degrade
slowly. This is of particular importance in the context of wound dressings, which
must remain stable for a minimum of three weeks (21 days) to facilitate the gradual
replacement of damaged tissue with newly formed healthy tissue [516]. The results
obtained clearly demonstrate that the developed ELR membranes show good long-
term in vivo stability, thus fulfilling this requirement. The initial cells that infiltrate
the tissue not only release cytokines to stimulate the recruitment of more cells, but
also secrete proteases that degrade the matrix and enhance cell penetration. As this
degradation proceeds, an increasing number of cells infiltrate the scaffolds,
accelerating their deterioration and simultaneously restoring damaged tissue.

Upon close examination of the H&E-stained elastin samples reveals that the
newly formed capillaries are distributed uniformly, as depicted in Figure 49B with
pink arrows. An increased vascularisation is observed within the elastin
membranes, with the formation of more pink blood cells forming vessel-like
structures. This indicates a compatible interaction between the organism and the
membranes. Conversely, these formations are not observed in the Integra®
samples. This does not imply that they cannot form vessels, but rather it suggests
that they may require additional time for the full colonisation and organisation of
the endothelial cells [555]. Consequently, the incorporation of elastin into tissue
regeneration scaffolds promotes wound angiogenesis, leading to the formation of
abundant neovascularisation. The microstructural evaluation thus corresponds
favourably with the macroscopic analysis, which reveals the presence of vascular
structures within the materials.

A histological assessment of the different structures, conducted one week
post subcutaneous implantation in vivo and stained with haematoxylin-eosin,
revealed the presence of a certain degree of granulomatous inflammatory reaction,
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as illustrated in Figure 49B. This reaction was clearly observed in the samples of
elastin membrane, as indicated by the dashed circle. It is evident that inflammatory
cells play a pivotal role in the biodegradation process of biomaterials, as they are
the initial colonisers of the surface of material following implantation [556] and they
possess mechanisms that help reduce the pH of the microenvironment [557].
Inflammatory cells have been shown to play a significant role in the restoration of
vascular networks through the ECM reconstruction, endothelial cell fusion, and
increased collagen synthesis. Macrophages and fibroblasts have been observed to
degrade scaffold networks and generate type I collagen, thereby leading to the
gradual replacement of the construct with regenerated tissue [558]. Samples taken
seven weeks after implantation demonstrate that the biomaterials do not induce a
cellular immune response, as there is an absence of macrophages or giant cells
within or around them. Furthermore, histological analysis revealed the presence of
a thin layer of connective tissue surrounding the structures, which is interpreted as
a non-harmful reaction whereby the materials interact with the cells in a
biocompatible way, rather than resulting in encapsulation or fibrosis due to a
foreign body response. As anticipated, the Integra® dermal substitute, which is
commonly used in clinical settings, did not exhibit toxicity in the sample, as no
macrophages were observed. The scaffold also demonstrated stability over time,
although there appeared to be less cellular infiltration within the scaffold after seven
weeks. Inflammation is a physiological response of the body to damage. The
presence of macrophages is necessary and beneficial in the early stages of healing.
However, if this situation persists over time, the wound will not progress to the
subsequent stage of the healing process, as it will prevent proliferation and become
chronic. Macrophages initially exhibit an M1 phenotype, which enables them to act
as microbicides and facilitate cell migration. Subsequently, they adopt an anti-
inflammatory M2 phenotype, which promotes neovascularisation, re-
epithelialisation = and  fibroblast migration. = Consequently, persistent
hyperinflammation represents a defining feature of chronic wounds, with
macrophage malfunction serving as a significant contributing factor [152], [153].

Based on the outcomes, it can be concluded that neither of these substances
is toxic since all the mice used in this experiment survived without any abnormal
behaviour, such as dull, bristly fur or pain. Furthermore, in vivo subcutaneous
implantation experiments in mice demonstrate the in vivo stability over time and
excellent biocompatibility of both elastin membranes and elastin hydrogels as they
do notelicit cytotoxicity or an aggressive inflammatory response after subcutaneous
placement. Additionally, the appropriate porosity of the scaffolds facilitates optimal
cell invasion without a foreign body reaction and superior neovascularisation in
comparison to Integra®, a commercially available dermal substitute that is
routinely administered in hospitals. The presence of RGD cell adhesion sequences
also contributes to the enhanced cell adhesion observed, in conjunction with the
inherent properties of the elastin, including adequate mechanical properties and
excellent biocompatibility. In addition, the thinner elastin membranes facilitate cell
proliferation against elastin hydrogels, and also enhance the diffusion of nutrients
and gases. Nevertheless, while cell invasion and degradation of the synthetic matrix

198




RESULTS: PARTI

are important for tissue regeneration, they cannot guarantee sufficient repair.
Consequently, we will perform specific experiments on mouse skin wounds to
validate the efficacy of ELR membranes in improving wound healing. The
aforementioned models permit the simulation of realistic wound conditions.

3.1.5.2.- Assessment of wound regeneration capacity
of ELR membranes using a murine excisional wound

model

After studying the biocompatibility of protein materials through
subcutaneous implantation in mice, it was observed that they exhibited low
immunogenicity, no toxicity, high biocompatibility, and low inflammation and
fibrosis. Therefore, it is necessary to evaluate the efficacy of elastin membranes in
facilitating the total excision wound healing process to determine their potential use
as a dressing for chronic wounds.

As in the aforementioned biocompatibility study, the 3R principle was also
considered to optimize and minimize the number of experimental animals. Figure
50A shows that the most commonly used model to mimic clinical wounds is the
formation of full-thickness excisional wounds in the dorsal region of C57BL/6] mice.
Prior to the surgical procedure, the hair on the dorsal region was shaved with an
electric razor, followed by the application of depilatory cream. Subsequently, the
skin was then cleansed with 70 % alcohol, and two full-thickness excisional wounds,
which extended through the fleshy panniculus on the dorsum, were produced by
using a 4-mm biopsy punch. In order to evaluate the effectiveness of the
biomaterials in the healing process, VKV-SKS membranes are placed over the
wounds. In addition to the membranes, the study also included the use of VKV-SKS
hydrogels, Pluronic hydrogels, and wounds without biomaterials. A comparison was
made between the membrane and elastin hydrogel with the uncovered wound and
the Pluronic hydrogel, which is commonly used for skin healing studies. The
materials were then covered with Tegaderm® medical adhesive tape in order to
hold them in place during the healing process and to avoid wound contraction by
mechanically fixing the skin. This process promotes re-epithelialisation healing,
which more closely resembles the process that occurs in humans. The tape used in
the experiment is air-permeable, thereby facilitating the delivery of oxygen to the
healing site. Tegaderm® tape was not changed during the experiment to avoid
causing additional damage to the wound, given the difficulty in removing it. To
alleviate discomfort, buprenorphine was injected intradermally for the first 48
hours. A total of eight experimental samples were obtained for each of the four
experimental conditions, with four mice per condition. All mice survived the
experiment without experiencing pain, although some sustained skin wounds while
attempting to remove the Tegaderm® plastic covering the wounds and
biomaterials. Following the sacrifice of the animals, skin biopsies were collected
from the wound site eight days after the injury.
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Figure 50B and Figure 50C illustrate the macroscopic appearance of the total
excision wounds in mice and the application of the biomaterials: (B) the use of ELR
membranes and (C) the use of ELR hydrogels, which completely covered the
wounds. A schematic for the collection of wound samples for histological analysis is
presented in Figure 50D. A sample can be collected from either a fresh wound (I) or
from a healed wound. In the former case, the normal skin adjacent to the wound
should be collected and a 30-40 mm rectangle cut around the wound (dashed box).
In order to ensure the collection of accurate and reliable information from the
samples, the skin should be mounted on Whatman filter paper with the epidermis

facing upwards (III) and then cut into sagittal sections for histological processing
(dashed lines) (II).
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Figure 50: Assessment of wound healing process in a full-thickness excisional wound murine model.
A) Schematic illustration of the study design. B) Macroscopic appearance of the excision wounds in mice and the
application of the ELR membranes, which completely cover the wounds. C) Macroscopic appearance of the excision
wounds in mice and the application of the ELR hydrogels, which completely cover the wounds. D) Schematic for the
collection of wound samples for histological analysis. A sample can be collected from a fresh wound (I) by first
collecting the normal skin adjacent to the wound and cutting a rectangle measuring 30-40 mm around the wound
(dashed box). In order to ensure the accuracy and reliability of the information obtained from the samples, the skin
should be mounted on Whatman filter paper with the epidermis facing upwards (III) and then cut into sagittal
sections for histological processing (dashed lines) (II). E) Daily representative macroscopic images of in vivo
wounds on days 0, 4 and 8 post-injuries. The size and shape of the initial wound, as well as the progression of wound
healing, were observed at various time points in the same wound for different experimental samples, including an
ELR membrane, an ELR hydrogel, a Pluronic hydrogel, and an uncovered wound. Scale bar = 0.5 mm. A figure in the
right panel displays the temporal evolution of wound area. F) Quantification of the wound healing rate (%).

To monitor the wound healing process in real-time, photographs of the
wound surface were taken daily throughout the experiment, as illustrated in Figure
50E. The results indicate that the biomaterials were fully integrated into the
surrounding tissue, emphasising the significance of scaffold hydrophilicity in
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biomaterial-tissue integration [559]. Figure 50E also displays representative images
of the longitudinal monitoring of wound healing progress with different treatments
on days 0, 4, and 8. Additionally, a graph representing the temporal variation in
wound area is presented at the end of each sequence. In all cases, the images
demonstrate a gradual reduction in size over time, indicative of the healing process.
Nevertheless, after eight days, no wound has reached a state of complete closure.
According to the literature, a total excision wound in a healthy mouse should close
completely within seven days after injury [560]. It is possible that the use of
Tegaderm® adhesive tape may resultin a delay in the healing process. However, the
use of adhesive tape is imperative because the biomaterials must be retained in situ
to prevent their disappearance when the animals scratch. Furthermore, the
application of this Tegaderm® to the skin mechanically fixes it, thereby preventing
the skin from healing by contraction and facilitating the re-epithelialisation process
that occurs in human skin.

The images permit a quantitative assessment of the rate of epithelial closure
during skin wound healing, as shown in Figure 50F, using the Image] software. The
wound healing rate was calculated by comparing the wound size at each time point
with the original wound size on day 0. Over time, the wound size decreased
progressively, with no significant difference observed between empty wounds
(controls) and wounds treated with biomaterials. All materials employed were
found to maintain wound moisture and promote healing. However, the closure rate
of wounds treated with elastin membrane (approximately 70 %) is slightly higher
than those treated with Pluronic hydrogels (approximately 60 %), which are
commonly used in wound healing. It has been observed that the ELR membrane
exhibits a slightly higher tendency towards closure, in comparison to the ELR
hydrogel. This may be attributed to the fact that the membrane is thinner and
therefore presents a higher oxygen permeability. Furthermore, the thinness of the
membrane may facilitate the adhesion and proliferation of adjacent tissue cells
more easily through it, thereby making it easier the reconstruction of the three-
dimensional network of new tissue.

It is important to note that sometimes it is difficult to define the edge of the
wound, either because of the biomaterial, because the Tegaderm® tape slightly
interferes with the sharpness of the image, or because the size of the wound also
depends on the perspective from which images are taken, always trying to get a
representative and adequate image to take and compare data.

In order to analyse the morphology and progression of wound healing,
samples were stained with H&E, in a manner analogous to the aforementioned
biocompatibility assay. Additionally, Masson's trichrome staining was also
employed in a full-thickness excisional wound samples in mice. Figure 51 presents
cross-sectional images of elastin VKV-SKS membranes, elastin hydrogels, Pluronic
hydrogels, and untreated wounds, stained with H&E and observed at various
magnifications (4X, 10X, and 40X) after eight days of healing. The information that
can be provided by H&E staining is similar to that obtained through the ex vivo assay,
including detailed views of the epidermis, dermis, and epidermal tongue, which
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highlight cell types and morphology. The violet hue of the cells contrasts with the
pinkish-grey materials, which aids in the identification process. The frontal images
of the wounds provide extensive information, including the level of re-
epithelialisation, which is measured by the distance between wound margins and
the number of cell layers in the newly formed tissue. Furthermore, the images also
permit comparisons of the morphology and size of new cells with that of the
surrounding undamaged tissue.
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Figure 51: Haematoxylin and Eosin staining of full-thickness excisional wounds in mice.
Representative H&E staining images of wounds without material, with ELR-membrane, ELR hydrogel, and Pluronic
hydrogel at 8 days post-injury. Columns correspond to different magnifications, while rows indicate different
materials. The black arrows identify newly formed capillaries, while the purple arrows indicate the distance
between the edges of the epidermis forming the epithelial gap. The small black arrows indicate the presence of
neutrophils in the dermis. Scale bar standard image (4X) = 500 um. Scale bar zoomed image (10X) = 100 um and
(40X) = 50 um.

As animal sacrifice is a requisite for obtaining tissue samples for histological
analysis, only data collected at the experimental point, eight days after surgery, is
utilized. The obtained images, as shown in Figure 51, demonstrate that the elastin
materials are well integrated into the tissue, with cell nuclei present within the
scaffold. When Tegaderm® medical adhesive tape is used to secure the edges and
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prevent shrinkage, it is observed that animal cells invade the material from the edge
in contact with the tissue. This process is analogous to the re-epithelialisation of
human skin, which was investigated in the previous chapter with the ex vivo
experiments.

The images reveal that cell mobility is superior when working with elastin
membranes compared to hydrogels. Both materials have cell adhesion domains
(RGD) that facilitate the recruitment of cells from the surrounding tissue. However,
the thinner and more porous structure of the membranes allows for easier access to
the interior, promoting cell proliferation and complete colonization of the structure,
which facilitates tissue reconstitution and accelerates the healing process. In
addition, the thinner membrane exhibits greater permeability to oxygen, allowing
for easier exchange of nutrients and debris, which promotes wound healing through
fibroblast proliferation and collagen synthesis [561]. Keratinocytes proliferate
below the membrane, reconstituting the epidermis with several layers of ordered
cells. However, they can also grow above and within it, as evidenced by the detailed
images (40X). In contrast, the elastin hydrogels display a disorganized population of
undifferentiated and unordered cells.

In addition, both the membrane and the hydrogels permit the retention of
moisture within the wound, thus preventing direct exposure to air, which would
result in the cells becoming dehydrated and leading to their demise. This situation
would result in the formation of a scab over the wound, which would impede the
healing process. It is therefore demonstrated that these three-dimensional
networks act as an extracellular matrix for cells to incorporate into their structure,
increasing epithelial cell migration and further promoting wound healing while
reducing scarring. This is in accordance with the findings presented in the
bibliography [456], [562]. The Pluronic hydrogel is also capable of maintaining
moisture in the wound, and the formation of scabs is also not observed in these
samples.

The assessment of wound healing included an evaluation of the inflammatory
response, re-epithelialisation, and granulation tissue formation. The initial response
to skin injury is the inflammatory reaction, which can influence the quality of tissue
repair [563]. Innate immune cells, such as neutrophils and macrophages, are
recruited to the wound site to eliminate pathogens and wound debris. Additionally,
they produce proangiogenic growth factors and bioactive cytokines that accelerate
angiogenesis and attract regenerative cells to the injury site [564]-[569]. In
addition, these cells play a crucial role in the biodegradation process of biomaterials.
They are the first colonisers of the material surface after implantation and possess
mechanisms that help to lower the pH of the microenvironment, facilitating
biomaterial degradation. Recent studies have reported that ELR hydrogels may be
capable of recruiting and modulating macrophages, thereby being biologically active
and highly desirable materials for wound healing, facilitating tissue regeneration
[570]. In the in vivo murine wound model, all experimental samples demonstrated
the ability to attract a significant number or neutrophils and macrophages to the
wound site, facilitating their infiltration into the wound. As the healing process
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progresses, the proportion of inflammatory cells at the wound site is expected to
decline gradually. H&E-stained images revealed a moderate inflammatory response
after eight days, characterized mainly by neutrophils in all experimental samples.
This is illustrated by the small black arrows (40X) in Figure 51, observing a massive
infiltration of neutrophils in the dermis, which are recognised for small circular
purple cells [571]. However, wounds treated with ELR membranes exhibited a
lower density of violet-stained inflammatory cells, resulting in less wound exudate
[572].

Proliferation occurs subsequent to the resolution of inflammation, leading to
re-epithelialisation, granulation tissue formation, and the restoration of the vascular
network. This process restores the structure and function of the wounded skin by
replacing the provisional wound matrix formed during haemostasis. The
histological examination of the H&E images reveals that during the process of re-
epithelialisation, the epidermal keratinocytes of the basal layer at the wound edge
undergo proliferation and migration towards the centre of the wound. This process
is illustrated in Figure 51, where the new epithelial layer and the restoration of the
skin barrier are observed [573]. As previously described, the epithelial gap is the
distance between the edges of the epidermis (purple arrows). Epithelial tongues
advance to close the epithelial gap and form the new epidermis until complete
closure, as depicted in the detailed image of the wounds without biomaterials (40X).
Epithelial thickness is another crucial parameter that determines the degree of
epithelialisation. The histological examination of the samples containing the
Pluronic hydrogel revealed the presence of a well-structured and formed
epithelium, comprising distinct layers of keratinocytes. Furthermore, there is
evidence of cell proliferation above and below the membranes, which appears to
form a new epithelial layer, thus reducing the epithelial gap. Samples without the
material exhibited visible epithelial tongues. However, complete healing of the
epidermis is not observed for ELR hydrogels, as there is no observed keratinocyte
cell organization.

The proliferation stage of wound healing requires the formation of new blood
capillaries, which ensure the supply of oxygen and nutrients to growing tissues
[574]. During this stage, new capillaries grow rapidly, resulting in a dense network
of blood vessels with denser capillaries than normal tissue. Wound angiogenesis is
gradually suppressed when tissue hypoxia is restored. This is due to a decrease in
the level of growth factors in the granulation tissue and a subsiding of inflammation
[575]. Consequently, assessing wound angiogenesis can often correlate with the
progression of healing. The formation of small blood vessels (black arrows) can be
observed in samples with ELR membranes, as illustrated in Figure 51, which is
similar to samples with ELR hydrogels. Furthermore, these vessels are observed in
the samples devoid of materials and in the Pluronic hydrogels.

In the later stages of the wound healing process, accelerated angiogenesis can
promote the synthesis of collagen fibres at the wound site. This process assists in
the maturation of granulation tissue, which is an important indicator of tissue
remodelling [576]. Collagen acts as a primary structural protein in the extracellular
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matrix, and its presence at wound sites is indicative of efficient tissue regeneration
[575]. Histological samples were stained with Masson's trichrome, as displayed in
Figure 52, to illustrate cross-sectional images of elastin membranes, elastin
hydrogels, Pluronic hydrogels, and wounds without biomaterial treatment at
different magnifications (5X, 10X, and 20X) after 8 days of healing. The cytoplasm
of epidermal and dermal cells was stained red, similar to that observed in muscle
fibres or keratin. In contrast, collagen fibres in the dermis were stained blue, and
cells and components of the surrounding connective tissues were distinguishable.
The scaffolds were not stained and appeared greyish in colour.
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Figure 52: Masson's Trichrome staining of full-thickness excisional wounds in mice. Representative
Masson's Trichrome staining images of wounds without material, with ELR-membrane, ELR hydrogel, and Pluronic
hydrogel at eight days post-injury. Columns correspond to different magnifications, while rows indicate the different
materials. The black arrows identify the presence of newly formed capillaries. Scale bar standard image (5X) = 100
um. Scale bar zoomed image (10X) = 100 um and (20X) = 100 um.

The use of ELR membranes resulted in a smaller granulation tissue space
between the healthy dermis on both sides of the wound compared to the control
groups (wound without biomaterial and Pluronic hydrogel). Furthermore, ELR
membrane treatment led to increased collagen deposition, resulting in thicker, more
organized and packed fibre bundles. Furthermore, the fibroblasts located beneath
the granulation tissue area exhibited a more developed morphology, being arranged
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horizontally in sheet-like patterns. Conversely, the fibres and fibroblasts in the
remaining experimental groups exhibited a reticular pattern with both vertical and
horizontal orientations [572], [577]. The orientation of collagen in scar tissue is of
significance, as it can lead in the formation of stiff and inflexible tissue. Furthermore,
the excessive production of collagen can result in the loss of tissue elasticity, which
may give rise to hypertrophic or keloid scars [578]. Consequently, the presence of
an elastin membrane appears to enhance the structural organisation of scar tissue
by facilitating the formation of more organised collagen fibres. Moreover, in the
preceding chapter, ex vivo experiments demonstrated that the use of elastin
membranes reduced wound contraction, because it is a highly elastic material that
may also influence collagen production and organisation, preventing the formation
of visible contracted scars.

The present study employed an in vivo full-thickness excisional mouse
wound model to validate the efficacy of elastin biomaterials in accelerating wound
healing rates. It has been demonstrated that the speed of wound healing is higher in
membranes than in both elastin and Pluronic hydrogels. This may be attributed to
the thinner dimensions of the membranes, which makes it easier the proliferation
and migration of cells, thereby reconstituting the epidermis with several layers of
ordered cells. In addition, the reduced thickness and high porosity of the membrane
facilitate the exchange of nutrients and oxygen, which improves the wound healing
process. Furthermore, elastin-based biomaterials retain moisture in the wound,
thereby preventing the formation of scabs that impede the healing process. The
histological examination of the samples using H&E staining revealed that wounds
treated with VKV-SKS membranes exhibited a lower density of inflammatory cells,
resulting in a reduction in wound exudate. Moreover, a re-epithelialisation process
can be observed from the edges of the wounds, where keratinocytes proliferate and
migrate towards the interior of the wound to close it, thereby restoring the skin
barrier. Additionally, samples treated with ELR membranes revealed the formation
of small new blood vessels, a phenomenon also observed in samples with hydrogels.
Finally, to evaluate the maturation of granulation tissue, through collagen synthesis,
Masson's trichrome staining is used as an indicator of this tissue remodelling. The
results demonstrate that elastin membranes facilitate the alignment of collagen
fibres, thereby preventing the formation of rigid tissue with limited flexibility.
Additionally, the elasticity of these materials reduces wound contraction, promoting
healing that prevents the formation of visible contracted scars. The preceding
analysis leads to the conclusion that elastin membranes offer some advantages over
Pluronic hydrogels, including a faster healing speed, the formation of more new
blood vessels, and the organisation of the collagen formed. These membranes,
therefore, appear to be promising candidates for use as wound dressings for the
treatment of challenging wounds.

The study was conducted on healthy mice using a conventional model, and
the results were found to be promising. It would be worthwhile to test more
complex models, such as diabetic mice with impaired normal healing, in order to
simulate chronic wounds and evaluate the effect of biomaterials on the healing
process. Additionally, pigs could be also utilised as a model, as their skin exhibits
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characteristics similar to those of humans, including the process of re-
epithelialisation and granulation tissue formation. The objective of these
experiments is to assess the efficacy of biomaterials in the treatment of chronic
wounds and burns.

Despite the favourable results obtained with elastin membranes, the process
of optimising their synthesis is arduous and complex. This is due to the necessity of
obtaining two immiscible phases through the mixing of multiple organic solvents.
For this reason, in the subsequent chapter, in which new functionalities will be
incorporated into elastin polymers, we will develop new hydrogels, as their
synthesis is more straightforward and this preliminary stage of optimisation of the
ideal condition is sufficient to determine if these new sequences improve the
properties of the ELR polymers.
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3.2.- Development of advanced
biomaterials functionalized with laminin
mimetic peptides to enhance the wound
healing process

3.2.1.- Synthesis and characterisation of
biofunctionalized hydrogels using click
reaction chemically grafted laminin peptides

3.2.1.1.- Synthesis of laminin mimetic peptides

3.2.1.1.1.- Peptide sequence selection

he literature search resulted in the selection of the laminin mimetic peptides

AASIKVAVSADR and PPFLMLLKGSTR for the functionalisation of elastin

polymers. These sequences support the adhesion and growth of fibroblasts
and keratinocytes, thereby favouring the wound healing process through the
application of potential wound dressings that can assist in the treatment of chronic
wounds. On the one hand, the peptide with the amino acid sequence
AASIKVAVSADR is located in the globular region of the long a-chain of laminin 1.
This sequence has been shown to promote various functions, including cell
adhesion, differentiation, and migration, by binding to a3f1, a4f1, and a6p1
integrins [579]. Additionally, this peptide enhances endothelial cell mobilisation,
capillary branching, and vessel formation, thereby promoting angiogenesis, a
process essential for tissue healing [580]. On the other hand, the peptide
PPFLMLLKGSTR is present in the globular domain (LG3) of the a3-chain of laminin
5. This sequence regulates a number of cellular functions, such as cell adhesion,
spreading, and motility [581]. Laminin-5 regulates the adhesion of epithelium to
underlying connective tissue and interacts with cell surface receptors, such as a31
integrins, to form focal adhesions, which are associated with actin-containing stress
fibres and promote keratinocyte motility, accelerating re-epithelialisation and
aiding wound healing [582]. In a series of experiments conducted on rats and rabbits
with full-thickness wounds, the active peptide was found to significantly promote
wound healing. These outcomes were achieved by accelerating re-epithelialisation,
reducing inflammatory cell infiltration, and enhancing fibroblast proliferation [71].

The peptides selected for their functionality are AASIKVAVSADR and
PPFLMLLKGSTR. In order to attach the peptides to the polypeptide chain of the
polymer, an extra lysine amino acid is added to the N-terminal end with a coupled
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azide (K-N3), resulting in the N3-KAASIKVAVSADR and N3-KPPFLFLMLLKGSTR
peptides, as illustrated in Figure 53. In this manner, the elastin polymer containing
cyclooctynes can be functionalised by a click reaction with the azide-containing
synthetic peptides.

3.2.1.1.2.- Peptide synthesis

Peptides were synthesised manually using the solid phase peptide synthesis
(SPPS) with Fmoc strategy. This technique involves the sequential addition of amino
acids to a growing resin, whereby the linear peptide chain is extended through
repetitive cycles of coupling, washing, deprotection, and washing. The amino-
terminal end of a peptide bound in a solid phase is coupled to a single N-protected
amino acid unit. The unit becomes unprotected, thereby revealing a new amino-
terminal end where another amino acid can bind. SPPS progresses from the C-
terminal to the N-terminal end, in contrast to protein synthesis carried out by
ribosomes. Figure 53 presents a schematic representation of the assembly of
AASIKVAVSADR and PPFLMLLKGSTR peptides by SPPS. The amino acid N-terminal
of monomers is protected by Fmoc groups and added to an unprotected amino acid
chain. The coupling cocktail for each amino acid comprises the corresponding side-
chain protected amino acid, N,N-diisopropylethylamine (DIPEA) as the base, and
[(1H-benzotriazol-1-yl)  (dimethylamino)-methylene]-N-methylmethanaminium
(HBTU) as the coupling agent. The deprotection of the side-chain protecting groups
and cleavage of the peptide from the resin were performed under acidic TFA
conditions.
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—N —Rink Amide - Arg -Asp - Ala - Ser -Val -Ala -Val -Lys - lle -Ser - Ala - Ala - Lys
- o

N—Rink Amide=Arg =Thr =Ser =Gly =lys = Leu= Leu= Met =Leu=Phe=Pro=Pro=-Lys
1 1
H N,

Figure 53: Schematic representation of the peptide assembly process via SPPS. A) Ns-
KAASIKVAVSADR and B) N3-KPPFMLLKGSTR. Numbered sections indicate the order of assembly. The numbers used
refer to the following: (1) the attachment of a rink amide linker; (2) the coupling of the amino acids in the order
specified by the peptide sequence; (3) the coupling of one lysine with azide to provide a click reaction.

In the synthesis of these two peptides, an azide-tethered lysine was
introduced at the end of the peptide chain. This modification does not affect the
functionality of the peptide, but enables it to bind and functionalise the elastin
polymers through a click reaction.

The Expasy program was employed to calculate the atomic composition and
molecular weight of the peptides. The peptide N3-KAASIKVAVSADR has a molecular
weight of 1340.96 g/mol and an atomic composition of Cs6éH100N2001s. The peptide
N3-KPPFLMLLKGSTR has a molecular weight of 1513.69 g/mol and an atomic
composition of CeoH116N2001651.

The two-dimensional (2D) structure was generated using the ChemDraw
program and is depicted in Figure 54A. The three-dimensional (3D) structure was
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predicted and modelled using the PEPFOLD3 program [583] based on the amino
acid sequences and is illustrated in Figure 54B.

In order to calculate the hydrophilicity profiles of the peptides, in addition to
the net charge, the Bachem  peptide calculator was  used
(https://www.bachem.com/knowledge-center/peptide-calculator). Figure 54C
displays the hydrophilicity profiles generated by the aforementioned program. For
the peptide N3-KAASIKVAVSADR, the predicted net charge at pH 7 is 2, and its
average hydrophilicity is 0.45. For the peptide N3-KPPFLMLLKGSTR, the predicted
net charge at pH 7 is 3, and its average hydrophilicity is -0.02.
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Figure 54: 2D and 3D structures of the synthesised peptides. A) 2D structures of laminin peptides using
the ChemDraw program. B) 3D structures of laminin peptides were generated using the PEPFOLD3 program. C)
Summary table of hydrophilicity characteristics, as determined by the Bachem peptide calculator.

The solubility of a peptide can be predicted based on its amino acid
composition, as it is related to the hydrophobicity of peptide. The sequence
KPPFLFLFLLKGSTR contains numerous hydrophobic residues (W, L, [, F, M, V, Y, P,
A), which renders it generally insoluble in aqueous solutions and typically soluble
in organic solvents such as DMSO or DMF. The IKVAV sequence is also hydrophobic
due to the uncharged amino acids and has low solubility in water [584], [585]. To
enhance its solubility, polar and charged amino acid residues are introduced into
the peptide sequence, resulting in the sequence KAASIKVAVSADR, which is more
soluble in aqueous solvents and can also dissolve in organic solvents.
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3.2.1.2.- Physico-chemical characterisation of laminin

mimetic peptides

In order to guarantee the correct synthesis of peptides, a series of general
characterisation techniques are employed prior to their utilisation. These
techniques include amino acid analysis with HPLC, NMR spectroscopy to provide
peptide fingerprint data, as well as mass spectrometry (UPLC-ESI-qTOF) to
determine the purity and molecular weight of the final products.

Firstly, the amino acid composition of the synthesised peptides was verified.
Figure 55A presents the theoretical numerical values (Theor.) calculated with the
Expasy program and the experimental values (Exp.) of the amino acids composing
each peptide. The experimentally determined number of residues closely matched
the theoretical values calculated from the peptide sequence, thereby confirming the
accuracy and purity of the synthesised peptides (KAASIKVAVSADR and
KPPFLMLLKGSTR). Any slight variations were within the experimental error
associated with the technique. Furthermore, this technique also serves to confirm
the absence of any unwanted contaminants.
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Figure 55: Physico-chemical characterisation of laminin mimetic peptides. A) Predicted and
measured amino acid compositions for the KAASIKVAVSADR and KPPFLMLLKGSTR peptides using HPLC following
acid hydrolysis. B) The UPLC-ESI-qTOF spectra of the KAASIKVAVSADR and KPPFLMLLKGSTR peptides. Marked
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peaks correspond to the third, second, and first charged ions, respectively. The samples were dissolved in DMSO at
a concentration of 1 mg/mL. C) 1H-NMR spectra of the KAASIKVAVSADR and KPPFLMLLKGSTR peptides.

To further verify the successful synthesis of peptides using the SPPS strategy,
ultra-high performance liquid chromatography (UPLC) coupled in tandem with a
quadrupole time-of-flight mass spectrometer (MS-qTOF) is employed to accurately
determine the experimental molecular weight (Mw) [586]. The MS acquisition for
the synthesized peptides is performed in full scan mode using ESI-qTOF positive ion
mode, providing an overview of the products. Figure 55B presents the mass spectra
of the KAASIKVAVSADR and KPPFLMLLKGSTR peptides, respectively. The spectra
permit the precise determination of the molecular mass of compounds, thereby
confirming the correct peptide synthesis. The abscissa axis displays the mass-to-
charge ratios (m/z) of the ions detected with mass in Dalton, while the ordinate axis
shows the relative intensities of the ions produced. Figure 55B illustrates the first
ionisation of the analyte (M+H)*, which enables precise determination of the peptide
weight (m/z = m/1 = m). Additionally, second ionisation (M+2H)*? and third
ionisation (M+3H)*3 are also displayed. For the KAASIKVAVSADR peptide, the value
of the first ionisation (M*) is 1340.79 Da, which is in agreement with the theoretical
molecular weight. Moreover, the second ionisation (M*2) has a value of 670.90 Da,
while the third ionisation (M*3) is 447.60 Da. For the peptide KPPFLMLLKGSTR, first
ionisation (M*) reveals a value of 1512.90 Da, which is similar to its theoretical
molecular weight. Furthermore, the second ionisation (M*2) has a value of 756.95
Da, while the third ionisation (M*3) has a value of 504.97 Da. The theoretical mass-
to-charge ratio (m/z) of peptides and their respective fragment ions were generated
using the MS product tool of the ProteinProspector online program. The
experimental molecular weights are in close agreement with the theoretical values,
which indicates that the peptide synthesis was successful. Table 27 provides a
summary of these values.

Table 27: Predicted and measured molecular weights (Mw) for peptides (KAASIKVAVSADR and KPPFLMLLKGSTR)
were determined using UPLC-ESI-qTOE.

Theor. (Da) Exp. (Da)

KAASIKVAVSADR 1340.96 1340.79
KPPFLMLLKGSTR | 1513.69 1512.90

Furthermore, the chemical composition of each peptide is determined by
analysing the spectra with the Compass IsotopePattern application (Bruker), and
confirming the empirical molecular formula through total atom content calculations.
The elemental analysis of the KAASIKVAVSADR peptide reveals an empirical
formula of CseH100N2001s, with an elemental composition of 50.14 % C, 7.51 % H,
20.88% N, and 21.47 % O. Similarly, the elemental analysis of the KPPFLMLLKGSTR
peptide shows an empirical formula of Ce9H116N20016S1, with an elemental
composition of 54.74 % C, 7.72 % H, 18.50 % N, 16.91 % O, and 2.12 % S. Both
peptides are confirmed to have been synthesised correctly, as the experimental
mass is similar to the theoretical mass predicted in the Expasy program.

Finally, the correct synthesis of the peptides is confirmed by analysing the
1H-NMR spectra. To achieve this, the different types of protons present in the
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peptides are theoretically studied using the ChemDraw programme, with the
resulting values then being compared with the experimental results of the signal
integrals for each corresponding region. Figure 55C illustrates the NMR spectra with
the corresponding integrals of the laminin mimetic peptides, KAASIKVAVSADR and
KPPFLMLLKGSTR. In addition, a detailed description of each proton types observed
in the spectrum is provided in the appendix to this chapter.

The NMR spectrum of the KAASIKVAVSADR peptide displays signals in six
characteristic areas. The first zone, between 0.7 and 0.9 ppm, exhibits signals from
methyl groups of valine and isoleucine. The second zone, between 0.9 and 3.1 ppm,
displays three multiplets, corresponding to the amino groups of lysine, the methyl
groups of alanine and isoleucine, the methylene groups of lysine, aspartic acid,
arginine and isoleucine, and the methine groups of isoleucine and valine. In the 3.4-
4.5 ppm region, the principal resonance is from the methine groups adjacent to the
amido group, in addition to the methylene group of serine and the methylene group
in the alpha position to the guanidinium group of arginine. Two broad singlet signals
corresponding to the protons of the hydroxyl groups of the serines are observed at
5.1 and 5.2 ppm. Additionally, three singlets corresponding to the protons of the
guanidinium group of arginine are observed between 7.1 and 7.5 ppm. The final
zone of characteristics, ranging from 7.7 to 8.6 ppm, comprises four multiplets that
correspond to the protons of the amido group of all the amino acids present.

The KPPFLMLLKGSTR peptide exhibits the same six characteristic zones of
the spectrum as the KAASIKVAVSADR peptide, although some signals correspond to
protons of different amino acids. The first zone of the spectrum corresponds to a
range of 0.7-0.9 ppm, wherein the methyl groups of leucine resonate. In the second
zone of the spectrum, between 0.9 and 3.1 ppm, there are three multiplets. These
correspond to the amino groups of lysine, the methine groups of leucine, and the
methyl groups of leucine, methionine, arginine, proline, and lysine. Furthermore, the
more unshielded methyl groups of methionine and threonine are present. In the
zone corresponding to 3.4-4.5 ppm, the majority of the resonances are attributed to
methylenes and methines adjacent to the amido group. At 5.0 and 5.2 ppm, two
broad singlet signals are observed, corresponding to the protons of the hydroxyl
groups of serine and threonine. Between 7.1 and 7.5 ppm, two multiplets are
observed, corresponding to the aromatic protons of phenylalanine and the protons
of the guanidinium group of arginine. The last characteristic zone, in the range of 7.6
to 8.2 ppm, comprises two multiplets corresponding to the amido group protons of
all amino acids, with the exception of proline.

In both cases, the synthesis of the KAASIKVAVSADR and KPPFLMLLKGSTR
peptides was confirmed as correct, as the experimentally obtained values of the
integrals of the signals of each corresponding region matched the theoretically
planned values. Consequently, based on the results of all the experimental
techniques employed, it can be concluded that both peptides have been successfully
synthesised and are suitable for use in the formation of biofunctionalized hydrogels.
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3.2.1.3.- Laminin peptide-functionalized click
hydrogel

3.2.1.3.1.- Binding of VKV-cc with peptides-Ns

The synthesis of this tricomponent ELR hydrogel is achieved through the
application of two consecutive click chemistry reactions. Prior to gelation, the VKV
polymer is functionalised with laminin peptides (VKV-cc + peptide-N3).
Subsequently, a second click reaction occurs between the VKV-peptide with free
cyclooctyne groups and the SKS-N3 polymer, resulting in the formation of peptide-
functionalised hydrogels (VKV-peptide-SKS). In order to achieve this, the required
mass must be calculated by considering the molecular weight of the components
(ELR polymer and peptide) and the number of peptides to be included.
Consequently, the mass will vary depending on the specific peptide type
(KAASIKVAVSADR or KPPFLMLLKGSTR) and the concentration of peptides to be
anchored (2X, 4X, and 6X). Table 28 presents a summary of the mass ratios used to
obtain 150 mg of VKV-cc polymer at each of the increasing peptide concentrations.

Table 28: Summary of the mass ratios used to functionalise the VKV-cc polymer with increasing peptide
concentrations.

VKV-cc + 2X peptide VKV-cc + 4X peptide VKV-cc + 6X peptide

mass (mg) mass (mg) mass (mg)
VKV-cc 150 150 150
KAASIKVAVSADR 6.7 13.5 21.2
KPPFLMLLKGSTR 7.6 15.2 23.7

In order to ascertain the efficacy of peptide anchoring to the ELR polymer at
varying concentrations (2X, 4X, and 6X), the VKV-cc polymer with peptides was
characterised using several techniques. These included amino acid analysis with
HPLC, NMR spectroscopy to provide peptide fingerprint data, mass spectrometry
(specifically MALDI-TOF) to determine the purity and molecular weight of the final
products, as well as ATR-FTIR spectroscopy.

3.2.1.3.2.- Physico-chemical characterisation of the VKV-peptide anchoring

Once the anchoring reaction of the peptide to the VKV-cc polymer has been
completed, the effectiveness of the attachment process is evaluated through the use
of a range of experimental techniques. Consequently, Table 29 displays the amino
acid composition analysis for the modification of the VKV-cc polymer with peptides
at varying concentrations (2X, 4X, and 6X). The table presents both the theoretical
numerical values (Theor.) calculated using the Expasy program and the
corresponding experimental values (Exp.) of the amino acids comprising each
system.

In order to guarantee the correct attachment of peptides to the VKV-cc
polymer, it is necessary to analyse the amino acids derived from the peptide and
observe their evolution as the concentration varies. Table 29A presents the study of
the KAASIKVAVSADR peptide, with the amino acids of interest highlighted by a
dotted rectangle. The amino acids alanine (A), arginine (R), isoleucine (I), and serine
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(S) exhibit increasing values as the number of peptides anchored to the VKV-cc
peptide chain increases, thereby confirming their correct anchoring at all
concentrations. Table 29B presents the study of the KPPFLMLLKGSTR peptide, with
the amino acids of interest highlighted by a dotted rectangle. The amino acids
arginine (R), leucine (L), methionine (M), and threonine (T) exhibit an increase in
values as the number of peptides anchored to the peptide chain of VKV-cc increases,
thereby confirming their correct anchoring at all concentrations. In all cases, the
experimentally determined number of residues was found to be in close agreement
with the theoretical values calculated from the peptide sequence, thereby
confirming the accuracy and purity of the compounds formed from VKV-peptides.
The slight variations were within the experimental error associated with the
technique.

Table 29: Predicted and measured amino acid composition for VKV-cc + peptides using HPLC following acid
hydrolysis. A) Results for the KAASIKVAVSADR peptide and B) Results for the KPPFLMLLKGSTR peptide.

VKV-cc+2Xpept VKV-cc+4Xpept VKV-cc+6Xpept

Amino Acid Theor. Exp. Theor. Exp. Theor. Exp. Theor. Exp. Theor. Exp.
U E N R D O S I I T 7 N T I - L
CAg@®) [0 [ T T T T I T T[T T T T T TR T T AT T T [T e T TR
YY) BN A R S R [V IR R [N U I [N -0
Asp (D) 0 1 1.14 2 435 4 4.17 6 8.46
Cys (C) 0 0 - 0 0 0 -
Gln (Q) 0 0 = 0 = 0 = 0 =
Glu (E) 1 1.63 0 1 2.05 1 1.46 1 1.06
Gly (G) 288 291.17 0 - 288 27278 288 318.01 288 279.01
SMsdn L 0 o8 0 _J-- PP R | DU I R (R — -
ey L0l R PR (S S A IR S [ ‘S R AN O 'v Y P O (-7 S
Leu (L) 2 2.52 0 - 2 242 2 2.87 2 2.07
Lys (K) 24 21.54 2 1.75 28 28.19 32 27.65 36 34.46
Met (M) 1 119 0 - 1 1.32 1 1.01 1 0.85
Phe (F) 0 - 0 - 0 0 0 -
~Fro(P) 1 _ 145 _ ) _ 14479 |\ _0_ _ [ __ S f A48 14586 | 145 | MeSI | 145 | 14433
e T O g /o O o g gy Sy o L2
Thr (T) 0 0 0 0 0
Trp (W) 0 - 0 - 0 0 0 -
Typ (Y) 0 - 0 - 0 - 0 - 0 -
Val (V) 265 264.44 2 1.91 269 270.15 273 261.27 277 276.82
B)
VEKV-cc+6Xpept
Aminoe Acid Theor. Exp. Theor. Exp. Theor. Exp. Theor. Exp. Theor. Exp.
SAm@L Lo | o _|__ S B o _ -0 _|__ S C_do_-__
T C T I PN N Y T A - MY 250 N S N A .
Asn (N) 0 - 0 0 - 0 - 0
Asp (D) 0 = 0 = 0 = 0 = 0 =
Cys (C) 0 - 0 - 0 - 0 - 0
Gln (Q) 0 = 0 = 0 = 0 = 0 =
Glu (E) 1 1.63 0 - 1 1.85 1 1.58 1 1.53
Gly (G) 288 291.17 1 1.23 290 287.40 292 302.54 294 295.01
His (H) 0 - 0 - 0 - 0 - 0 -
Qe 0 _-_ [ _0__l__ R Q0 om0 S 0 _ 4 _-__
1 Leu (L) 2 2.52 3 295 8 9.65 14 14.92 20 19.87 1
Y IS il . e o W 0 5
T S O I O O 1 I . A -
Phe (F) 0 1 0.84 2 1.98 4 23 6 4.69
_Fro(®) 145 ) 14478 | 2 ] 202 1 149 | 14955 | 153 _| 15272 1 _ 157 | 157.02
1 Ser(S) 1 1.22 1 1.11 3 4555 5 4.90 7 6.99 |
O ORI R R B 2T 2as T T a T T Tanm T T T 6 | 638 1
TTepW) [T 0 T[T TS T T [V R [N A [ =
I'yp (Y) 0 0 0 0 0 -
Val (V) 265 264.44 0 265 260.63 265 264.81 265 264.44

Figure 56 shows the ATR-FTIR spectra of VKV-cc polymer modifications with
peptides at varying concentrations (2X, 4X, and 6X). Figure 56A represents the
KAASIKVAVSADR peptide, while Figure 56B indicates the KPPFLMLLKGSTR
peptide. The spectra were obtained by scanning wavelengths between 600 and 4000
cm-1, which encompassed the characteristic functional groups.
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The spectra of the VKV-cc polymers and VKV-cc with peptide modification,
exhibit characteristic vibrational bands of proteins corresponding to amide I and
amide II [471]. The absorption associated with amide I produces a high-intensity
peak in the spectrum around 1600 cm-1, whose signal is attributed to the stretching
vibrations of the carbonyl group bond (C=0), which is related to the secondary
structure of the proteins. Conversely, the amide II band is indicative of bending
vibrations of the N-H bond, which is signalled at 3400 cm-1. Additionally, the bands
at 1450 cm correspond to the C-H bending of the methyl group of the alkane, at
1200 cm to the C-N stretching of the amine, and at 1000 cm-! to the C-O stretching
of the primary alcohol [471].
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Figure 56: ATR-FTIR spectra. A) ATR-FTIR spectra of VKV-cc with different concentrations of the
KAASIKVAVSADR peptide (2X, 4X and 6X). B) ATR-FTIR spectra of VKV-cc with different concentrations of the
KPPFLMLLKGSTR peptide (2X, 4X and 6X).

Furthermore, ATR-FTIR analysis is employed to identify the reactive
tethered click groups. The presence of azide groups on the peptides is indicated by
the appearance of a peak at 2100 cm in the infrared region. However, this
technique is unable to detect the chemical modification signal of VKV with
cyclooctyne due to the symmetry of the compound, rendering the IR absorption
inactive and the triple bond invisible around 2200 cm-1. The signal at 2100 cm! is
not present in the spectra shown in Figure 56 because the azide groups, which are
supported by the synthesised peptides, cross-link orthogonally with the cyclooctyne
groups of VKV to bind and functionalize the polymer with laminin-specific peptides
that promote wound regeneration.

The experimental molecular weights (Mw) were determined using matrix-
assisted laser desorption/ionization time-of-flight (MALDI-TOF) mass
spectrometry. The mass spectra of the VKV-cc polymer modification with peptides
at different concentrations (2X, 4X and 6X) are presented in Figure 57. Figure 57A
depicts the KAASIKVAVSADR peptide, while Figure 57B displays the
KPPFLMLLKGSTR peptide. These spectra permit the precise determination of the
molecular mass of the compounds, thereby confirming the correct introduction of
the peptides into the VKV-cc polymer chain. The abscissa axis displays the mass-to-
charge ratios (m/z) of the detected ions, as the mass in Daltons (Da), while the
ordinate axis shows the intensities, which reflect the number of ions of a given m/z
ratio that have impacted the detector during the analysis. Figure 57 displays the first
ionisation of the analyte (M+*1), which has the highest intensity band, allowing for the
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precise determination of the weight of the polymer (m/z = m/1 = m). Furthermore,
the second ionisation (forming the dication, M+2) is half the mass of the polymer

(m/z=m/2).

In order to conduct the study, an initial VKV polymer modified with
cyclooctynes was used with an initial mass of a) 63125 Da and b) 62970 Da. The
study examines the number of peptides introduced in each modification (2X, 4X and
6X). To ascertain the number of peptides introduced by the click reaction of the
azides of the peptides with the cyclooctynes of VKV, the amount of mass
incorporated into the initial polymer is studied. It is crucial to highlight that each
individual peptide of KAASIKVAVSADR has a mass of 1340.96 Da, while the
individual peptide of KPPFLMLLKGSTR has a mass of 1513.96 Da. It can be observed
that the molecular mass increases as the number of peptides included in the reaction
increases. This is evidenced by the characteristic band of the first and second
ionisation, which shifts to the right on the abscissa axis.
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Figure 57: MALDI-TOF spectra. A) MALDI-TOF spectra of VKV-cc with varying concentrations of the
KAASIKVAVSADR peptide (2X, 4X and 6X). B) MALDI-TOF spectra of VKV-cc with different concentrations of the
KPPFLMLLKGSTR peptide (2X, 4X and 6X). Marked peaks correspond to the doubly and singly charged ions,
respectively. The samples were dissolved in DMSO at a concentration of 1 mg/mL.

Table 30 exhibits the theoretical masses for 2, 4, and 6 peptides, along with
their corresponding experimental values. The results indicate a satisfactory
concordance between the anticipated experimental and theoretical molecular
weights, within the expected experimental errors. The only exception is the VKV-cc
polymer with six KPPFLMLMLLKGSTR peptides, where only four peptides were
detected instead of the expected six. Nevertheless, alternative methodologies verify
the correct anchoring of six peptides.

Table 30: Predicted and measured molecular weight (Mw) for VKV-cc + peptides (KAASIKVAVSADR and

KPPFLMLLKGSTR) was determined using MALDI-TOF. The experimental peptide concentration was calculated
according to the observed mass changes.

KAASIKVAVSADR

KPPFLMLLKGSTR

Exp. peptide

Exp. peptide

ELR Theor. Exp. (Da) Theor. (Da) Exp. (Da)
concentration concentration
VKV-cc 63125 62970
VKV-cc + 2X peptide 65806 66784 =25 65974 65616 =19
VKV-cc + 4X peptide 68488 68750 =42 69000 68442 =3.7
VKV-ce + 6X peptide 71170 70160 =53 72028 68619 =
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The mass spectra are useful for assessing the purity of the ELRs. In this
instance, it can be confirmed that the VKV-cc polymers modified with varying
concentrations of peptides are pure, as only the bands of interest are observed.

To complete the study on the proper anchoring of peptides to the VKV-cc
polymer, TH-NMR spectra are analysed to determine how the proton environment
varies under different conditions. Figure 58 shows the NMR spectra for a series of
increasing peptide concentrations (2X, 4X, and 6X), with a magnified view of the
areas where a clear change in protons is observed. Figure 58A displays the results
for the KAASIKVAVSADR peptide, whereas Figure 58B represents the results for the
KPPFLMLLKGSTR peptide.

In order to analyse the NMR spectra of polymers, the ChemDraw programme
is employed to study the different types of protons theoretically. These values are
then compared to the experimental results of the integrals of the signals of each
corresponding region. The appendix of this chapter presents all the spectra of the
VKV-cc polymer with different peptide concentrations (2X, 4X and 6X) and their
experimental integrals. Additionally, a detailed description of the proton types
present in the spectrum is provided.

The NMR spectra of both VKV-cc and VKV-peptide exhibit signals primarily
in four characteristic zones of the spectrum, as described in their respective NMR
spectra. In the case of the KAASIKVAVSADR peptide, a first zone is identified
between 0.5 and 1.0 ppm, in which only signals from the methyl groups of valines
are observed. This zone is comparable in both VKV-cc alone and in VKV-peptide. The
recombinamers with grafted peptides exhibit higher levels of signals from aspartic
acid methylene groups, isoleucine methylene and methylene groups, and alanine
methyl groups between 1.0 and 2.2 ppm compared to VKV-cc. The increase in signals
between 1.10 and 1.85 ppm upon peptide introduction is most clearly observed in a
zoomed-in view in Figure 58A. In particular, the signals between 1.15 and 1.30 ppm
exhibit an increase as the number of tethered KAASIKVAVSADR peptides increases.

However, the binding of peptides to the VKV-cc is most clearly observed in
the region between 6.9 and 7.32 ppm. The signal of the amide proton of the
cyclooctyne residue introduced into the VKV-cc appears at 7.0 ppm. Two new
signals emerge at 7.16 and 7.24 ppm as the KAASIKVAVSADR peptides are grafted
in, as illustrated in the magnified view in Figure 58A in the region between 6.94 and
7.32 ppm. Moreover, the integral values confirm the presence of guanidinium group
protons characteristic of arginine, which are indicative of the peptide. This indicates
the presence of peptides grafted onto VKV-cc at varying concentrations (2X, 4X, and
6X).

221




RESULTS: PART IT

A)

VKV +6X

750 746 742 7,38 7.34 130 128
n

722 7.18 714 710 7.05 702 6.98 694
{ppm)

VKV-CC

9.0 85 80 7.5 7.0 6.5 6.0 55 50 4.5 4.0 3.5 3.0 25 20 1.5 10 0.5 00
f1 (ppm)

B)

VKV + 6X _"L
M0 Y

VKV +4X

_J\J\_J\_____;JU\_ANJ

ey L

9.0 85 80 7.5 7.0 65 6.0 55 5.0 45 4.0 35 3.0 25 2.0 1.5 1.0 05 0.0
1 (ppm)

Figure 58: 1H-NMR spectra. A) 1H-NMR spectrum of the VKV-cc polymer modified with different
concentrations of the KAASIKVAVSADR peptide (2X, 4X and 6X). The zoomed-in sections indicate the impact of
peptide introduction on the observed signal. B) 1H-NMR spectrum of the VKV-cc polymer modified with different
concentrations of KPPFLMLLKGSTR peptide (2X, 4X and 6X). The zoomed-in sections indicate the impact of peptide
introduction on the observed signal.

With regard to the VKV-cc polymer with the KPPFLMLLKGSTR anchored
peptide, it can also be observed the four characteristic zones of the spectrum
similarly to previous spectra of the KAASIKVAVSADR peptide. Nevertheless, some
signals correspond to protons of different amino acids. The first zone of the
spectrum corresponds to 0.5-1 ppm, wherein the methyl groups of valines are
observed in the VKV-cc polymer. In the polymers bearing the grafted peptides,
methyl groups of leucine are also detected. In the second zone of the spectrum,
between 1.0 and 2.2 ppm, the methylene groups of proline and leucine, as well as
the methylene groups of the valines, resonate mainly for VKV-cc. In the case of the
grafted peptides, the protons of the methine and methylene groups of leucine,
methionine, and lysine, as well as the more unshielded methylene groups of
methionine and threonine, also appear. The most pronounced increase in signals is
detected between 0.94 and 1.54 ppm, as depicted in a magnified view in Figure 58B.
The intensity of signals between 1.04 and 1.42 ppm increases as the number of
tethered KPPFLMLLKGSTR peptides increases.

The zone between 3.5 and 4.4 ppm mainly resonates with methylene groups
and methines adjacent to the amido group, both in VKV-cc and VKV-peptide. The
final distinctive zone in the range of 7.6-8.2 ppm corresponds to the protons of the
amido group of all amino acids, with the exception of proline. The binding of the
peptides to the VKV-cc is most clearly observed in this last zone, specifically the
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region between 6.0 and 7.2 ppm. In this region, at 7.0 ppm, the signal of the amide
proton of the remaining cyclooctyne in VKV-cc is observed. The signal at 7.0 ppm
(increase of the integral under the signal) grows in intensity and a new signal
appears at 7.2 ppm as the KPPFLMLLKGSTR peptides are anchored, as depicted in
Figure 58B, which has been zoomed in to show the region between 6.9 and 7.3 ppm.
Moreover, the integral values provide further evidence of the presence of the phenyl
group of phenylalanine, which is a characteristic of this peptide. This confirms the
existence of the peptides grafted onto the VKV-cc at varying concentrations (2X, 4X
and 6X).

The presence of the tethered KAASIKVAVSADR and KPPFLMLLKGSTR
peptides has also been confirmed, as the experimentally obtained signal integral
values match the theoretically planned values for each corresponding region.

The collective results of the complementary techniques employed to
ascertain the accurate anchoring of varying peptide concentrations permits a
definitive conclusion that the peptides have been effectively anchored to the VKV-cc
polymer. With regard to the KAASIKVAVSADR peptide, an increase in the number of
amino acids characteristic of this peptide (alanine (A), arginine (R), isoleucine (I)
and serine (S)) is observed as the number of peptides anchored to the VKV-cc
polymer chain increases. Furthermore, mass spectrometry demonstrates an
increase in molecular weight in accordance with the observed increase in peptide
concentration. Furthermore, NMR spectra corroborate an augmentation in the
characteristic signals at 7.16 and 7.24 ppm concomitant with the grafting of elevated
peptide concentrations, indicative of the presence of guanidinium group protons, a
characteristic feature of arginine. Furthermore, the signal between 1.15 and 1.50
ppm increases in accordance with the number of anchored KAASIKVAVSADR
peptides, originating from the methylene groups of aspartic acid, the methylene of
isoleucine, and the methyl groups of alanine.

Conversely, while mass spectrometry indicates that the maximum molecular
weight added to the polymer corresponds to four KPPFLMLLKGSTR peptides at the
maximum concentration, the other two techniques confirm the correct synthesis of
the VKV-cc polymer with six anchored peptides. Therefore, an increase in the
number of amino acids characteristic of this peptide (arginine (R), leucine (L),
methionine (M) and threonine (T)) is observed as the number of anchored peptides
increases. Furthermore, the NMR spectra demonstrate an increase in the
characteristic signals of this peptide between 6.9 and 7.3 ppm, thereby confirming
the presence of the phenyl group of phenylalanine, which is characteristic of this
peptide. Furthermore, the signal between 1.04 and 1.42 ppm increases with the
number of anchored KPPFLMLLKGSTR peptides, coming from the protons of the
methine and methylene groups of leucine, methionine and lysine, as well as the less
shielded methylene groups of methionine and threonine, which are characteristic of
this peptide.

In light of the aforementioned summary, it can be concluded that all peptide
concentrations have been successfully grafted to the VKV-cc polymer (2X, 4X and
6X) for both peptides.
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3.2.1.3.3.- Binding of VKV-peptide to SKS-Ns to obtain biofunctionalized
click hydrogel

The utilisation of a synthetic peptide cross-linker confers a significant
advantage as it enables for the precise covalent coupling of a specific sequence to
the hydrogel backbone, thus incorporating the desired biological functionality. The
VKV-cc polymer reacts with peptides that contain azide groups to anchor to the
polymer and obtain a functionalised polymer. Subsequently, the VKV-peptide is
reacted with the SKS-N3 polymer, resulting in a click reaction and cross-linking to
form a multifunctional hydrogel. The stoichiometric ratio between azides and
cyclooctynes is maintained at 1:1. Thus, the final hydrogels, with varying peptide
concentrations, will be produced by reacting all VKV polymers with their respective
modifications (VKV-2X-KAASIKVAVSADR, VKV-4X-KAASIKVAVSADR, VKV-6X-
KAASIKVAVSADR, and VKV-2X-KPPFLMLLKGSTR, VKV-4X-KPPFLMLLKGSTR, VKV-
6X-KPPFLMLLKGSTR) with SKS-N3.

The polymers were selected for this study due to their favourable
biocompatibility and the presence of cross-linking domains (via lysine residues) in
both ELRs. These domains are subsequently modified with functional groups for
hydrogel formation via catalyst-free click chemistry. The VKV polymer serves as a
structural group, while the SKS polymer introduces biological functionality through
the incorporation of the universal cell adhesion sequence (RGD). Finally, the system
also includes the anchoring of the laminin-derived peptides KAASIKVAVSADR and
KPPFLMLLKGSTR, which have been demonstrated to be involved in the adhesion
and proliferation processes of keratinocytes and fibroblasts, both of which are
essential for the wound healing process.

Once SKS azides are mixed with VKV-peptide cyclooctynes, cross-linking
occurs spontaneously, producing a three-dimensional network. The creation of
these novel hydrogels at a concentration of 50 mg/mL necessitates the
consideration of the number of cyclooctynes employed to introduce the peptides. It
is of paramount importance to maintain a stoichiometric ratio of 1:1 between
cyclooctynes and azides for the successful cross-linking via the click reaction. To
achieve this, the masses of each VKV-cc and SKS-N3 polymer present in the reaction
must be adjusted. It is crucial to be aware of the number of cyclooctyne-containing
lysines that are theoretically available. Table 31 presents a summary of the
theoretically lysines present in each polymer, including those that have been
modified with cross-linking groups such as azides and cyclooctynes, those used for
peptide anchoring, and those available for hydrogel formation.
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Table 31: Summary of the theoretically lysines present in each polymer, including those that have been modified
with cross-linking groups such as azides and cyclooctynes, those used for peptide anchoring, and those available
for hydrogel formation.

Lysines Modified Lysines (*)
. Modified with | ;00§ with | Available for
ELR Available cross-linking .
peptides hydrogel
groups
SKS-N, 24 18 - 18
VKV-cc + 2X peptide 24 14 2 12
VKV-cc + 4X peptide 24 14 4 10
VKV-cc + 6X peptide 24 14 6 8

Accordingly, the mass of the VKV-peptide polymer and SKS-N3 is calculated
based on the specified conditions for dissolution of each condition and the volume
required for the two substances to react and form a 400 pl hydrogel. The volume
will vary depending on the number of peptides introduced, in order to maintain a
1:1 stoichiometry between azides and cyclooctynes. Table 32 summarises the
volumes used for each type of hydrogel.

Table 32: Summary of the volume of material required to obtain a functionalised VKV-peptide-SKS hydrogel with
increasing peptide concentrations.

2X peptides 4X peptides 6X peptides

Volume (pl) Volume (pl) Volume (pl)
SKS-N; 178.4 156.0 130.0
VKV-peptide 221.6 244.0 270.0

The method of obtaining tricomponent hydrogels allows for precise control
of the quantity of active peptides within the hydrogel. Moreover, previous studies
on cross-linked hydrogels comparable to the new hydrogels [457] indicate that it is
reasonable to anticipate that elastin hydrogels could easily modify their mechanical
properties by simply adjusting the final gel concentration, as well as by varying the
degree of functionalisation with the peptides. Consequently, the new hydrogels will
be characterised in terms of their properties, including transparency and internal
structure, through porosity. Furthermore, the impact of varying degrees of peptide
functionalisation within the hydrogel will be investigated on both mechanical
properties and cellular activity to ascertain whether this enhances the regenerative
capacity.

3.2.1.3.3.2.- Macroscopic properties

Biofunctionalized tricomponent hydrogels (VKV-peptide-SKS) were
synthesised using the click methodology following several gelation tests and
optimisation of masses and volumes between SKS-N3 and VKV-peptides. Figure 59A
confirms that hydrogels with a concentration of 50 mg/mL reveal a stable
macroscopic structure in all studied systems. Upon initial inspection, it appears that
hydrogels with varying peptide concentrations exhibit comparable properties,
including viscosity, hardness, and malleability, regardless of peptide type. These
properties are comparable to those of the control gel (VKV-SKS), as depicted in
Figure 59B. However, this hypothesis will be verified in a subsequent study of the
rheological properties of the scaffolds. Additionally, all scaffolds display good
consistency and are easily manageable, as demonstrated in Figure 59C, which is a
representative example of all the hydrogels.
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The ELR polymers used in the reaction to obtain functionalised hydrogels
were dissolved in ultrapure water, resulting in transparent hydrogels in all cases
due to their high-water retention, as shown in Figure 59A. The transparency of these
hydrogels is a crucial property for wound dressings used in wound healing, as it
allows for monitoring of the healing process without the need to remove the
dressing. This is a significant advantage, as removing the dressing can potentially
damage the wound and impede the proper healing progress.

The stability of hydrogels is a crucial parameter for the suitability of a device
for tissue engineering. Matrices must remain stable in aqueous media for an
extended period, as would be the case in a normal tissue environment. The stability
of the 50 mg/mL hydrogels was tested by incubating them in excess water for one
week at 37 °C. Observation of the scaffold following incubation revealed that the
structures remained stable without losing their initial shape, as illustrated in Figure
59D.
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Figure 59: Biofunctionalized click hydrogels. A) Hydrogels with varying concentrations of peptides
exhibited transparency. B) VKV-SKS Control Hydrogel. C) Example of consistency and manageability of a
biofunctionalized hydrogel. D) Example of stability of a biofunctionalized hydrogel after one week of incubation in
water at 37 °C, demonstrating that the initial shape is retained.

Furthermore, hydrogels have the additional benefit of being able to be used
directly in in vivo systems due to the mild conditions required for the click reaction
to be triggered. This implies that the hydrogel of interest can be generated in situ on
the chronic wound, conforming to the dimensions and shape of the wound and
rapidly gelling upon contact with body temperature. Once reaching a temperature
of 37 °C immediately following the mixing process, the ELR transition accelerates
the reaction, resulting in cross-linking that may exhibit a slightly less uniform
distribution.

A transparent dressing with multiple properties, including moisture
retention, self-healing, and bioadhesiveness, has been developed by forming in situ
functionalized hydrogels to enhance the wound healing process. Moreover, the
presence of particular peptides that facilitate adhesion and movement of
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keratinocytes can guide cell migration to specific areas of the scaffold, thereby
promoting skin regeneration [587].

3.2.1.3.3.3.- Evaluation of internal morphology of biofunctionalized click

hydrogels

Itis widely acknowledged that the porosity and pore size of 3D scaffolds have
a direct impact on their functionality in biomedical applications. Open pores and
interconnected networks are crucial for cell nutrition, proliferation, and migration,
as well as for tissue vascularisation, and the formation of new tissue [320], [588].
Furthermore, the network structure of the pores plays a role in guiding and
promoting the formation of new tissues [589]. Hydrogels produced using elastin-
like recombinamers are typically expected to exhibit this specific internal porous
structure, largely due to their high-water content.

The internal microstructure is investigated by immersing hydrogels in liquid
nitrogen, cryofracturing, and freeze-drying them for SEM microscopy, thereby
providing high-resolution images for microscopic morphological analysis. Figure
60A displays representative SEM micrographs of cross-sections of biofunctionalized
tricomponent hydrogels of 50 mg/mL with different peptide concentrations. These
include VKV-2X-KAASIKVAVSADR-SKS, VKV-4X-KAASIKVAVSADR-SKS, VKV-6X-
KAASIKVAVSADR-SKS, VKV-2X-KPPFLMLLKGSTR-SKS, VKV-4X-
KPPFLFLMLLKGSTR-SKS and VKV-6X-KPPFLMLLKGSTR-SKS.
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Figure 60: Morphological characterization. A) Representative SEM images illustrate the cryo-fractured,
lyophilised and gold-sputtered across sections of biofunctionalized click hydrogels with varying peptide
concentrations (2X, 4X and 6X). Scale bar = 50 um. B) Representative SEM images of the VKV-SKS Control Hydrogel.
Scale bar = 50 um.

All hydrogels exhibit a highly porous internal structure, which is consistent
with the appearance of covalently cross-linked ELR hydrogels that have been
previously reported [433], [471], [497]. This suggests that the general properties of
ELRs facilitate satisfactory exchange of liquids and nutrients both within and
outside the scaffold. The pore shape is predominantly circular or ellipsoidal, with a
considerable degree of heterogeneity and irregularity in pore size. From a practical
perspective, the presence of heterogeneous porous surfaces on the scaffolds
enhances the mechanical contact between the hydrogel and the surrounding tissue,
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thereby improving the mechanical stability of the implant [590]. Additionally, the
rough surfaces of the scaffolds are designed to provide anchorage points for cellular
interactions, and may even induce cellular behaviour and differentiation [591].

Figure 60B presents a SEM micrograph of the VKV-SKS control hydrogel. The
internal structure of the hydrogel is porous, exhibiting a configuration comparable
to that observed in hydrogels with grafted peptides. These structures comprise large
pores with smaller internal micropores. A quantitative analysis of the
characteristics of the pore was conducted using the Image] software. The measured
pore size exhibited considerable heterogeneity within the same samples, with the
larger pores measuring approximately 30-35 pum and the smaller pores ranging
from 4 to 6 um. This observation was consistent across all hydrogel types, regardless
of the number of peptides introduced. It can therefore be concluded that
neovascularisation can occur in a pore structure of 5 pm, whereas fibroblast growth
requires a pore size of 5 to 15 um and keratinocyte growth requires a pore size of
10 to 20 pm. Consequently, the pore size identified in the examined samples is
sufficient for cell invasion, and the microstructure is consistent with that of similar
structures designed for soft tissue engineering purposes. The presented evidence
provides support for the potential applicability of ELR hydrogels manufactured for
the intended purpose [317], [433].

The rheological properties of ELR hydrogels containing varying
concentrations of laminin peptides, prepared at 50 mg/mL, are evaluated for use in
tissue engineering and regenerative medicine. In order to achieve this, a strain
sweep experiment is conducted on each hydrogel, with a strain amplitude ranging
from 0.01 to 20 %. A strain of 1 % is selected for all subsequent rheological
measurements. Figure 61A displays the evolution of the elastic modulus (G') and
viscous modulus (G") as a function of frequency (ranging from 0.01 to 10 Hz), with
a strain of 1 % and a temperature of 37 °C, for hydrogels containing the
KAASIKVAVSADR peptide. Figure 61B shows the evolution of the elastic modulus
(G") and viscous modulus (G") in a similar manner to that described above, but with
the KPPFLMLLKGSTR peptide. Each hydrogel was subjected to a single test, which
was performed in triplicate. The graph depicts the mean value of the three tests,
along with the corresponding standard deviation. Although there is a frequency-
dependent relationship with G', no significant relationship with G" is observed. It is
important to highlight that throughout the study, the value of G' consistently
exceeded that of G", indicating the presence of viscoelastic hydrogel behaviour.
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Figure 61: Assessment of the mechanical properties of a preformed biofunctionalized ELR hydrogel.
A) Evaluation of the evolution of the storage modulus (G') and loss modulus (G") as a function of frequency of
biofunctionalized click hydrogels with different KAASIKVAVSADR peptide concentrations (2X, 4X and 6X). B)
Evaluation of the evolution of the storage modulus (G') and loss modulus (G") as a function of frequency of
biofunctionalized click hydrogels with different KPPFLMLLKGSTR peptide concentrations (2X, 4X and 6X). C)
Average storage (G') and loss (G") moduli measurement for different sample at a frequency of 1 Hz, a strain of 1 %
and a temperature of 37 °C.

Frequency sweep measurements are conducted at a frequency of 1 Hz, under
a strain of 1 % and a temperature of 37 °C. The results indicate that the elastic
modulus ranges from 200 to 350 Pa, while the viscous modulus ranges from 10 to
40 Pa, regardless of the peptide employed. These values are consistent with those
obtained for the VKV-SKS hydrogels used as controls, with a value of approximately
of 500 Pa. Figure 61C presents the mean values obtained for the different hydrogels
under a frequency sweep condition of 1 Hz, with Table 33 providing a detailed
specification of these values. The rheological properties of these hydrogels are
consistent with the soft tissue engineering properties required for biomedical
applications [433], [553].

Table 33: Average storage modulus (G') and loss modulus (G"), as measured on preformed biofunctionalized ELR
hydrogel under frequency sweep mode at a frequency of 1 Hz and a temperature of 37 °C.

KAASIKVAVSADR KPPFLMLLKGSTR
G’ (Pa) G (Pa) G’ (Pa) G (Pa)
VKV-SKS 4975+ 548 19.5+3.0
2X peptide 320.7+ 584 216+7.6 376.3 + 108.1 204+55
4X peptide 264.9 +34.8 19.6 + 1.8 224.0+274 19.7+3.5
6X peptide 271.0£158.2 233154 196.5+52.9 127+£1.3

Consequently, the incorporation of both peptides at varying concentrations
appears to moderately diminish the mechanical properties of the ELR hydrogels.
Although the hydrogels are designed with a constant 1:1 ratio of azides to
cyclooctynes for a final concentration of 50 mg/mL, the number of cyclooctynes and
azides forming bonds in each type of hydrogel varies slightly, as shown in Table 31.
This implies that for hydrogels comprising two grafted peptides, a total of 12 azide-
cyclooctyne bonds are formed. Similarly, for hydrogels with four grafted peptides,
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10 azide-cyclooctyne bonds are formed, while for hydrogels with six grafted
peptides, 8 azide-cyclooctyne bonds are formed per macromolecule in all cases.
Consequently, despite maintaining the ratio of azides to cyclooctynes constant, the
number of available cyclooctynes for cross-linking and gel formation increases with
a reduction in the number of grafted peptides. Thus, the degree of cross-linking
between polymer chains diminishes as the quantity of grafted peptides increases,
resulting in the formation of softer hydrogels with a reduced storage modulus. This
phenomenon is clearly evident in the case of the peptide KPPFLMLLKGSTR, where
the storage modulus (G') decreases as the peptide concentration increases. This
indicates that the hydrogel becomes softer with an increase in peptide
concentration. A similar tendency is noticed with the introduction of the
KAASIKVAVSADR peptide. Conversely, as anticipated, the hydrogel with the most
robust mechanical properties is the control hydrogel VKV-SKS, which exhibits the
highest elastic modulus (G') among all the hydrogels studied. This is due to the
hydrogel having the its highest number of cross-links, with 18 cross-linking groups,
which results in the densest network. Statistically significant differences were
observed in the mechanical properties of the VKV-SKS control hydrogel in
comparison to the hydrogels containing four KAASIKVAVSADR peptides, four
KPPFLMLLKGSTR peptides, and six KPPFLMLLKGSTR peptides.

The values obtained are comparable to those achieved with click technology,
where elastic moduli in the range of 1 to 10 kPa are of great interest in tissue
engineering applications, as many native tissues have moduli in this range. For
example, very soft tissues, such as adipose tissue or brain, exhibit a modulus of
approximately 100 Pa, whereas muscle tissue has a modulus of approximately
10000 Pa [433], [553]. As demonstrated in the aforementioned study, the
mechanical properties of hydrogels can be modulated by varying their final
concentration, allowing for the mimicking of diverse tissues. This mechanical
performance, in conjunction with the porosity of the scaffolds, suggests potential
applications of these biofunctionalized click hydrogels in skin regeneration.

The determination of the water content percentage (WCP) is crucial for the
characterisation of a hydrogel, as it is intimately related to several other properties.
A higher water retention is generally more suitable for medical applications, as it
indicates a greater permeability and biocompatibility of hydrogels [494].
Nevertheless, high water absorption has the effect of reducing the mechanical
properties of the hydrogel, thus necessitating the identification of an optimal
compromise. In ultrapure water, all hydrogels with varying peptide concentrations
have a water content above 93 % after reaching equilibrium at a concentration of
50 mg/mL, as illustrated in Figure 62A. In their dry state, elastin hydrogels are solid
and hard materials. However, upon immersion in an aqueous solution, water
diffuses into their interior, resulting in significant water absorption by the
hydrogels. This water migrates within the spaces of the hydrogel chains until a
physicochemical equilibrium is reached. Moisture within these hydrogels has been
demonstrated to promote wound healing by regulating the hydration of the wound,
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which in turn facilitates homogeneous skin regeneration without material
shrinkage.

A)

B)

KAASIKVAVSADR KPPFLMLLKGSTR

WCP (%) WCP(%)
VKV-SKS 93.5+0.9

2X peptide 943+12 93.0+04
4X peptide 94.4+0.9 93.1%0.6
6X peptide 95.4+0.7 93.7+0.8

Water Content Percentage (%)
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Figure 62: Water content percentage (WCP). A) Water content percentage of biofunctionalized click
hydrogels with different peptide concentrations (2X, 4X and 6X). B) Mean values of WCP in ultrapure water
following reaching equilibrium.

As depicted in Figure 62A, there is a slight correlation between the number
of peptides introduced and the water content, as it increases with an increasing
number of peptides. This is reasonable and aligns with the variations in the degree
of cross-linking deduced previously in each case. A higher degree of cross-linking
results in greater structural rigidity and therefore a reduced capacity to retain water
within its structure. However, no statistically significant differences are observed
within each peptide series or with respect to the control hydrogel VKV-SKS. Figure
62B represent the mean values for the water content percentage. It is evident that
the type of peptide used has a slight effect on the water content. As previously stated
in this chapter, the KAASIKVAVSADR peptide has a higher average hydrophilicity
than the KPPFLMLLKGSTR peptide, with values of 0.45 and -0.02, respectively.
Consequently, hydrogels comprising the KAASIKVAVSADR peptide exhibit higher
water content values, as the swelling of hydrogels depends on their hydrophilicity.
An increase in the hydrophilic monomer content results in an enhanced affinity for
water molecules, thereby facilitating the interaction between the hydrogel and
aqueous solutions [495].

3.2.1.3.3.6.- In vitro characterisation of laminin mimetic peptides hydrogels

A cell adhesion assay is conducted to investigate the role of laminin mimetic
peptides, KAASIKVAVSADR and KPPFLMLLKGSTR, anchored to VKV-cc polymer, as
well as their concentration, in the adhesion and proliferation process of HFF-1 and
HaCaT cells according to the previously described protocol [461]. In order to
achieve this purpose, the cells are seeded onto wells that have been previously
coated with VKV-cc polymer functionalised with different peptide concentrations.
Following a three-hour incubation period, the cells are fixed and stained with crystal
violet, as illustrated in Figure 63A for HFF-1 cells and Figure 63B for HaCaT cells.
The early adhesion of fibroblasts to the different functionalised surfaces indicates a
slight adhesion-stimulating effect for all polymers, both those containing the
KAASIKVAVSADR peptide and those containing KPPFLMLLKGSTR, in comparison to
the control polymer VKV-cc. This latter polymer exhibits a lack of any adhesion
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sequence and shows a reduced ability to anchor to the cells. Moreover, no consistent
correlation was observed between the number of peptides anchored to VKV-cc and
the degree of adhesion. With regard to the early adhesion of keratinocytes, it can be
observed that the use of polymers containing the KPPFLMLLKGSTR peptide exhibits
a clear stimulatory effect when compared to the VKV-cc polymer and those
containing the KAASIKVAVSADR peptide. In particular, a significant improvement
in HaCaT cell adhesion is noticed at concentrations of 2X and 6X. It can therefore be
concluded that the presence of the KPPFLMLLKGSTR peptide enhances cell
adhesion and subsequent proliferation of keratinocytes. This suggests that the
peptides remain accessible for cell contact when anchored to the polymers, which
facilitates the formation of an optimal cell adhesive matrix. Additionally, the
development of patches comprising this peptide may facilitate the healing of chronic
wounds. This is because the peptide with the ELR has the potential to attract cells
from the wound margins and encourage the growth of the two cell types most
relevant in the healing process: fibroblasts and keratinocytes [582].

A) B)
VKV-cc + VKV-cc + VKV-cc + VKV-cc + VKV-cc + VKV-cc +

2X-peptides 4X-peptides 6X-peptides 2X-peptides 4X-peptides 6X-peptides

N,

7

KAASIKVAVSADR
Peptide
KAASIKVAVSADR
Peptide

KPPFLMLLKGSTR
Peptide
KPPFLMLLKGSTR
Peptide

Figure 63: Effect of varying concentrations (2X, 4X and 6X) of adhesion domains (AASIKVAVSADR
and PPFLMLLKGSTR) on cell adhesion and proliferation. A) Representative images of crystal violet-stained
fibroblasts adhered to a surface coated with VKV-cc with different concentrations of KAASIKVAVSADR and
KPPFLMLLKGSTR peptide (2X, 4X and 6X). B) Representative images of crystal violet-stained keratinocytes adhered
to a surface coated with VKV-cc with different concentrations of KAASIKVAVSADR and KPPFLMLLKGSTR peptide
(2X, 4X and 6X). Scale bar: 0.5 mm.

The biocompatibility of novel biofunctionalized tricomponent elastin
hydrogels is evaluated through the utilisation of AlamarBlue, a non-toxic cell
viability indicator. The data obtained from the assay is recorded at several time
points (1, 3, 7, and 14 days) in order to gain a deeper insight into the metabolic
processes of the HFF-1 and HaCaT cells in a static culture. The analysis of cell
viability demonstrates a direct correlation between increased metabolic activity and
an increase in fluorescence intensity for all conditions at various time points. This is
presented in Figure 64A for fibroblasts and Figure 64B for keratinocytes. The
viability assay curve exhibits the typical pattern of cell growth, whereby the number
of cells increases exponentially over time until reaching its maximum value on the
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final day of culture, when the highest number of cells is present in hydrogels. The
biocompatibility demonstrated by these new biofunctionalized ELR hydrogels is
consistent with that observed in analogous cross-linked hydrogels that have been
previously reviewed [582].

In the context of fibroblast adhesion, the initial adhesion is found to be
superior in hydrogels containing varying concentrations of KPPFLMLLKGSTR, and
in the control hydrogel VKV-SKS. Nevertheless, the rate of cell growth is not uniform
in these hydrogels, as cell viability appears to decrease slightly on the third day in
all cases. In contrast, despite a reduction in the initial adhesion of fibroblasts to
hydrogels with varying concentrations of KAASIKVAVSADR, cell growth and
viability remain constant over time, indicating the capacity to proliferate and
ultimately reach maximum levels of cell viability after 14 days of culture. Conversely,
it is evident that the KPPFLMLLKGSTR peptide exhibits specificity when working
with keratinocytes, as more keratinocytes initially adhere to hydrogels containing
this peptide. Of particular significance is the hydrogel comprising six anchored
peptides. Moreover, keratinocytes seeded in hydrogels containing this peptide
demonstrate the ability to proliferate over time and reach maximum levels of cell
viability after 14 days of culture.

In conclusion, the KPPFLMLLKGSTR sequence results in a notable
enhancement in keratinocyte adhesion, while fibroblast adhesion behaviour is
comparable to that of the control. The KAASIKVAVSADR sequence does not appear
to induce an improvement in either cell type, and its behaviour is similar to that of
the control, which also contains RGD cell adhesion sequences.
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Figure 64: Biocompatibility and cytotoxicity. A) Reduction of AlamarBlue by HFF-1 cells seeded onto
biofunctionalized click hydrogels at different time points. B) Reduction of AlamarBlue by HaCaT cells seeded onto
biofunctionalized click hydrogels at varying time points. C) Fluorescence L&D microscopy images of stained HaCaT

KAASIKVAVSADR
Peptide

KPPFLMLLKGSTR
Peptide
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cells, seeded on biofunctionalized click hydrogels with different peptide concentrations (2X, 4X and 6X) during a 14-
day culture period. Green staining distinguished live cells, while red staining revealed cell death. Scale bar: 250 um.

The cell viability and cytotoxicity of the novel biofunctionalized
tricomponent hydrogels (VKV-peptide-SKS) were complemented through the use of
LIVE/DEAD staining. Figure 64C displays projections of 3D fluorescence images
captured with a confocal microscope, which confirm an increase in the number of
HaCaT cells within hydrogels over time (3 and 14 days). Throughout the observation
period, the majority of cells observed were alive (stained green), confirming that
they were of a typical cell size and morphology. The presence of live cells was
detected on both the surface and within the hydrogels, with a minimal number of
dead cells (stained red). The findings suggest that the nutrients permeate the
scaffold with ease, thereby ensuring the survival of the cells. The fluorescent images
are in alignment with the previously obtained viability results. The cell viability
assay, specifically AlamarBlue, confirmed an increase in the proliferation rate,
reaching a peak on day 14 of the experiment. Furthermore, this increase is also
evident in the fluorescent images.

Hydrogels containing the KPPFLMLLKGSTR peptide demonstrated a greater
preference for HaCaT cells, as evidenced by the higher number of cells adhering to
this type of hydrogel after three days of the experiment. Furthermore, it appears
that hydrogels with the highest peptide concentration (6X) are the ones where the
greatest number of cells have adhered, for both peptides. It is important to note that
the KPPFLMLLKGSTR peptide plays a regulatory role in epithelial adhesion to the
underlying connective tissue and enhances keratinocyte motility. It can therefore be
concluded that these new hydrogels, which contain the KPPFLMLLKGSTR peptide,
are capable of achieving good specificity towards keratinocytes when applied to a
wound, thus accelerating re-epithelialisation and promoting wound healing [582].

In summary, this chapter presents the development of a novel tricomponent
hydrogel (VKV-peptide-SKS) in which two laminin mimetic peptides,
KAASIKVAVSADR and KPPFLMLLKGSTR, have been click-grafted to functionalise
the elastin polymers. The results demonstrated a high affinity between HaCaT cells
and ELR hydrogels, which was attributed to the inclusion of the peptide with the
keratinocyte-specific adhesion sequence, KPPFLMLLKGSTR, which confers an
improved adhesion of this type of cell to the hydrogels. However, the
KAASIKVAVSADR peptide does not appear to confer any additional benefit in either
of the two cell types, as its behaviour is similar to that of the control hydrogels, which
also contain the RGD cell adhesion sequence. Additionally, the quantities of peptides
that yielded the most favourable outcomes have been optimised, with the highest
concentration of peptides (6X) per ELR molecule, eliciting the most pronounced
benefits in terms of Kkeratinocyte cell adhesion. Moreover, these hydrogels
comprising six KPPFLMLLKGSTR peptides retain good transparency, an adequate
water content, and favourable mechanical properties. These attributes, in
conjunction with the inherent advantages of elastin, such as high biocompatibility,
porosity, and an appropriate pore size, indicate that these novel hydrogels have the
potential to serve as effective dressings for promoting the healing of challenging
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wounds as they are capable of attracting cells from the wound margins and
facilitating the proliferation of both fibroblasts and keratinocytes.

Nevertheless, this approach to obtaining hydrogels is highly laborious and
time-consuming. This process requires the manual synthesis of peptides and the
performance of numerous consecutive chemical reactions, accompanied by their
corresponding purification processes. Furthermore, the degree of functionalisation
of the hydrogels cannot be precisely controlled, which increases the variability of
the results. Consequently, in the following chapter, the objective is to introduce the
sequences of interest, AASIKVAVSADR and PPFLMLLKGSTR, via recombinant means
through molecular biology. This approach will enhance productivity by facilitating
the production of materials and enabling more precise control over the final
sequence of the polymer, thereby reducing variability.
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Appendix
KAASIKVAVSADR peptide

1H NMR (400 MHz, DMSO-d6): 8.6-8.5, 8.2-8.1, 8.0-7.9, 7.8-7.7 (4 m, 12H,-NH-CO),
7.5,7.2and 7.1 (3s, 3H, NH-Arg), 5.1 and 5.0 (2 bs, 2H, HO-Ser), 4.5-3.4 (m, 22H, HN-
CH-Val + HN-CH-Lys + HN-CH-Ala + HN-CH-Ser + CH2-Ser + HN-CH-Ile + HN-CH-Asp
+ HN-CH-Arg + CH2-NH-Arg), 3.1-3.0, 2.7-2.6 and 2.0-0.9 (three m, 44H, eCH2-Lys,
CHz-Lys, H2N-Lys, NH-CH2-Arg, CH(CHz)2-Val, CH3-Ala, CH(CH3)2-Ile, CHz-Ile and
CH2-Asp), 0.9-0.7 (m, 1602H, CH-CH3s-Ile, CH(CH3)2-Val).
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KPPFLMLLKGSTR peptide

1H NMR (400 MHz, DMSO0-d6): 8.2-7.8, 7.7-7.6 (2 m, 10H,-NH-CO), 7.5-7.4, 7.3-7.1
(2m, 8H, CH-arom-Phe, -NH-Arg), 5.2 and 5.0 (2 bs, 2H, HO-Ser, HO-Tre), 4.5-3.4 (m,
25H, HN-CH-Phe + HN-CH-Leu + HN-CH-Ser + HN-CH-Met + HN-CH-Lys + HN-CH-
Tre + HN-CH-Arg + HN-CH2-Gly + CH2-Ser + CH2-NH-Arg, HC-CH2-Phe + + a-CH-Pro
+ 8CH2-Pro), 3.1-3.0, 2.7-2.6 and 2.0-0.9 (three m, 52H, eCH2-Lys, CH2-Lys, H2N-Lys,
B and yCH2-Pro, CH(CHs)2-Leu, CH2-Leu, CH2-Met, CH2-Arg), 0.9-0.7 (m, 18H,
CH(CHs3)2-Leu).

50 45
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VKV-CC

1H NMR (400 MHz, DMSO-d6): 8.2-7.6 (m, 582H, -NH-CO), 7.0 (s, 12H, -NH-CO-
Lys), 4.4-3.5 (m, 1311H, CH-Val +a-CH-Pro + §CH2-Pro + CH2-Gly + CH-Lys), 2.9 and
2.7 (two m, 48H, eCH2-Lys), 2.2-1.1 (m, 1108H,  and yCH2-Pro, CH(CHs3)2-Val and
CHz-Lys), 0.9-0.7 (m, 1602H, CH(CH3)2-Val).

2200
2100
2000
=1900

1800

1600
1500
[~ 1400

1300

1200
1100
- 1000
900
800
/ 700
— 600
- 500
- - - 400
300
200
100

i 1 ' I T [ I et P re
] g 2 sfs 3y g £ = [ 100
2 = ¥ ¢ § 2 &2 B3 b = F.200

o5 ©0 85 80 75 70 &5 60 55 50 45 40 35 30 25 20 15 10 05 00 05

f1 (eom?

VKV-2X-KAASIKVAVSADR

1H NMR (400 MHz, DMS0-d6): 8.2-7.6 (m, 606H,-NH-CO), 7.0 (s, 12H, -NH-CO-Lys),
7.4-7.0 (m, 6H, -NH-Arg), 4.4-3.5 (m, 1355H, CH-Val + a-CH-Pro + §CH2-Pro + CHz-
Gly + CH-Lys + CHz2-Ser + CH2-NH-Arg), 2.9 and 2.7 (two m, 48H, €CHz-Lys), 2.2-1.1
(m, 1202H, 3 and YCH2-Pro + CH(CH3)2-Val + CHz-Lys + CH(CH3)2-Ile + CH2-Ile + CH2-
Asp + CHs-Ala + (CH2)2-Arg), 0.9-0.7 (m, 1632H, CH(CH3)2-Val).
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VKV-4X-KAASIKVAVSADR

1H NMR (400 MHz, DMS0-d6): 8.2-7.6 (m, 630H,-NH-CO), 7.0 (s, 12H, -NH-CO-Lys),
7.4-7.0 (m, 12H, -NH-Arg), 4.4-3.5 (m, 1399H, CH-Val + a-CH-Pro + §CH2-Pro + CHaz-
Gly + CH-Lys + CH2-Ser + CH2-NH-Arg), 2.9 and 2.7 (two m, 48H, eCHz-Lys), 2.2-1.1
(m, 1202H, 3 and yCH2-Pro + CH(CHs3)2-Val + CHz-Lys + CH(CH3)2-Ile + CH2-Ile + CH2-
Asp + CHs-Ala + (CH2)2-Arg), 0.9-0.7 (m, 1662H, CH(CH3)2-Val).
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VKV-6X-KAASIKVAVSADR

1H NMR (400 MHz, DMS0-d6): 8.2-7.6 (m, 654H,-NH-CO), 7.0 (s, 12H, -NH-CO-Lys),
7.4-7.0 (m, 18H, -NH-Arg), 4.4-3.5 (m, 1443H, CH-Val +a-CH-Pro + 6CHz2-Pro + CHz-
Gly + CH-Lys + CHz-Ser + CH2-NH-Arg), 2.9 and 2.7 (two m, 48H, €CHz-Lys), 2.2-1.1
(m, 1202H, 3 and YCH2-Pro + CH(CH3)2-Val + CHz-Lys + CH(CH3)2-Ile + CH2-Ile + CHz-
Asp + CHs-Ala + (CH2)2-Arg), 0.9-0.7 (m, 1692H, CH(CH3)2-Val).

3400
3200
3000
[~ 2800
[-2600
[~ 2400
2200
[~ 2000
1800

[~ 1600

[ 1400
F1200

[~ 1000

[ 600

400
200
ro

NaN I

T
r-200

11427

0% =
85178 —
88340 —
33096

g n ga8
g 3 225 g

T T T T T T T T T T T T T T T T T T T
95 90 85 80 75 20 65 60 55 50 45 40 35 30 25 20 15 10 05 00
n

238




APPENDIX PART II

VKV-2X-KPPFLMLLKGSTR

1H NMR (400 MHz, DMS0-d6): 8.2-7.6 (m, 602H,-NH-C0), 7.0 (s, 12H, -NH-CO-Lys),
7.2-6.5 (m, 16H, CH-arom-Phe and -NH-Arg) 4.4-3.5 (m, 1361H, CH-Val + a-CH-Pro
+ 8CH2-Pro + CH2-Gly + CH-Lys, CH2-Phe and CH2-NH-Arg), 2.9 and 2.7 (two m, 48H,
€CHz2-Lys), 2.2-1.1 (m, 1212H, 8 and yCH2-Pro, CH(CH3)2-Val, CH(CH3)2-Leu, CHz-
Leu, CH3-Thr, CH3-Met, CH2-Met, -(CH2)2-Leu and CH2-Lys), 0.9-0.7 (m, 1638H, -Val,
CH(CHs3)2-Leu).
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VKV-4X-KPPFIMLLKGSTR

1HNMR (400 MHz, DMSO-d6): 8.2-7.6 (m, 622H,-NH-CO), 7.0 (s, 12H, -NH-CO-Lys),
7.2-6.5 (m, 32H, CH-arom-Phe and -NH-Arg) 4.4-3.5 (m, 1411H, CH-Val +a-CH-Pro +
0CH2-Pro + CH2-Gly + CH-Lys, CH2-Phe and CH2-NH-Arg), 2.9 and 2.7 (two m, 48H,
€CHz-Lys), 2.2-1.1 (m, 1316H, B and yCHz2-Pro, CH(CH3)2-Val, CH(CH3)2-Leu, CHz-
Leu, CH3-Thr, CH3-Met, CH2-Met, -(CH2)2-Leu and CH2-Lys), 0.9-0.7 (m, 1674H, -Val,
CH(CHs3)2-Leu).
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VKV-6X-KPPFLMLLKGSTR

1H NMR (400 MHz, DMS0-d6): 8.2-7.6 (m, 642H,-NH-CO), 7.0 (s, 12H, -NH-CO-Lys),
7.2-6.5 (m, 48H, CH-arom-Phe and -NH-Arg) 4.4-3.5 (m, 1461H, CH-Val + a-CH-Pro
+ 8CH2-Pro + CH2-Gly + CH-Lys, CH2-Phe and CH2-NH-Arg), 2.9 and 2.7 (two m, 48H,
€CHz-Lys), 2.2-1.1 (m, 1420H, B and yCHz-Pro, CH(CHs3)2-Val, CH(CH3)2-Leu, CHz-
Leu, CH3-Thr, CH3-Met, CH2-Met, -(CH2)2-Leu and CH2-Lys), 0.9-0.7 (m, 1710H, -Val,
CH(CHs3)2-Leu).
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3.2.2.- Synthesis and characterisation of
biofunctionalized hydrogels by inclusion of
the laminin gene into the backbone of elastin
polymers

3.2.2.1.- Laminin mimetic sequence selection

The studies conducted in the preceding section of this thesis have yielded a
substantial amount of information regarding the capacity of the sequences
AASIKVAVSADR and PPFLMLLKGSTR to facilitate the adhesion and proliferation of
fibroblasts and keratinocytes, which could potentially enhance the wound healing
process. As previously stated, the sequence AASIKVAVSADR is situated within the
globular region of the long a-chain of laminin 1, where it performs a variety of
functions, including cell adhesion, differentiation, and migration, by binding to
a3B1, a4p1, and a6fB1 integrins. The sequence PPFLMLLKGSTR is present in the
globular domain (LG3) of the a3-chain of laminin 5 and regulates the adhesion of
epithelium to underlying connective tissue and interacts with cell surface receptors
such as a3f1 integrins to promote keratinocyte motility, accelerating re-
epithelialisation and aiding wound healing. In the initial approach, these sequences
bind to the polymer via a click reaction between the cyclooctyne group of the
polymer and the azide group of the desired peptides. One of the major advantages
of ELRs is their recombinant character, which allows for the modification of their
sequence to substitute some of their amino acids to modulate possible cross-linking
or to include specific sequences of interest in their main backbone. In this way, it can
be anticipated that the incorporation of laminin sequences within the same amino
acid chain of an ELR will result in a more precise final composition of the polymer,
thereby enhancing the specificity for certain cells compared to grafting through a
chemical reaction. Furthermore, the advantages of recombinant technology can be
leveraged to improve productivity by facilitating the production of materials and
reducing the time required.

In light of this hypothesis and based on the previously obtained polymer SKS
[436], several novel ELR polymers have been developed with the objective of
improving the specificity of adhesion and proliferation processes in keratinocytes
and fibroblasts, which are the cells of interest during wound healing. In the
preceding section, it was determined that the optimal concentration of these
laminin-specific adhesion motifs, exhibiting the most favourable outcomes, is the
highest concentration (6X). Consequently, in this section, the specific sequences
AASIKVAVSADR and PPFLMLLKGSTR will be recombinantly introduced into the
main chain of the initial SKS polymer at the optimised concentration in order to
develop new polymers with new biological functionalities and hopefully improved
properties.
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The initial approach involved the independent introduction of each of the
sequences in the initial SKS polymer backbone, with the aim of replacing the general
cell adhesion sequence RGD with the specific sequences of interest AASIKVAVSADR
and PPFLMLLKGSTR. This resulted in the generation of two independent polymers,
referred to as SKS-IKVAV and SKS-PPFLM, respectively, with six repetitions of the
sequence of interest, as illustrated in Figure 65A.

SKS Polymer

MESLLP {[VPGVE VPESG VPGVG VPGKG VPGVE VPGSE VPGVG]; VAVTEREDSPASSEGEGS66665666GS [VPEVE
VPGSG VPGVE VPEKG VPGVE VPGSE VPEVE]L), V

SKS-IKVAV Polymer

1
1
1
1
1
1
1
:
1
MESLLP {[VP6VE VP6SE VPEVE VPGKG VPGVE VPESE VPGVE], AASIKVAVSADR [VPEVE VPGSE VPEVE VPGKG :
VP6VG VPGSG VPGVE]:},V '

1

1

1

1

1

1

1

1

SKS-PPFLM Polymer

MESLLP {[VPGVG VPGSG VPGVG VPGKG VPGVG VPGSG VPGVG], PPFLMLLKGSTR [VPGVG VPGSG VPGVG VPGKG
VPGVE VPESE VPEVEL)V

SKS Polymer
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Figure 65: Amino acid composition of the novel polymers SKS-IKVAV, SKS-PPFLM and SKS-IKVAV-PPFLM.

Conversely, a polymer is obtained that contains both sequences within the
same main backbone. For this purpose, a VPGKG group from the original polymer
SKS is replaced by the sequence of interest, AASIKVAVSADR, while maintaining the
number of amino acids K constant. However, to introduce the sequence
PPFLMLLLKGSTR, it is preferable to replace it with a GGGGS spacer, as if it were
replaced by another VPGKG group, all the lysines that serve for the introduction of
cross-linkable groups would be lost, and therefore the polymer would be unable to
form gels. It is preferable that the two sequences, AASIKVAVSADR and
PPFLMLLKGSTR, are separated in space to prevent interference with their
respective functionalities. Furthermore, the functionality of the general cell
adhesion RGD motif is preserved. The proposed design would result in the optimal
concentration of keratinocyte-specific binding sequences, PPFLMLLLLKGSTR, with
six repeats, and the addition of twice the concentration of the AASIKVAVSADR
sequence with a total of 12 repeats. This would guarantee that, in the event that any
of these lysines are employed for cross-linking, the complete functionality of the
sequence would remain intact. The aforementioned process results in the synthesis
of a novel polymer, designated SKS-IKVAV-PPFLM, as illustrated in Figure 65B.

3.2.2.2.- Gene construction

The final genes are obtained through the recursive directional ligation (RDL)
technique, which involves the sequential introduction of repetitive segments of the
polypeptide coding gene to form fusion genes with a controlled final composition
[416], [592]. In all three cases, SKS-IKVAV, SKS-PPFLM and SKS-IKVAV-PPFLM, the
initial coding genes for the ELR sequences were purchased from an external
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company (NZYTech, Portugal). Subsequently, the final gene (with six repeats)
encoding the polymer with the desired sequences is obtained through molecular
biology. The general procedure for obtaining the desired genes following this
methodology is illustrated in Figure 66. Steps A, B, C and D are conducted in
succession and repeatedly using restriction enzymes that leave cohesive and
complementary ends in a pDrive cloning plasmid until the final gene is obtained.
Subsequently, the aforementioned gene is introduced into a p7RARE expression
plasmid in order to obtain the polymer, as displayed in step E.
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Figure 66: Schematic representation of the cloning strategy employed for obtaining the final gene
construction, with the actions taken outlined. A) The pD cloning vector, which contains the gene fragment of
interest (A), is digested using Earl in order to obtain the A insert. B) The pD cloning vector, comprising the gene
fragment of interest (B), is digested with Sapl to generate the linearized pD-B plasmid. C) The linearized pD-B
plasmid is ligated with the A insert using T4 DNA ligase to produce the new plasmid, pD-A-B. D) The pD-A-B plasmid
is subjected to digestion with Earl, thereby yielding the A-B-ELR gene coding insert. E) The final gene construction
is introduced into an expression vector (p7RARE) in order to achieve protein expression.

3.2.2.3.- Gene construction of SKS-IKVAV and SKS-
PPFLM

The recombinant SKS-IKVAV and SKS-PPFLM genes are synthesized in
parallel at each step of the process in order to optimise the utilisation of resources.
This section was carried out with the assistance of Salomé Carneiro, a Master's
student.
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3.2.2.3.1.- Cloning vector pDrive All

The cloning vector employed in this thesis is pDrive All, which we will refer
to as pD from now on, provided by the Bioforge research group. Figure 67A shows
the restriction map of the pD plasmid, indicating the cleavage points for the Earl and

Sapl enzymes, as well as the number of base pairs comprising this vector, which is
3938 bp.

Consequently, it is necessary to clone the pD vector in order to subsequently
insert the first fragment of the SKS-IKVAV or SKS-PPFLM genes and to be able to
carry out all the molecular biology steps until the desired final gene is obtained. For
this purpose, the pD plasmid is inserted into competent cells by transformation into
XL1-Blue subcloning cells. Following purification, the concentration and purity of
several colonies are analysed. The results are presented in Table 34.

Table 34: Concentration (ng/ul) and degree of purity of pD plasmids after purification.

Concentration (ng/puL) 260/280 260/230
pD1 534.8 1.88 1.22
pD2 433.0 1.90 1.43
pD3 568.7 1.89 1.32

The results confirmed that all the samples exhibit and adequate
concentration and purity of DNA, as evidenced by their 260/280 ratio. Furthermore,
these samples are devoid of contaminants, as the 260/230 ratio has values lower
than 1.5. In order to perform the initial insertion of the gene fragments of interest,
the pD3 sample with the highest DNA concentration is selected. Subsequently, the
vector is subjected to a rapid digestion with the Earl enzyme in order to verify the
characteristic bands after analytical electrophoresis in an agarose gel (1 %) as is

observed in Figure 67B.
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Figure 67: Subcloning of the pD plasmid. A) Restriction map of the pD plasmid, where the cleavage sites
for Earl and Sapl enzymes are specified. B) Analytical agarose gel electrophoresis (1 %) of the pD vector digested

with Earl endonuclease (Image Lab™). C) Theoretical restriction map of the pD vector, digested with Earl using the
SnapGene® software.

The selected colony exhibits all the expected bands of the pD vector when
compared to the theoretical values of the restriction map obtained with the
SnapGene® software after digestion with Earl, as is displayed in Figure 67C. This
result is verified by sequencing with the primers T7 and Sp6, after which the colony
is selected for the subsequent stage. The pD plasmid is linearised by preparative
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digestion with Sapl endonuclease, dephosphorylated with FastAP, and the resulting
bands are observed after preparative agarose gel electrophoresis (1 %) as shown in
Figure 68A. While the band corresponding to the linearised pD vector is present on
the experimental agarose gel at 3938 bp, another band is observed between 2000
and 3000 bp. This band indicates that the linearisation is not complete,
corresponding to one of the isoforms of the non-linearised vector. Subsequently, the
plasmid digestion is compared with the theoretical value of 3938 bp of the
restriction map obtained with the SnapGene® software after digestion with Sapl, as
observed in Figure 68C. Once the correct linearisation of the vector has been
confirmed, the band corresponding to the linearised pD vector is excised as
illustrated in Figure 68B.
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Figure 68: Linearisation of the pD plasmid. A) Preparative agarose gel (1 %) electrophoresis of the pD
vector, digested with Sapl endonuclease (Image Lab™). B) Excision of the band corresponding to the linearized pD
vector (Image Lab™). C) Theoretical restriction map of the pD vector, digested with Sapl using the SnapGene®
software.

Following the removal of the DNA from the agarose gel, a second
dephosphorylation with SAP is performed in order to prevent the ends from closing.
Subsequently, the concentration and purity of the vector are then measured. The
results are presented in Table 35.

Table 35: Concentration (ng/uL) and degree of purity of linearized pD plasmid.

Concentration (ng/pL) 260/280 260/230

Linearized pD 50.0 1.95 1.49

All samples were found to exhibit satisfactory levels of DNA concentration
and purity. At this juncture, the pD vector is prepared for the insertion of the gene
fragments of interest.

3.2.2.3.2.- SKS-IKVAV and SKS-PPFLM inserts

The initial coding genes for SKS-IKVAV and SKS-PPFLM were purchased from
NZYTech with a single repeat. In order to obtain the final gene, six repeats of each
amino acid sequence must be obtained. The delivery of these genes is conducted via
pUC57 cloning plasmids, which exhibit ampicillin resistance and contain three Sapl
restriction sites. The coding gene of interest is situated between two of these sites.
The pUC57 vector is 2710 base pairs in length.
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In order to prepare the SKS-IKVAV and SKS-PPFLM inserts, the commercial
plasmid pUC57-SKS-IKVAV and the commercial plasmid pUC57-SKS-PPFLM are
transformed into XL1-Blue competent cells for subcloning of these vectors.
Subsequently, three bacterial colonies are selected and the concentration and purity
of the plasmids obtained after purification are analysed. The results are presented
in Table 36.

Table 36: Concentration (ng/uL) and degree of purity of commercial plasmids with the SKS-IKVAV or SKS-PPFLM
insert.

Concentration (ng/pL) 260/280
pUCS7-SKS-IKVAV_1 576.1 1.89
pUCS7-SKS-IKVAV _2 820.2 1.89
pUCS7-SKS-IKVAV _3 658.9 1.86
pUCS7-SKS-PPFLM_1 738.6 1.89
pUCS7-SKS-PPFLM_2 626.1 1.86
pUCS57-SKS-PPFLM _3 288.0 1.90

All samples exhibited a satisfactory degree of DNA concentration and purity.
Consequently, the samples with the highest concentration are selected, namely
pUC57-SKS-IKVAV_2 and pUC57-SKS-PPFLM_1. Subsequently, the plasmids are
then subjected to digestion with the Sapl endonuclease enzyme in order to extract
the SKS-IKVAV and SKS-PPFLM gene inserts. This enzyme then cleaves the vector
into smaller fractions, releasing the SKS-IKVAV or SKS-PPFLM gene fragment
located between two Sapl cleavage sites. This process results in an insert with a size
of 456 bp for both genes. The resulting bands from this digestion are observed after
preparative agarose gel electrophoresis (1 %), as shown in Figure 69A. This
demonstrates the presence of the 2416 bp and 294 bp bands, which correspond to
the plasmid without the insert cut with Sapl, the 456 bp insert band and bands from
the partially digested plasmid.
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Figure 69: Extraction of the inserts. A) Preparative agarose gel electrophoresis (1%) of the commercial
plasmids pUC57-SKS-1KVAV and pUC57-SKS-PPFLM, digested with Sapl endonuclease (Image Lab™). B) Excision of
the bands corresponding to the SKS-IKVAV and SKS-PPFLM inserts (Image Lab™).

Subsequently, the bands of interest are extracted from the agarose gel, as
illustrated in Figure 69B, and the genes are then purified using a gel extraction
microcentrifuge centrifuge column. The degree of concentration and purity of the
obtained inserts is then evaluated, as displayed in Table 37.
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Table 37: Concentration (ng/ulL) and degree of purity of SKS-IKVAV and SKS-PPFLM inserts after purification.

Concentration (ng/pL) 260/280
SKS-IKVAV insert 11.7 1.68
SKS-PPFLM insert 8.3 2.25

3.2.2.3.3.- SKS-IKVAV and SKS-PPFLM genes insertion in the pDrive
All plasmid

The ligation strategy is based on the joining of compatible adhesive ends
obtained using the Sapl enzyme for linearisation of the pD plasmid (previously
dephosphorylated) and the Earl enzyme for obtaining ELR inserts. Ligation is
performed using the enzyme DNA T4 ligase. The products of these reactions, pD-
SKS-IKVAV and pD-SKS-PPFLM, are subsequently employed to transform into
competent E. coli. A number of colonies are selected and tested to verify the
introduction of the SKS-IKVAV and SKS-PPFLM inserts into the pD. In addition, the
concentration and purity of the plasmids containing the inserts are evaluated, as
illustrated in Table 38.

Table 38: Concentration (ng/ul) and degree of purity of the pD-SKS-IKVAV and pD-SKS-PPFLM plasmids.

Sample Concentration (ng/uL) 260/280
pD-SKS-IKVAV_1 758.3 1.89
pD-SKS-IKVAV_2 711.4 1.90
pD-SKS-IKVAV_3 736.5 1.90
pD-SKS-IKVAV_4 688.7 1.91
pD-SKS-PPFLM_1 604.7 1.88
pD-SKS-PPFLM_2 596.4 1.89
pD-SKS-PPFLM_3 735.1 1.92
pD-SKS-PPFLM_4 705.8 1.90

All samples exhibited satisfactory levels of DNA concentration and high
degrees of purity. Consequently, samples with the highest concentrations are
selected, and pD-SKS-IKVAV_1 and pD-SKS-PPFLM_3 are chosen for the subsequent
cloning steps. Furthermore, to ascertain the accuracy of the gene incorporation of
the insert into the cloning vector, each plasmid is subjected to digestion with both
the Earl and EcoRI enzymes. The resulting bands are then analysed in an analytical
agarose gel (1 %), as illustrated in Figure 70A. Finally, the plasmid digestion is
compared with the theoretical value of the restriction map obtained with the
SnapGene® software, as presented in Figure 70B. Although bands corresponding to
a repeat of the SKS-IKVAV or SKS-PPFLM genes (456 bp) and bands from the
plasmid digestion with Earl + EcoRI (1733 bp, 1262 bp, 637 bp and 205 bp) are
observed, other bands higher than 2000 bp are also found. These bands may be
indicative of a non-linearised plasmid. Sequencing of the plasmids containing the
genes revealed the correct insertion of the SKS-IKVAV and SKS-PPFLM genes into
the pD vector.
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Figure 70: Verification of the plasmids obtained. A) Analytical agarose gel electrophoresis (1 %) of the
pD-SKS-IKVAV and pD-SKS-PPFLM plasmids, digested with the Earl and EcoRI endonuclease (Image Lab™). B)
Theoretical restriction map of pD-insert vectors, digested with Earl and EcoRI using the SnapGene® software.

Following the successful introduction of the SKS-IKVAV and SKS-PPFLM
genes into the pD vector, the subsequent cloning steps entail amplifying the gene
size by increasing the number of repeats until the six repeats constituting the final
gene coding for the polymer of interest (SKS-IKVAV-6X and SKS-PPFLM-6X) are
obtained. This is achieved in a sequential and consecutive manner through the
iterative/recursive approach, which involves the steps of insert extraction with the
Earl enzyme and subsequent introduction into a linearised and dephosphorylated
plasmid treated with Sapl.

The final constructs, pD-SKS-IKVAV-6X and pd-SKS-PPFLM-6X, are subjected
to rapid digestion with EcoRI and Sspl enzymes together in order to confirm the
correct insertion of the inserts. The resulting bands are analysed by electrophoresis
on an analytical agarose gel (1 %) as shown in Figure 71A. Finally, the plasmid
digestion is compared with the theoretical value of the restriction map obtained
with the SnapGene® software, as illustrated in Figure 71B. Upon analysis of the
results obtained in the experimental agarose gel, all the bands of the theoretical
pattern are identified, and two additional bands are observed between 3000 and
4000 bp, which may correspond to non-linearised isoforms of the samples.
Subsequently, the selected plasmids are subjected to further sequencing, with the
genetic sequences of the SKS-IKVAV-6X and SKS-PPFLM-6X genes being confirmed.
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Figure 71: Verification of the plasmids obtained. A) Analytical agarose gel electrophoresis (1 %) of the
pD-SKS-IKVAV-6X and pD-SKS-PPFLM-6X plasmids, digested with the EcoRI and Sspl endonuclease (Image Lab™).
B) Theoretical restriction map of pD-insert-6X vectors digested with EcoRI and Sspl using the SnapGene® software.
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3.2.2.3.4.- SKS-IKVAV-6X and SKS-PPFLM-6X genes insertion in the
p7RARE plasmid

The expression vector employed in this thesis is p7RARE, which has been
provided by the Bioforge research group. Once the correct sequences of the SKS-
IKVAV-6X and SKS-PPFLM-6X genes in the pD cloning plasmid have been confirmed,
the vector is digested with the Earl enzyme in such a way that the inserts, SKS-
IKVAV-6X and SKS-PPFLM-6X, are obtained. In turn, the p7RARE expression
plasmid is treated with the Sapl enzyme for linearisation and subsequent
dephosphorylation. The resulting bands are resolved on preparative agarose gel
electrophoresis (1 %) as shown in Figure 72A. The plasmid digests are then
compared with the theoretical values of the restriction maps obtained with the
SnapGene® software, as illustrated in Figure 72C.
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Figure 72: Linearisation of the p7RARE plasmid and extraction of the inserts. A) Preparative agarose
gel electrophoresis (1 %) of the expression vector, p7RARE and the pD-SKS-IKVAV-6X and pD-SKS-PPFLM-6X,
digested with Sapl and Earl, respectively (Image Lab™). B) Excision of the bands corresponding to the linearized
expression vector, p7RARE and SKS-IKVAV-6X and SKS-PPFLM-6X inserts (Image Lab™). C) Theoretical restriction
map of the p7RARE vector digested with Sapl and the pD-insert-6X digested with Earl using the SnapGene®
software.

Finally, the bands of interest, namely the 5481 bp band for the linearised
p7RARE and the 2736 bp band corresponding to the inserts, SKS-IKVAV-6X and SKS-
PPFLM-6X, are extracted from the gel as depicted in Figure 72B. The purified genes

are then evaluated for the degree of concentration and purity, as exhibited in Table
39.

Table 39: Concentration (ng/uL) and degree of purity of the p7RARE plasmid, SKS-IKVAV-6X insert and SKS-
PPFLM-6X insert after purification.

Concentration (ng/nL) 260/280
Linearized p7RARE 243 1.63
SKS-IKVAV-6x insert 14.9 1.77

SKS-PPFLM-6x insert 17.4 1.86

The SKS-IKVAV-6X and SKS-PPFLM-6X inserts are introduced into the
linearised and dephosphorylated expression plasmid p7RARE by ligation between
the two fragments. The products of these reactions, p7RARE-SKS-IKVAV-6X and
p7RARE-SKS-PPFLM-6X, are subsequently used to transform into competent E. coli.
A number of colonies are selected and examined to ascertain the successful
integration of the SKS-IKVAV-6X and SKS-PPFLM-6X inserts into the p7RARE. In
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addition, the concentration and purity of the plasmids containing the inserts are
evaluated, as illustrated in Table 4.0.

Table 40: Concentration (ng/uL) and degree of purity of p7RARE-SKS-IKVAV-6X and p7RARE-SKS-PPFLM-6X
plasmids after purification.

Sample Concentration (ng/nL) 260/280

p7RARE-SKS-TKVAV-6x 1 145.6 1.87
p7RARE-SKS-IKVAV-6x_2 130.4 1.90
p7RARE-SKS-IKVAV-6x 3 185.2 1.92
p7RARE-SKS-IKVAV-6x_4 138.3 1.92
p7RARE-SKS-PPFLM-6x 1 118.2 1.93
p7RARE-SKS-PPFLM-6x 2 189.7 1.91
p7RARE-SKS-PPFLM-6x_3 164.0 1.91
p7RARE-SKS-PPFLM-6x_4 177.4 1.90

Furthermore, to verify that the gene insert has been correctly inserted into
the expression vector, each plasmid is subjected to co-digestion with EcoRI and Ndel
enzymes, and the resulting bands are analysed on an analytical agarose gel (1 %) as
depicted in Figure 73A. Finally, the plasmid digestion is compared with the
theoretical value of the restriction map obtained with the SnapGene® software, as
shown in Figure 73B. The appearance of the bands at 5452 bp and 2765 bp is
observed, thus confirming the correct insertion of the SKS-IKVAV-6X and SKS-
PPFLM-6X genes in the p7RARE expression vector. The gene sequences are
subsequently validated through sequencing, thereby verifying the functionality of
the plasmids for the expression of the proteins encoded by the aforementioned
genes in Escherichia coli bacteria.
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Figure 73: Verification of the plasmids obtained. A) Analytical agarose gel electrophoresis (1 %) of the
p7RARE-SKS-IKVAV-6X and p7RARE-SKS-PPFLM-6X plasmids, digested with the EcoRI and Ndel enzymes (Image
Lab™). B) Theoretical restriction map of p7RARE-insert-6X vectors digested with EcoRl and Ndel using the
SnapGene® software.

3.2.2.4.- Gene construction of SKS-IKVAV-PPFLM

3.2.2.4.1.- Cloning vector pDrive All

The same cloning plasmid (pDrive all) will be used for the construction of the
SKS-IKVAV-PPFLM gene as was employed for the two previous SKS-IKVAV and SKS-
PPFLM polymers. Consequently, the linearised and dephosphorylated pD plasmid is
now ready for use, as illustrated in Figure 68, with an optimal concentration and
purity, as shown in Table 35.
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3.2.2.4.2.- SKS-IKVAV-PPFLM insert

The initial coding sequences for SKS-IKVAV-PPFLM were acquired from
NZYTech, and each contained a single repeat. In order to achieve the final gene
construct, six repeats of each amino acid sequence must be obtained. The genes are
delivered using the same pUC57 cloning plasmid as previously employed, which
features identical Sapl restriction sites. The coding gene of interest is inserted
between two of the aforementioned restriction sites.

The SKS-IKVAV-PPFLM insert is prepared by transforming the commercial
plasmid pUC57-SKS-IKVAV-PPFLM into XL1-Blue competent cells, which facilitates
vector subcloning. Following this step, three bacterial colonies are selected, and the
concentration and purity of the resulting plasmids are assessed post-purification.
The results are detailed in Table 41.

Table 41: Concentration (ng/ulL) and degree of purity of commercial plasmids with the SKS-IKVAV-PPFLM insert.

Concentration (ng/pL)  260/280

pUCS57-SKS-IKVAV-PPFLM_1 193.0 1.96
pUCS7-SKS-IKVAV-PPFLM_2 205.6 1.97
pUCS7-SKS-IKVAV-PPFLM 3 199.6 1.95

All the samples exhibited satisfactory levels of DNA concentration and purity.
Consequently, the sample demonstrating the highest concentration, namely pUC57-
SKS-IKVAV-PPFLM_2, is selected for further analysis. The plasmid is subjected to
digestion using the Sapl endonuclease enzyme, which cleaves the vector into smaller
fragments, releasing the SKS-IKVAV-PPFLM gene fragment located between two
Sapl cleavage sites, resulting in an insert of 567 bp. The resulting bands from this
digestion process are visualized following preparative agarose gel electrophoresis
(1 %), as illustrated in Figure 74A.
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Figure 74: Extraction of the inserts. A) Preparative agarose gel electrophoresis (1 %) of the commercial
plasmids pUC57-SKS-IKVAV-PPFLM, digested with Sapl endonuclease (Image Lab™). B) Excision of the band
corresponding to the SKS-IKVAV-PPFLM inserts at 567 bp (Image Lab™).

The image depicts the 2416 bp bands corresponding to the plasmid devoid
of the insert, the 567 bp insert band, and bands stemming from partially digested
plasmid molecules. Subsequently, the band of interest is isolated from the agarose
gel, as depicted in Figure 74B, and the gene is purified. Finally, the concentration
and purity of the obtained insert are assessed, as outlined in Table 42.

251




RESULTS: PART III

Table 42: Concentration (ng/uL) and degree of purity of SKS-IKVAV-PPFLM insert after purification.

ple Concentration (ng/pL) 260/280
SKS-IKVAV-PPFLM insert 10.5 1.97

3.2.2.4.3.- SKS-IKVAV-PPFLM gene insertion in the pDrive All plasmid

The ligation process is initiated by the T4 DNA ligase enzyme, which connects
the Sapl linearized and dephosphorylated pD plasmid with the SKS-IKVAV-PPFLM
insert obtained through the Earl enzyme digestion. The resulting product,
designated pD-SKS-IKVAV-PPFLM, is subsequently utilized for transformation into
competent E. coli cells. Following transformation, several colonies are selected and
analysed to confirm the presence and integrity of the inserted fragments.
Furthermore, the concentration and purity of the insert are evaluated, with the
detailed findings presented in Table 43.

Table 43: Concentration (ng/ul) and degree of purity of the pD-SKS-IKVAV-PPFLM plasmid.

Concentration (ng/pL) 260/280
pD-SKS-IKVAV-PPFLM_1 806.8 1.89
pD-SKS-IKVAV-PPFLM 2 626.6 1.89
pD-SKS-IKVAV-PPFLM_3 910.6 1.88

All samples demonstrated robust DNA concentrations and excellent purity
levels. Consequently, the sample exhibiting the highest concentration, specifically
pD-SKS-IKVAV-PPFLM_3, is selected for subsequent cloning procedures.
Additionally, to ensure accurate insertion of the gene into the cloning vector, the
plasmid undergoes digestion using either the EcoRI enzyme or the Earl enzyme
independently, and the resulting bands are analysed via analytical agarose gel
electrophoresis (1 %), as illustrated in Figure 75A. Finally, the plasmid digestion
pattern is compared with the theoretical restriction map generated using the
SnapGene® software. The observed bands in the electrophoresis aligned with the
theoretical bands at 3837 bp and 668 bp when EcoRI was used and at 1789 bp, 1262
bp, 637 bp, 567 bp and 250 bp when Earl was used, as shown in Figure 75B.
Following this validation, the plasmid containing the gene is subjected to further
sequencing, thereby confirming the precise insertion of the SKS-IKVAV-PPFLM gene
into the pD vector.
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Figure 75: Verification of the plasmids obtained. A) Analytical agarose gel electrophoresis (1 %) of the
pD-SKS-IKVAV-PPFLM plasmid, digested with EcoRI or Earl endonucleases (Image Lab™). B) Theoretical restriction
map of the pD-insert vector, digested with EcoRI or Earl using the SnapGene® software.

Following the successful incorporation of the SKS-IKVAV-PPFLM gene into
the pD vector, the subsequent cloning process involves the amplification of the size
of the gene through the addition of repeats until the desired six repeats are achieved,
thereby forming the final gene encoding the polymer of interest (SKS-IKVAV-
PPFLM-6X). This amplification occurs sequentially and iteratively, with inserts
being extracted using the Earl enzyme and then introduced into a linearized and
dephosphorylated plasmid treated with Sapl. While these intermediary steps are
crucial, they have been omitted from the thesis in order to prevent unnecessary
lengthening.

The resulting construct, pD-SKS-IKVAV-PPFLM-6X, is subjected to rapid
digestion with EcoRI and Sspl enzymes simultaneously in order to validate the
correct insertion of the insert. The resulting bands are then analysed via
electrophoresis on a 1 % analytical agarose gel, as depicted in Figure 76A.
Furthermore, the plasmid digestion pattern is compared with the theoretical
restriction map generated using the SnapGene® software, as illustrated in Figure
76B. The observed bands in the electrophoresis align with the bands of the
theoretical pattern, thereby validating the accuracy of the cloning process. Finally,
the selected plasmid is subjected to sequencing to confirm the gene sequence of the
SKS-IKVAV-PPFLM-6X gene.
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Figure 76: Verification of the plasmids obtained. A) Analytical agarose gel electrophoresis (1 %) of the
pD-SKS-IKVAV-PPFLM-6X plasmid, digested with EcoRI and Sspl endonuclease (Image Lab™). B) Theoretical
restriction map of pD-insert-6X vector digested with EcoRI and Sspl using the SnapGene® software.
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3.2.2.4.4.- SKS-IKVAV-PPFLM-6X gene insertion in the p7/RARE

plasmid

The SKS-IKVAV-PPFLM-6X gene will be incorporated into the same
expression plasmid (p7RARE) used for the two previous SKS-IKVAV and SKS-PPFLM
polymers. Therefore, the linearized and dephosphorylated p7RARE plasmid is
readily available for use as depicted in Figure 72, with optimal concentration and
purity levels, as detailed in Table 39.

Upon confirmation of the correct sequence of the SKS-IKVAV-PPFLM-6X gene
within the pD cloning plasmid, the vector is subjected to digestion with the Earl
enzyme to isolate the insert, SKS-IKVAV-PPFLM-6X. The resulting bands are
subsequently separated using a preparative agarose gel electrophoresis (1 %), as
presented in Figure 77A. Subsequently, the plasmid digestion pattern is compared
with the theoretical values of the restriction maps generated using the SnapGene®
software, as depicted in Figure 77C.
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Figure 77: Extraction of the insert. A) Preparative agarose gel electrophoresis (1%) of the pD-SKS-
IKVAV-PPFLM-6X plasmid, digested with Earl, (Image Lab™). B) Excision of the band corresponding to the SKS-
IKVAV-PPFLM-6X insert (Image Lab™). C) Theoretical restriction map of pD-insert-6X digested with Earl using the
SnapGene® software.

Finally, the band corresponding to the SKS-IKVAV-PPFLM-6X insert,
specifically the 3402 bp band of interest, is carefully extracted from the gel, as
illustrated in Figure 77B. The gene is purified, and the concentration and purity of
the obtained insert are meticulously evaluated, with findings summarized in Table
44,

Table 44: Concentration (ng/uL) and degree of purity of the SKS-IKVAV-PPFLM-6X insert after purification.

Concentration (ng/uL) 260/280
SKS-IKVAV-PPFLM-6x insert 21.2 2.95

The final step in molecular biology involves the ligation of the SKS-IKVAV-
PPFLM-6X insert onto the linearized and dephosphorylated expression plasmid,
p7RARE. The resulting product, p7RARE-SKS-IKVAV-PPFLM-6X, is utilized to
transform competent E. coli cells. Subsequently, a number of colonies are selected
and examined in order to verify the successful integration of the SKS-IKVAV-PPFLM-
6X inserts into the p7RARE plasmid. Moreover, the concentration and purity of the
plasmids containing the inserts are evaluated, as depicted in Table 45.

254




RESULTS: PART III

Table 45: Concentration (ng/uL) and degree of purity of the p7RARE-SKS-IKVAV-PPFLM-6X plasmid following
purification.

Concentration (ng/uL) 260/280

P7RARE-SKS-IKVAV-PPFLM-6x_1 143.8 1.89
P7RARE-SKS-IKVAV-PPFLM-6x_2 162.8 1.90
P7RARE-SKS-IKVAV-PPFLM-6x_3 157.2 1.87
P7RARE-SKS-IKVAV-PPFLM-6x_4 125.3 1.92

Furthermore, to ensure accurate insertion of the insert into the expression
vector, the plasmid is subjected to co-digestion with EcoRI and Ndel enzymes, and
the resulting bands are analysed using an analytical agarose gel electrophoresis (1
%), as shown in Figure 78A. Finally, the plasmid digestion pattern is compared with
the theoretical restriction map generated using the SnapGene® software, as
depicted in Figure 78B. The presence of bands at 5452 bp and 3431 bp indicates the
successful insertion of the SKS-IKVAV-PPFLM-6X gene into the p7RARE expression
vector. Subsequent confirmation of the genetic sequence through sequencing
validates the integrity of this plasmid, rendering it suitable for protein expression in
E. coli bacteria.
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Figure 78: Verification of the plasmids obtained. A) Analytical agarose gel electrophoresis (1 %) of the
p7RARE-SKS-IKVAV-PPFLM-6X plasmid, digested with the EcoRI and Ndel enzymes (Image Lab™). B) Theoretical
restriction map of the p7RARE-insert-6X vector, digested with EcoRI and Ndel using the SnapGene® software.

3.2.2.5.- Bioproduction and purification of novel

ELRs laminin mimetic polymers

3.2.2.5.1.- SKS-IKVAV and SKS-PPFLM polymers

The p7RARE plasmid, which contains the SKS-IKVAV-6X gene and produces
the polymer SKS-IKVAYV, and the p7RARE plasmid, which contains the SKS-PPFLM-
6X gene and produces the polymer SKS-PPFLM, are transformed into the E. coli BLR
expression strain. Given that the expression of target proteins often varies in terms
of the amount of protein produced between clones derived from a single bacterial
transformation, it is necessary to screen among the expression colonies in order to
identify the clone that produces the greatest quantity of protein before large-scale
production. This can be achieved by isolating colonies and analysing the total
protein fraction on an SDS-PAGE gel (10 %), as illustrated in Figure 79. The protein
expression of the SKS-IKVAV polymer is detected by the appearance of a band at
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75946 Da, as shown in Figure 79A. In contrast, the SKS-PPFLM polymer is identified
by the presence of a band at 76980 Da, as depicted in Figure 79B. Upon analysis of
the results, it can be observed that both proteins are expressed, as evidenced by the
presence of a band that closely aligns with their respective theoretical molecular
weights. Additionally, a negative control is included, in which the protein of interest
remains unexpressed, and the bacterial bands are observed for comparison.

A) Marker B) Marker
SKS-IKVAV polymer (kDa) SKS-PPFLM polymer

1160

Negative Negative
Control Control

Figure 79: Total protein fraction analysis on an SDS-PAGE electrophoresis. A) Expression screening
of the SKS-1KVAV protein with a characteristic band at 75.95 kDa. B) Expression screening of the SKS-PPFLM protein
with a characteristic band at 76.98 kDa. C) SKS-IKVAV-ELR recombinamer after purification. SDS-PAGE gel stained
with a copper chloride (I1) solution for visualization (Image Lab™).

The subsequent step is to select the bacterial colony exhibiting the highest
expression level, which is colony 7 for SKS-IKVAV and colony 1 for SKS-PPFLM, to
produce the polymer in the bioreactor until the stationary phase is reached, at which
point no bacterial cell growth is observed [424], following the protocol described in
the methodology section, the procedure is repeated for each polymer. The
purification of SKS-IKVAV and SKS-PPFLM polymers is also based on the protocol
defined above in the methodology section. Due to the inverse transition
temperature-dependent nature of these polymers, ELRs are easily solubilised [593].
Thus, at their transition temperature and low salinity conditions, ELR chains tend to
remain hydrophobically hydrated in a disordered reversible soluble state,
facilitating their extraction from the insoluble bacterial protein fraction. Taking
advantage of this property, it is anticipated that when a solution containing ELRs is
heated to a temperature exceeding its Tt, the recombinamer will precipitate and
settle in the sediment. Conversely, when the solution is cooled below Tt, the protein
will dissolve in the supernatant phase. During the disruption and purification
process, various protease inhibitors (PMSF, EDTA, E-64, pepstatin A and/or AESBF)
are added to prevent the degradation of the polymers, as well as to reduce the
process time and to carefully control the temperature. In particular, when working
with the one containing the IKVAV sequence, which is particularly sensitive and
susceptible to degradation, as was already known in the group from a polymer
developed with the same sequence. Consequently, purification must be conducted
by reducing the transition temperature of the recombinamer through the addition
of salt (ammonium sulphate).

In light of the outcomes depicted in Figure 79C, the SKS-IKVAV polymer is
obtained with a minimal degree of degradation that does not impede its utilisation
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for future applications. Nevertheless, the development of an optimised protocol for
obtaining the pure and undegraded SKS-PPFLM polymer has not been feasible
during the course of this thesis. Consequently, the project will henceforth progress
solely with the SKS-IKVAV polymer.

3.2.2.5.2.- SKS-IKVAV-PPFLM polymer

The p7RARE plasmid, which contains the SKS-IKVAV-PPFLM-6X gene, is a
complex polymer that is difficult to produce and purify due to the presence of
several specific bioactive sequences. In order to ascertain which E. coli expression
strain gave the best protein expression yield, the plasmid was transformed into two
strains, BLR and BL21. Initially, the expression colonies are screened to identify the
colony that produces the greatest quantity of protein polymer by isolating colonies
and analysing the total protein fraction on an SDS-PAGE gel (10 %) as illustrated in
Figure 80A for BL21 bacteria and in Figure 80B for BLR bacteria. The expression of
the recombinant polymer SKS-IKVAV-PPFLM is identified by the presence of a band
at 96744 Da, which proves that it is expressed in both bacterial strains by identifying
a band that is close to the theoretical molecular weight. Furthermore, a negative
control is included, which allows the observation of the bacterial bands but the
absence of the protein of interest.

A)

SKS-
B) SKS-IKVAV-PPFLM  Marker  ©)  pyay. Marker

Y g

SKS-IKVAV-PPFLM Marker
polymer (kDa)

g 23374758769 7588
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BL21 strain Negative BLR strain Ne;)hfive
Control Control

Figure 80: Total protein fraction analysis on an SDS-PAGE electrophoresis. A) Expression screening
of the SKS-IKVAV-PPFLM protein in the BL21 bacterial strain with a characteristic band at 96.745 kDa. B)
Expression screening of the SKS-IKVAV-PPFLM protein in the BLR bacterial strain with a characteristic band at
96.745 kDa. SDS-PAGE gel was stained with a Coomassie solution for visualization (Image Lab™). C) The SKS-IKVAV-
PPFLM-ELR recombinamer after purification.

Subsequently, the bacterial colony exhibiting the highest level of expression,
as evidenced by the widest band and the absence of aberrant or overexpressed
bands, is selected. Colony 5 of strain BLR is identified as the optimal candidate for
polymer production in the bioreactor, and the SKS-IKVAV-PPFLM polymer is
purified in accordance with the specified methodology, which exploits its inverse
transition temperature-dependent property. Consequently, a pure SKS-IKVAV-
PPFLM polymer with a slight degree of degradation is obtained, as illustrated in
Figure 80C. During the disruption and purification steps, a range of protease
inhibitors (PMSF, EDTA, E-64, pepstatin A and/or AESBF) are added to prevent or
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minimise the degradation of the polymer. This minor degree of degradation does
not preclude its future use for applications.

3.2.2.6.- Physico-chemical characterisation of novel

ELRs laminin mimetic polymers

The two novel polymers obtained, SKS-IKVAV and SKS-IKVAV-PPFLM, which
contain laminin sequences, are characterised using a series of analytical techniques
in order to confirm their accuracy in terms of molecular composition, final purity,
and thermal response behaviour. In this context, the molecular composition of
amino acids is corroborated by HPLC. The purity and molecular weight of the
polymers are evaluated by SDS-PAGE electrophoresis and mass spectrometry
(MALDI-TOF), as well as by nuclear magnetic resonance spectroscopy ('H-NMR)
and infrared spectroscopy (ATR-FTIR) analysis.

Initially, the amino acid composition of both polymers is verified by HPLC.
The number of residues determined experimentally is found to be in close
agreement with the theoretical values calculated by the Expasy program from the
amino acid sequence composing each polymer. This result corroborates the
accuracy and purity of the recombinamers, as evidenced in Figure 81A for the SKS-
IKVAV polymer and Figure 82A for the SKS-IKVAV-PPFLM polymer. The slight
observed variations are within the experimental error associated with the
technique. The amino acid isoleucine exhibits the most significant variation.

Mass spectrometry (MALDI-TOF) is employed to elucidate the experimental
molecular weight (Mw) of the recombinamers through the m/z ratios of the ions
produced. The mass spectrum obtained for the SKS-IKVAV polymer shows the first
three ionisations (M*1, M*2 and M+*3), as illustrated in Figure 81B. The experimental
value of M*1 allows for the precise determination of the weight of the polymer, which
is 76401 Da. This value is in close agreement with the theoretical value. In contrast,
the mass spectrum obtained for the SKS-IKVAV-PPFLM polymer shows only the first
two ionisations (M*! and M+*2), as illustrated in Figure 82B. The experimental M*1
value of 94938 Da is somewhat lower than the theoretical value of 96744 Da
obtained with the ProteinProspector online program.

Furthermore, the purity and molecular weight of the SKS-IKVAV and SKS-
IKVAV-PPFLM polymers are evaluated using SDS-PAGE gel electrophoresis, as
illustrated in Figure 81C and Figure 82C, respectively. In both cases, it can be
observed that there is a slight degradation of the polymer, which is a predictable
consequence of the IKVAV sequence. However, this does not prevent the polymers
from being used for their potential future applications.
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Figure 81: Physico-chemical characterisation of SKS-IKVAV. A) Predicted and measured amino acid
composition using HPLC after acid hydrolysis. B) MALDI-TOF spectrum showing the mono- (M*1), di- (M*2) and tri-
charged (M+3) states. C) SDS-Page electrophoresis after copper chloride (11) staining. D) Thermal analysis is verified
through turbidimetry, which determines the transition temperature (Tt) by calculating the first derivative of the
data. E) ATR-FTIR spectra. F) 1H-NMR integrated spectra.

The thermal responsiveness of the purified biopolymers is verified through
turbidimetry by providing the transition temperature (Tt) values. The SKS-IKVAV
and SKS-IKVAV-PPFLM polymers are dissolved at a concentration of 1 mg/mL in
ultrapure water in order to analyse their thermal behaviour after complete
solubilisation after 12 hours at 4 °C with stirring. The transition temperatures are
obtained by measuring the turbidity at 350 nm in the temperature range between
10 and 90 °C using a scan rate of 1 °C per minute. Furthermore, the transition
temperatures are determined as the temperature corresponding to the maximum of
the first derivative of the turbidity versus temperature curve [450]. Thus, Figure
81D illustrates the turbidity profile as a function of temperature obtained for the
SKS-IKVAV polymer, which reveals a Tt of 40.5 °C. Figure 82D also depicts the
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turbidity profile as a function of temperature obtained for the SKS-IKVAV-PPFLM
polymer, which exhibits a Tt of 62.6 °C, as determined by the value of its first
derivative. These temperatures are consistent with those anticipated based on the
polarity of the polymers. Consequently, these temperatures can be compared with
the temperature of the starting polymer SKS, which is 34.2 °C [436]. A slight increase
in temperature is observed in the SKS-IKVAV polymer when the serines are kept
constant and the RGD-binding groups are replaced with a DR-containing sequence.
Furthermore, the incorporation of additional lysines per molecule results in a slight
increase in hydrophilicity, which is reflected in an increase in Tt Conversely, an
increase in the temperature of the SKS-IKVAV-PPFLM polymer is also observed. This
change is due to an increase in the number of serines and threonines containing
hydroxyl groups, as well as an increase in the number of lysines, which collectively
resultin a globular increase in hydrophilicity, and therefore, an increase in Tt. Below
this Tt, the ELRs are structurally disordered, highly solvated, and soluble. However,
when the solution temperature is increased and Tt is reached, the polymers undergo
a collapse and coalescence, resulting in the formation of large, micrometre-sized
aggregates, as evidenced by a change in turbidity of sufficiently concentrated
solutions [436]. The study of the thermal behaviour of ELRs is essential in order to
establish the thermal conditions that should be maintained during their use in
biomedical applications.

The infrared spectra of the SKS-IKVAV and SKS-IKVAV-PPFLM polymers
evident characteristic protein vibrational bands corresponding to amide I and
amide II, as illustrated in Figure 81E for the SKS-IKVAV polymer and Figure 82E for
the SKS-IKVAV-PPFLM polymer. The absorption associated with amide I produces a
high intensity peak in the spectrum around 1600 cm-1, whose signal is attributed to
the stretching vibrations of the carbonyl group bond (C=0). This is related to the
secondary structure of the proteins. In contrast, the amide II band corresponds to
bending vibrations of the NH bond, which is signalled at 3400 cm-1. Furthermore,
the bands at 1450 cm! correspond to the CH bending of the methyl group of the
alkane, at 1200 cm-! to the CN stretching of the amine, and at 1000 cm-! to the CO
stretching of the primary alcohol [436]. Consequently, both polymers exhibit the
characteristic bands of ELR polymers, thereby confirming the correct molecular
composition.
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Figure 82: Physico-chemical characterisation of SKS-IKVAV. A) Predicted and measured amino acid
composition using HPLC after acid hydrolysis. B) MALDI-TOF spectrum showing the mono- (M*1) and di- (M*2)
states. C) SDS-Page electrophoresis after copper chloride (II) staining. D) Thermal analysis is verified through
turbidimetry which determines the transition temperature (Tt) by calculating the first derivative of the data. E)
ATR-FTIR spectra. F) 1H-NMR integrated spectra.

Finally, a nuclear magnetic resonance (!H-NMR) analysis is performed to
obtain information on the molecular structure of recombinamers. Theoretically, the
different hydrogen-containing functional groups that comprise the ELR (mainly: -
NHCO-, -CH3, -CHz- and -CH-) undergo different chemical shifts in parts per million
(ppm) depending on the chemical environment in which they are situated. These
signals can be predicted in advance using ChemDraw software. For the experimental
analysis, the SKS-IKVAV and SKS-IKVAV-PPFLM polymers are dissolved in
deuterated dimethyl sulfoxide (DMSO) at a concentration of 5 mg/mL. Figure 81F
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for the SKS-IKVAV polymer and Figure 82F for the SKS-IKVAV-PPFLM polymer
present the NMR spectra, in which the 1H (8§) chemical shifts in ppm are evaluated,
with the integrals corresponding to the different areas delimiting the different
hydrogen types, with the -CH3 peak, located at 1 ppm, serving as a reference for the
evaluation of the integrals. A table is also provided, which compares the
experimental values obtained after integrating the signals of each region with the
planned theoretical values. This serves to corroborate the accuracy of the molecular
structures of both polymers.

3.2.2.7.- Laminin Biofunctionalized Click Hydrogel

The potential for improved cell specificity and binding of the recombinantly
incorporated laminin sequences within the ELR amino acid chain, in comparison to
those sequences grafted by click chemistry, are evaluated by obtaining hydrogels
using the newly developed polymers SKS-IKVAV and SKS-IKVAV-PPFLM. This
process involves the modification of 18 lysine residues with azides, out of the 30
available, in a manner analogous to that previously employed with the SKS base
polymer.

Subsequently, the VKV-cc polymer is combined with the SKS-IKVAV-N3 or
SKS-IKVAV-PPFLM-N3 polymers, resulting in a cross-linking click reaction that
generates a multifunctional hydrogel. The VKV polymer serves as a structural group,
while the SKS-IKVAV and SKS-IKVAV-PPFLM polymers provide additional biological
functionalities. These include the universal cell adhesion sequence (RGD) and/or
laminin-derived sequences (KAASIKVAVSADR and KPPFLMLLKGSTR), which play a
crucial role in the adhesion and proliferation processes of keratinocytes and
fibroblasts, which are essential in wound healing. The stoichiometric ratio between
azides and cyclooctynes is maintained at a constant 1:1 throughout the formation of
these new hydrogels. By combining the azides of SKS-IKVAV-N3 or SKS-IKVAV-
PPFLM-N3 with the cyclooctynes of VKV-cc, cross-linking occurs spontaneously,
resulting in the formation of a three-dimensional network. The biophysical
properties of the gel can be adjusted by varying the initial concentrations of the
polymers and changing the degree of cross-linking. Gels are then characterised in
terms of transparency, mechanical properties and internal structure by assessing
porosity, as well as their regenerative capacity with cells.

3.2.2.7.1.- Macroscopic properties

A concentration of 50 mg/mL was selected for the formation of the hydrogels
based on the previous experience of the Bioforge group with numerous hydrogels
of a similar nature to those obtained with these new polymers [435], [553]. Figure
83A corroborates the structural stability of the novel hydrogels at a concentration
of 50 mg/mL for the two polymers (SKS-IKVAV and SKS-IKVAV-PPFLM), as
evidenced at the macroscopic level. Upon initial observation, the new hydrogels
appear to exhibit similar properties to the control gel (VKV-SKS), as displayed in
Figure 83B, including viscosity, hardness, and malleability which is anticipated due
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to the consistent 1:1 ratio of azides to cyclooctynes. However, this assumption will
be further substantiated by analysing the rheological properties of the scaffolds.

Furthermore, all scaffolds reveal adequate consistency and are easily
handled, as illustrated in Figure 83C, which depicts a representative example of all
hydrogels formed. The stability of hydrogels is a critical parameter for their
suitability in tissue engineering. These matrices must retain their integrity in
aqueous media for extended periods of time, as in normal tissue conditions.
Consequently, to assess the stability of hydrogels at 50 mg/mL, an incubation in
excess water at 37 °C for one week is performed. Subsequent inspection revealed
that the structures remained stable without altering their initial shape, as shown in
Figure 83D.

A) C) D)

VKV-SKS- VKV-SKS- B) Control
IKVAV IKVAV-PPFLM VKV-SKS

Figure 83: Biofunctionalized click hydrogels. A) Novel hydrogels for both polymers (SKS-IKVAV and SKS-
IKVAV-PPFLM) showing low transparency with a noticeable whiteness. B) VKV-SKS Control hydrogel showing
transparency. C) Example of consistency and manageability of a biofunctionalized hydrogel. D) Example of stability
of a biofunctionalized hydrogel after one week of incubation with water at 37 °C without losing its initial shape.

One distinguishing feature between the hydrogels containing grafted
peptides and the novel hydrogels comprising the polymers SKS-IKVAV and SKS-
IKVAV-PPFLM is their differing levels of transparency. As illustrated in Figure 83A,
the latter form hydrogels with a lower transparency, exhibiting a noticeable
whiteness. Thus, the reference VKV-SKS hydrogel is practically transparent, while
the VKV-SKS-IKVAV hydrogel shows a gradual decrease in transparency, up to the
VKV-SKS-IKVAV-PPFLM hydrogel, which is characterised by being completely
opaque, preventing the clear visualisation of objects through it.

However, a common feature of hydrogels containing grafted peptides is their
ability to form in situ on wounds, adapting to their size and shape, and gelling rapidly
on contact with body temperature. This ability facilitates the production of
dressings with a wide range of characteristics, including moisture retention,
biological adhesion capacity, and enhanced adhesion and movement of cells such as
keratinocytes and fibroblasts, which can direct the migration to specific areas of the
structure to support the skin regeneration process.

3.2.2.7.2.- Evaluation of internal morphology of biofunctionalized click
hydrogels
An investigation of the internal microstructure is conducted by immersing

the hydrogels in liquid nitrogen, followed by cryofracture and freeze-drying for
subsequent analysis by scanning electron microscopy (SEM), which provides high-
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resolution images for morphological evaluation. Figure 84A displays representative
SEM micrographs of cross-sections of VKV-SKS-IKVAV and VKV-SKS-IKVAV-PPFLM
hydrogels, while Figure 84B presents the corresponding micrographs for the VKV-
SKS control.
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Figure 84: Morphological characterization. A) Representative SEM images of cryo-fractured,
lyophilised and gold-sputtered across sections of biofunctionalized click hydrogels (VKV-SKS-IKVAV and VKV-SKS-
IKVAV-PPFLM). Scale bar = 50 um. B) Representative SEM images of VKV-SKS Control Hydrogel. Scale bar = 50 um.

All hydrogels exhibit a porous internal structure, comprising internal pores
within pores of larger diameter. This is consistent with the reference hydrogel and
those covalently cross-linked ELRs previously reported [433], [434], [497].
Furthermore, all hydrogels are obtained at an optimum concentration of 50 mg/mL,
suggesting similar morphological characteristics. This suggests that the inherent
characteristics of the ELRs promote a fluid transfer of liquids and nutrients in and
out of the scaffold. Furthermore, the rough textures are designed to provide
attachment points for material-cell interactions, which may influence cell behaviour
and differentiation [591]. The pore shape is predominantly circular or ellipsoidal,
with a considerable degree of heterogeneity in pore size. In both the new hydrogels,
VKV-SKS-IKVAV and VKV-SKS-IKVAV-PPFLM, and in the control hydrogels, VKV-
SKS, larger pores are observed, with several smaller pores situated within them. The
pore size of the control hydrogel is slightly smaller than that of the recently
developed new hydrogels. Thus, for the VKV-SKS control hydrogel, the pore size is
approximately 32 pm for the large pore and 5 um for the small pore. In contrast, the
pore size of the VKV-SKS-IKVAV hydrogel is approximately 34 um large pore and 6
um small pore, while that of the VKV-SKS-IKVAV-PPFLM hydrogel is approximately
39 um large pore and 10 pm small pore.

3.2.2.7.3.- Mechanical characterization of biofunctionalized click hydrogels

by rheological measurements

In order to assess the regenerative potential of these novel hydrogels in the
context of regenerative medicine, it is essential to investigate their rheological
properties. Therefore, VKV-SKS-IKVAV hydrogels and VKV-SKS control hydrogels
are prepared at a concentration of 50 mg/mL. A strain sweep experiment is
conducted on each hydrogel to study their rheological properties. The amplitude of
the strain for all subsequent rheological measurements was set at 1 %. This value
was selected as it is within the linear viscoelastic range (LVR) of the hydrogels, as
established in the methodology section. Figure 85A illustrates the evolution of the
elastic modulus (G') and viscous modulus (G') as a function of frequency (in the
range from 0.01 to 10 Hz), with a strain of 1 % and a temperature of 37 °C, for VKV-
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SKS-IKVAV hydrogels compared to VKV-SKS control hydrogels. Each hydrogel is
subjected to a single test, which is performed in triplicate. The graph presents the
average of the three tests, together with the respective standard deviation. Although
a frequency-dependent relationship with G' is observed, no significant relationship
with G" is evident. It is noteworthy to mention that, throughout the study, the value
of G' was persistently higher than G", indicating the presence of viscoelastic
behaviour in hydrogels under investigation.
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Figure 85: Assessment of mechanical properties of preformed VKV-SKS-IKVAV and VKV-SKS
hydrogels. A) Evolution of the storage modulus (G'), and loss modulus (G") as a function of frequency for new click
hydrogels. B) Average storage (G’) and loss (G”) moduli measurement for each sample at a frequency of 1 Hz, a
strain of 1 %, and a temperature of 37 °C.

The results indicate that the elastic modulus of the VKV-SKS-IKVAV hydrogel
ranges between 250 and 500 Pa, while the viscous modulus varies between 20 and
100 Pa. These values are consistent with those obtained for the VKV-SKS hydrogels
used as control. Consequently, this novel polymer retains the morphological and
mechanical characteristics inherent to ELR hydrogels, probably, due to the design of
the hydrogels with a constant 1:1 ratio of azides to cyclooctynes, resulting in a final
concentration of 50 mg/mL, which ensures uniform mechanical properties among
all types of hydrogels. Nevertheless, it is observed that both the storage modulus
(G') and the loss modulus (G") values are slightly higher in the VKV-SKS-IKVAV
hydrogels compared to the VKV-SKS control, indicating a higher stiffness in the new
hydrogels. This can be attributed to a reduction in the water content of the new
hydrogels, as evidenced by the subsequent section, which also aligns with the
transparency images in Figure 83. Consequently, VKV-SKS-IKVAV hydrogels with
more compact chains may retain fewer water molecules, resulting in higher stiffness
and a colour change towards a whiter shade.

Figure 85B presents the mean values obtained for the different hydrogels
under a sweep frequency of 1 Hz, while Table 46 provides further detail on these
values, demonstrating the absence of statistically significant differences in the
mechanical properties between the two types of hydrogels.

Table 46: Average storage modulus (G°) and loss modulus (G”'), as measured on preformed VKV-SKS-IKVAV and
VKV-SKS hydrogels under frequency sweep mode at 1 Hz at 37 °C.

VKV-SKS
VKV-SKS-IKVAV

2649 + 348
3143 +57.9

195+ 3.0
505+9.5
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These findings are consistent with those obtained using the previously
described click technology, which achieve elastic moduli in the range of 1 to 10 kPa,
in line with the characteristics required for biomedical applications in soft tissue
engineering [433]. Moreover, previous studies on hydrogels with comparable cross-
links to the new hydrogels [457] indicate that it is reasonable to anticipate that VKV-
SKS-IKVAV hydrogels could readily modify their mechanical properties by simply
adjusting the final gel concentration. This adaptability renders them suitable for a
wide range of applications and allows the simulation of the mechanical properties
of various tissues.

3.2.2.7.4.- Water content percentage of biofunctionalized hydrogels

Although elastin hydrogels, in their dry state, exhibit a solid consistency and
remarkable hardness, when immersed in an aqueous solution, water penetrates into
the spaces of the hydrogel chains until it reaches a physicochemical equilibrium
upon swelling. Consequently, in ultrapure water and at a concentration of 50
mg/mlL, the hydrogels VKV-SKS-IKVAV and VKV-SKS-IKVAV-PPFLM exhibit a water
content percentage of 92.2 % and 91.9 %, respectively, after reaching equilibrium,
as illustrated in Figure 86A. It can be observed that the water content of both
samples is slightly lower than that of the control hydrogel VKV-SKS. However, no
statistically significant differences are identified.
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Figure 86: Water content percentage (WCP). A) Water content percentage of VKV-SKS-IKVAV and VKV-
SKS-IKVAV -PPFLM hydrogels. B) Average values of WCP in ultrapure water after reaching equilibrium.

Figure 86B presents the averages of the percentage of water content, which
demonstrate that the AASIKVAVSADR sequence exhibits a higher hydrophilicity in
comparison to the PPFLMLLKGSTR sequence. Consequently, due to the trend of the
results, the hydrogel incorporating only the AASIKVAVSADR sequence should
exhibit a slightly higher water content than the hydrogel including both sequences.
Moreover, as previously indicated, the new gels reveal a slightly higher stiffness
compared to the control hydrogel, due to a lower presence of water. This is also
reflected in their transparency. Thus, both the VKV-SKS-IKVAV hydrogel and the
VKV-SKS-IKVAV-PPFLM hydrogel display a higher opacity compared to the
transparent VKV-SKS control hydrogel.
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3.2.2.7.5.- In vitro characterisation of Laminin mimetic hydrogels

3.2.2.7.5.1.- Effect of laminin mimetic sequences on cell adhesion

A cell adhesion assay was conducted to ascertain the role of the adhesion
domains AASIKVAVSADR and PPFLMLLKGSTR incorporated into the newly
developed polymers in the adhesion and proliferation of various cell types, including
HFF-1 and HaCaT cells. The methodology employed was in accordance with the
previously described protocol in [494]. For this purpose, cells are seeded onto the
polymer-coated wells and, after a period of three hours, cells are fixed and stained
with crystal violet, as illustrated in Figure 87A. The early adhesion of fibroblasts to
the different functionalised surfaces reveals a slight increase in adhesion for the
SKS-IKVAV-PPFLM polymer, with a greater number of cells observed. The adhesion
to the SKS-IKVAV polymer also appears to be slightly superior to that of the control
SKS polymer, which also contains cell adhesion sequences (RGD) that facilitate good
adhesion to the cells. The SKS-IKVAV-PPFLM polymer demonstrate a stimulatory
effect on keratinocyte adhesion, with a pronounced increase in early adhesion
observed after 3 hours in comparison to the other two polymers, where HaCaT cells
also adhere, but to a lesser extent. It can therefore be confirmed that the SKS-IKVAV-
PPFLM polymer has enhanced cell adhesion and induces cell proliferation of
keratinocytes. Despite the sequences being integrated into the main structure of the
polypeptide chain, the polymer acquires a suitable conformation to form an optimal
cell adhesive matrix.

A)

Fibroblasts

Keratinocytes

Figure 87: Effect of the incorporation of the adhesion domains, AASIKVAVSADR and
PPFLMLLKGSTR, into the new polymers on cell adhesion and proliferation. A) Representative images of crystal
violet-stained cells adhered to the surface coated with the SKS-IKVAV and SKS-IKVAV-PPFLM polymers, in
comparison to the SKS control. Adhesion time of 3 hours. Scale bar: 0.5 mm.

3.2.2.7.5.2.- Biocompatibility and cytotoxicity

The evaluation of the biocompatibility of the new elastin hydrogels, VKV-SKS-
IKVAV and VKV-SKS-IKVAV-PPFLM, is evaluated using AlamarBlue at different
experimental times (1, 3, 7 and 14 days), with the aim of understanding the
metabolism of HFF-1 and HaCaT cells in the presence of hydrogel. The results of the
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cell viability analysis demonstrate a direct correlation between the increase in
metabolic activity and an increase in fluorescence intensity for all conditions over
different periods. The aforementioned findings are presented in Figure 88A and
Figure 88B for fibroblasts and keratinocytes, respectively. The cell viability curve
follows the typical pattern of cell growth, exhibiting an exponential increase in cell
number over time until reaching a maximum on the final day of culture. In general
terms, therefore, it can be stated that these novel biofunctionalized ELR hydrogels
demonstrate biocompatibility consistent with previous studies on similar cross-
linked elastin hydrogels [519].

The newly developed elastin hydrogels have been found to be non-cytotoxic
when used with fibroblasts. Furthermore, an increase in the fluorescent signal is
observed with increasing days of culture, which is reasonable as there are more cells
in the hydrogels. Initially, there are no significant differences in the adhesion of the
new hydrogels compared to the control hydrogel VKV-SKS during the first days of
culture. However, after 14 days of culture, statistically significant differences were
observed between the new VKV-SKS-IKVAV-PPFLM hydrogel in comparison to the
VKV-SKS control. These findings indicate that these hydrogels provide a favourable
environment for cell growth by favouring cell proliferation.

Conversely, the hydrogel comprising the PPFLMLLKGSTR sequence
evidences a higher degree of specificity in keratinocyte adhesion. These findings are
consistent with those of a previous study of early adhesion, which demonstrated
enhanced keratinocyte adhesion when the well was coated with the SKS-IKVAV-
PPFLM polymer. Moreover, keratinocytes show the highest proliferation capacity
and cell viability after 14 days in the VKV-SKS-IKVAV-PPFLM hydrogels, in contrast
to the VKV-SKS-IKVAV hydrogels. Notably, the VKV-SKS control hydrogels also
demonstrate good cell adhesion capacity due to the presence of the general adhesion
sequence (RGD).
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Figure 88: Biocompatibility and cytotoxicity. A) Reduction of AlamarBlue in HFF-1 cells seeded onto
new functionalised click hydrogels (VKV-SKS-IKVAV and VKV-SKS-IKVAV-PPFLM) at different time points. B)
Reduction of AlamarBlue in HaCaT cells seeded onto new functionalised click hydrogels (VKV-SKS-IKVAV and VKV-
SKS-IKVAV-PPFLM) at different time points. C) Fluorescence L&D microscopy images of stained HaCaT cells, seeded
on new functionalised click hydrogels (VKV-SKS-IKVAV and VKV-SKS-IKVAV-PPFLM) during a 14-day culture period.
D) Fluorescence L&D microscopy images of stained HaCaT cells, seeded on a control hydrogel (VKV-SKS). Green
staining distinguished live cells, while red staining revealed cell death. Scale bar: 250 um.

The new hydrogels are subjected to cell viability and cytotoxicity analysis
using LIVE/DEAD staining, which provided additional insight into the results
obtained. Figure 88C displays projections of 3D fluorescence images obtained with
a confocal microscope. The images reveal an increase in the number of HaCaT cells
within the hydrogels over time, with the number of cells increasing from 3 to 14
days. Figure 88D shows fluorescence images of the VKV-SKS control hydrogels.
Throughout the observation period, the majority of cells observe on the surface and
within the hydrogels are alive, as indicated by green staining. The minimal red
staining observed suggest that the cells maintain their characteristic morphology
and size, and that nutrients are able to circulate freely through the scaffold, thus
ensuring cell viability. These findings are consistent with those obtained through
the AlamarBlue viability assessment, which demonstrate a significant increase in
the rate of cell proliferation, reaching a maximum at 14 days. This is also reflected
in the fluorescence images.

Hydrogels incorporating the PPFLMLLKGSTR sequence demonstrate a clear
preference for HaCaT cells, as evidenced by the higher number of cells adhering to
this type of hydrogel in biocompatibility experiments with AlamarBlue and
cytotoxicity experiments with L&D, as well as higher early adhesion after three
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hours in contact with the SKS-IKVAV-PPFLM polymer. The efficacy of the
PPFLMLLKGSTR sequence when is introduced into the ELR chain against
keratinocytes is therefore corroborated. Consequently, these novel hydrogels
incorporating the PPFLMLLKGSTR sequence are likely to be capable of regulating
epithelial adhesion to the underlying connective tissue and enhancing keratinocyte
motility, thus facilitating the re-epithelialisation process and promoting wound
healing.

The outcomes of the study indicated that hydrogels comprising
recombinantly inserted laminin sequences exhibited comparable results to
hydrogels with chemically grafted laminin sequences. This was evidenced by the
observation of similar adhesion values for both fibroblasts and keratinocytes.
Consequently, the efficacy of the PPFLMLLKGSTR sequence at the optimised
concentration of six repeats for keratinocyte cell adhesion is demonstrated.
Furthermore, the incorporation of this sequence into the recombinant chain offers
several advantages, including the precise control of the final sequence, which
reduces variability in the results. Additionally, the recombinant technology enables
a more efficient and rapid production process.

It can therefore be concluded that these innovative biofunctionalized
hydrogels, developed with specific laminin sequences, concretely PPFLMLLKGSTR,
have the potential to serve as candidates for wound dressings for difficult-to-heal
wounds, as they exhibit favourable mechanical properties and an appropriate water
content to maintain the adequate moisture. Furthermore, the inherent properties of
elastin, including high biocompatibility and porosity, in addition to the added
functionalities, will favour adhesion and proliferation of keratinocytes from the
wound edge, thereby improving the healing process.
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Conclusions and future directions

4.1.- Conclusions

r I Yhe presented thesis successfully demonstrated that elastin-based
recombinamers (ELRs) are an optimal candidate for the development of
wound dressings. In this context, ELRs dressings with tailored bioactivity for

the purpose of skin regeneration were prepared in the form of membranes and
hydrogels. Subsequently, a comprehensive evaluation was conducted, in which the
scaffolds were examined in relation to their mechanical characteristics,
biocompatibility and bioactivity. These properties are crucial for the effective
promotion of skin regeneration and enhancement of the healing of challenging
wounds. Moreover, the innovative multifunctional elastin-based hydrogels with
incorporated laminin sequences were demonstrated to markedly enhance wound
healing by delivering targeted bioactivities. Two distinct methodologies were
employed in order to achieve this objective. The first approach entailed chemical
synthesis with click chemistry for peptide anchoring, whereas the second utilised
genetic engineering techniques with recombinant expression in Escherichia coli,
resulting in the biosynthesis of polymers with the desired bioactive properties. The
distinctive characteristics of ELRs, including their thermosensitivity,
biocompatibility, bioactivity, and mechanical strength, as well as the incorporation
of new functionalities, were pivotal in eliciting these favourable biological
responses, thereby reinforcing their potential in the development of tailored wound
dressings for skin regeneration.

Consequently, the methodologies developed and employed to procure these
novel ELR dressings may be classified into two categories:

1.- The synthesis of elastin membranes with a high degree of porosity and minimal
thickness was achieved by the dissolution of two distinct ELRs in two immiscible
liquid phases.

® Two ELRs were employed in the controlled production of an elastin-like
recombinamer polymer-based membrane in a liquid-liquid interface of
immiscible solvents via click chemistry. Both polymers (VKV and SKS)
contain 24 lysine residues distributed evenly along the polypeptide
structure, which facilitates the formation of click cross-linkable groups. In
addition, the serine amino acid was selected as a host residue in the SKS
polymer, responsible for increasing Tt by increasing polarity and maintaining
the ELR in an aqueous phase. Complementarily, the cell adhesion sequence
RGD was included in the protein backbone, thereby confirming the ability to
tailor the bioactivity of the engineered membrane.

®© A comprehensive characterisation of the ELR membranes was conducted,
employing multiple characterisation techniques to elucidate their structure
and suitability for potential practical applications. The ATR-FTIR technique
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corroborates the correct formation of the membranes, as evidenced by the
disappearance of the azide signal at 2100 cm1 upon consumption to form the
orthogonal bond with the cyclooctyne. Furthermore, the investigation of the
thermal behaviour of the membranes using differential scanning calorimetry
(DSC) revealed that the elevated transition temperature of the SKS polymer
renders it to be relatively straightforward to handle at room temperature.

® The application of a set of analytical techniques to the surface of ELRs at
different concentrations (5, 10, 25 and 50 mg/mL) yielded information
regarding the surface topography (SEM, ESEM and AFM) and material
properties at the interface (based on contact angle measurements). It was
thus demonstrated that the surface roughness increases with decreasing ELR
polymer concentration, regardless of the technique employed and the state
of the membrane (dry or hydrated). These findings confirm that the
topography and surface roughness of ELR membranes can facilitate the
interaction between cells and the material, and promote the adhesion of the
membrane to the wound, resulting in an efficient dressing. Furthermore, the
SEM cross-section of the membrane demonstrated that the scaffolds possess
a porous structure with values ranging from 5 to 2 pm depending on the
membrane concentration, which facilitates cell colonization and improves
fluid exchange when applied in vivo. Finally, contact angle measurements
revealed that the hydrated membranes exhibited high hydrophilicity, which
is essential for their use as wound dressings. This property enables the
membranes to maintain moisture content and promote uniform re-
epithelialization, as well as facilitating exudate absorption.

© The self-healing capacity of the ELR membranes was evaluated following the
creation of a scratch and subsequent rehydration. The results demonstrated
that a completely closed surface was attained, as evidenced by the AFM data.
It was thus determined that following a period of 30 minutes from the
commencement of the scratch, the wound exhibited a closure rate of
approximately 15 %. Furthermore, upon rehydration through the addition of
water, the wound exhibited a complete closure.

® The results of the membrane swelling measurements in both water and PBS
solution provided evidence that water diffuses within the three-dimensional
network of the ELR membrane. The study revealed that the membranes
exhibited a reduction in swelling in PBS compared to ultrapure water.
Furthermore, a correlation was observed between the degree of swelling and
the concentration of the membrane, with a higher concentration resulting in
a lower degree of swelling. Finally, the amount of water in the membranes
was found to be between 98.5 % and 99.4 % for membranes with a
concentration of 50 mg/mL and 5 mg/mL, respectively. This is advantageous
for the permeability and biocompatibility of the scaffolds, as well as for the
absorption of wound exudates.
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® The biodegradation of ELR membranes was assessed through in vitro
enzymatic digestion with elastase, which corroborated the complete
disappearance of the membrane after 22 days of incubation. The results
demonstrated that the rate of enzymatic degradation was concentration-
dependent, with accelerated enzymatic degradation resulting in a reduced
concentration of the membrane. Materials used for wound dressings must
remain stable for a minimum of three weeks (21 days) to allow for the
gradual replacement of the dressing by newly formed healthy tissue. Our
elastin membranes thus satisfy this condition.

® The biocompatibility and lack of cytotoxicity of membranes based on
chemically cross-linked ELRs were evaluated in this work using a range of
methods, both in vitro and in vivo. In particular, it was demonstrated that
fibroblasts (HFF-1) and keratinocytes (HaCaT) were able to adhere and
proliferate on ELR membranes over a period of 21 days. The presence of cell
adhesion motifs (RGD) in the matrix of the materials was found to induce an
improvement in cell-material interaction and promote a favourable cellular
response in tissue regeneration. Furthermore, the majority of cells exhibited
good viability after 21 days of experimentation, displaying typical
dimensions and morphology (elongated and expanded) and adapting to the
membranes both on their surface and within.

® The capacity of cells to undergo growth and maturation, as well as their
migratory potential, was investigated in the presence of ELR membranes
through the utilisation of a series of assays. The clonogenic potential of
fibroblasts (HFF-1) and keratinocytes (HaCaT) was evaluated by testing their
ability to form colonies on ELR membranes after 15 days. Furthermore,
immunofluorescent markers were employed to stain the cells, in addition to
more sophisticated techniques such as quantitative real-time polymerase
chain reaction (qRT-PCR), which enabled the determination of the
expression of specific genes. This provided insights into the manner in which
cells interact with their surroundings in the presence of a scaffold.
Consequently, based on this information, it was concluded that the
biomaterial facilitates the adhesion, proliferation, and maturation of cells,
thereby enabling the expression of genes characteristic of the cells. Finally,
the motility of fibroblasts and keratinocytes was investigated through two
assays: a transwell migration assay and an in vitro scratching assay. Both cell
types play a vital role in wound re-epithelialisation, and thus this study was
conducted to ascertain their motility. In both instances, it was demonstrated
that the presence of the membrane does not impede or hinder cell motility.
Moreover, the implementation of these membranes in chronic wounds is
expected to improve cell migration within the senescent cell population,
which exhibits reduced motility. This is achieved by favouring the adhesion
and subsequent motility of healthy cells from the wound margins to the
injured site, thus promoting wound re-epithelialisation.
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® The regenerative capacity of ELR membranes was evaluated in an ex vivo
partial-thickness excision human skin wound model. The results
demonstrated that the presence of elastin membranes significantly reduced
wound shrinkage compared to other treatments, such as the use of Pluronic
hydrogel or dermal substitutes. This finding suggests that wound healing
without shrinkage, which is a significant contributor to visible scarring, can
be achieved with the use of elastin materials. Furthermore, elastin materials
exhibited superior re-epithelization compared to Pluronic hydrogel.
Furthermore, histological analysis revealed that keratinocytes in samples
containing elastin biomaterials formed a new epidermis with no discernible
differences compared to fresh human skin after six days of healing.
Additionally, the newly formed epidermis was observed to have a thickness
of four to five cells, which was comparable to that of intact skin.

® Finally, animals were used to elucidate the interaction between ELR-based
membranes and living tissues. Initially, Swiss mice were employed for in vivo
evaluation of the biocompatibility and long-term stability of these
membranes by subcutaneous implantation. The subcutaneous placement of
ELR-based membranes did not result in an excessive inflammatory response,
foreign body rejection, or fibrotic tissue formation in the area of implantation
upon macroscopic and histological observation of these materials.
Furthermore, the elastin scaffolds exhibited the formation of functional
blood vessels, in contrast to the dermal substitute. Additionally, the
membranes demonstrated high stability following seven weeks of in vivo
experimentation, accompanied by evidence of cell infiltration and
colonization within the membranes, reinforced by the presence of RGD cell
adhesion domains, which substantiates their high biocompatibility. On the
other hand, the subsequent performance of elastin membranes in full-
thickness excision wound healing processes was evaluated using a C57BL/6]
murine model. The study demonstrated that elastin membranes were
effectively integrated into de novo tissue and promoted the formation of all
skin layers, particularly the epidermis, indicating active re-epithelialisation,
with several layers of ordered keratinocytes observed. The membranes
demonstrated superior wound healing rates (approximately 70 %) in
comparison to elastin and Pluronic hydrogels (approximately 60 %), which
can be attributed to their thin, porous structure, which facilitated cell
proliferation, migration, and nutrient/oxygen exchange. Furthermore, they
retained moisture, thereby preventing the formation of a scab. The
histological analysis revealed a reduction in inflammatory processes, the
formation of new blood vessels, and the alignment of collagen fibres in a
more efficient manner, which prevented the formation of fibrosis. This was
in comparison with the misplaced fibres observed in other samples studied,
such as Pluronic hydrogels. The elastin membranes contributed to the
formation of thicker, more organised collagen bundles, a reduction in wound
contraction, and a promotion of healing without the formation of visible
scars.
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2.- The creation of a novel advanced hydrogel with enhanced bioactivity was
achieved through the incorporation of laminin-specific adhesion domains,
AASIKVAVSADR and PPFLMLLKGSTR, which could facilitate cell adhesion to
fibroblasts and keratinocytes. This innovation has the potential to accelerate the
wound healing process. Two distinct strategies were employed to successfully
obtain the novel hydrogels.

The initial approach entails the chemical synthesis of laminin mimetic
peptides and their subsequent anchoring by click chemistry to the main chain of the
ELR polymer.

® The chemical synthesis of two novel laminin mimetic peptides
(KAASIKVAVSADR and KPPFLMLLKGSTR) was successfully accomplished
via the solid phase peptide synthesis (SPPS) technique. The peptides were
designed to contain the cross-linkable azide group, which allowed
subsequent binding to an ELR polymer for the purpose of
biofunctionalization. Prior to binding, the peptides were characterised by
amino acid analysis, elemental analysis (UPLC-ESI-qTOF) and nuclear
magnetic resonance, thereby corroborating the correct synthesis prior to
use.

®© A comprehensive physico-chemical characterisation was conducted to
ascertain the efficacy of the anchoring of the laminin peptides to the ELR
polymer for functionalisation via a click reaction between the cross-linkable
groups of both the peptides and the ELR polymer, which were azides and
cyclooctynes, respectively. A variety of physicochemical techniques were
employed, including amino acid analysis with HPLC, NMR spectroscopy to
generate peptide fingerprint data, mass spectrometry (specifically MALDI-
TOF) to determine the purity and molecular weight of the final products, as
well as ATR-FTIR spectroscopy.

® Anovel tricomponent hydrogel (VKV-peptide-SKS) was developed by taking
advantage of the modularity of the catalyst-free SPAAC click reaction
chemistry, whereby the reactions were performed consecutively.
Consequently, the VKV-cc polymer was initially reacted with peptides
containing azide groups in order to be functionalised. Subsequently,
maintaining the 1:1 stoichiometric ratio between azides and cyclooctynes,
the VKV-peptide polymer reacted with the SKS-azide polymer to successfully
form a multifunctional hydrogel with improved adhesion, which has the
potential to facilitate enhanced wound healing. Furthermore, the synthesis
of these tricomponent hydrogels represents a significant advancement, as it
marks the first successful creation of ELRs gels with medium-sized grafted
peptides.

® The new hydrogels were extensively characterised in order to ascertain their
macroscopic properties, internal morphology, water content, and
mechanical properties. All hydrogels with different peptide concentrations
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(2X, 4X, and 6X) were found to be stable, manageable, and transparent, thus
facilitating the observation of wound healing without the need to remove the
dressing. The internal morphology analysis revealed a porous matrix with
pore sizes varying significantly within the same samples. The larger pores
were approximately 30-35 pm, while the smaller pores ranged from 4 to 6
um. There was no clear relationship between the pore size and the peptide
concentration. The water content of the hydrogels increased with higher
peptide concentrations, from 94.3 % for 2X to 95.4 % for 6X in hydrogels with
the KAASIKVAVSADR peptide, and from 93.0 % for 2X to 93.7 % for 6X with
the KPPFLMLLKGSTR peptide. The enhanced porosity and high-water
content facilitated improved nutrient and oxygen exchange, which in turn
promoted cell proliferation and tissue formation. The results of the
rheological studies indicated that the storage modulus exhibited a slight
decline with an increase in peptide concentration. However, this did not
preclude its suitability for soft tissue regeneration applications.

© The biocompatibility and absence of cytotoxicity of the novel multifunctional
tricomponent mimetic ELR hydrogels were confirmed by in vitro methods.
The study concluded that hydrogels with the KPPFLMLLKGSTR peptide
exhibited similar initial fibroblast adhesion in comparison with the control
VKV-SKS. In contrast, hydrogels with the KAASIKVAVSADR peptide
demonstrated consistent cell growth and viability over time, with a
maximum in cell viability achieved after 14 days. Conversely, it is evident that
the KPPFLMLLKGSTR peptide exhibited enhanced specificity for
keratinocyte adhesion and proliferation, particularly in hydrogels with six
anchored peptides, which also reached maximum viability after 14 days. The
KAASIKVAVSADR sequence did not appear to induce an improvement in
either cell type, and its behaviour was similar to that of the control, which
also contains RGD cell adhesion sequences. In conclusion, the results of this
approach corroborated those of the KPPFLMLLKGSTR sequence, indicating a
notable enhancement in keratinocyte adhesion in contrast to fibroblast
adhesion behaviour, which was comparable to that of the control. This
allowed us to determine the optimal concentration of peptides anchoring to
the hydrogel for promoting adhesion and proliferation of keratinocytes,
especially at high peptide concentrations (6X), which is expected to facilitate
the wound healing process.

It has been successfully demonstrated that an alternative approach to
incorporating the same keratinocyte-specific sequences is possible. Three genes
encoding elastin-like polymers that include the desired highly selective
complementary specific bioactivities within the polymer backbone have been
biosynthesized using genetic engineering techniques and recombinant DNA
expression in Escherichia coli. This technology enables the production of polymer
hydrogels with a more reproducible composition.

O] The gene constructs for the expression of the new polymers (SKS-
IKVAV, SKS-PPFLM and SKS-IKVAV-PPFLM) were successfully
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obtained and verified through the use of agarose gel electrophoresis
and DNA sequencing. Furthermore, the ELRs (SKS-IKVAV and SKS-
IKVAV-PPFLM) were expressed in Escherichia coli as a heterologous
host for bioproduction, and purified by ITC, resulting in yields of 80 to
150 mg/L culture medium. Nevertheless, the SKS-PPFLM polymer
could not be obtained in a pure form. The characterisation techniques,
including SDS-PAGE and MALDI-TOF, demonstrated a satisfactory
agreement between the experimental and theoretical or expected
molecular weight, as well as a high degree of purity. However, a slight
initial degradation remained, even after the application of various
protease inhibitors. The results of the HPLC analysis confirmed the
correct amino acid composition, and the T: of the ELRs was verified by
aqueous phase turbidimetry measurements. Finally, additional
characterisation techniques, including 1H-NMR and FTIR, yielded
favourable outcomes, confirming the purity of all batches of the
distinct ELRs and validating that the ELRs exhibited the intended
structure and the subsequent requisite chemical modifications.

® Both ELRs (SKS-IKVAV and SKS-IKVAV-PPFLM) were successfully modified
at the e-amine of the lysine residues within the macromolecule to carry an
azide group, which allow the subsequent cross-linking of the hydrogel by
binding with a complementary group carried by the other polymer. The
modification rate was approximately 60 %, indicating that the recombinamer
was functionalised with approximately 18 azide groups. Similarly, VKV was
modified to carry an activated alkyne group (cyclooctyne), with a
modification rate of 60 % and approximately 14 cyclooctyne groups.
Subsequently, maintaining the stoichiometric ratio of 1:1 between azides and
cyclooctynes, the VKV-cc polymer is combined with SKS-IKVAV-azide or SKS-
IKVAV-PPFLM-azide polymers, resulting in a cross-linking click reaction that
successfully generates chemically cross-linked bioactive ELRs hydrogels
with improved adhesion. Such hydrogels will facilitate interactions with
cells, thereby promoting skin regeneration in chronic wounds or burns
following implantation in the affected area.

® The novel biofunctionalized hydrogels were characterised through a series
of macroscopic properties, internal morphology, water content and
mechanical properties. Thus, the two obtained hydrogels were found to be
stable and easy to handle, although they exhibited a certain degree of opacity
compared to the control hydrogel VKV-SKS. The internal morphology of the
hydrogels revealed a porous three-dimensional matrix, with water contents
of 92.2 % and 91.9 % for SKS-IKVAV and SKS-IKVAV-PPFLM, respectively.
Finally, rheological studies were conducted on the VKV-SKS-IKVAV hydrogel,
which exhibited rheological properties consistent with those observed in soft
tissues.
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® The biocompatibility and lack of cytotoxicity of the new ELR hydrogels with
enhanced bioactivities (VKV-SKS-IKVAV and VKV-SKS-IKVAV-PPFLM) were
confirmed by in vitro methods. In particular, hydrogels comprising the
PPFLMLLKGSTR sequence exhibited a pronounced preference for HaCaT
cells, as evidenced by enhanced cell adhesion and viability in
biocompatibility and cytotoxicity assays conducted after 14 days of culture.
Moreover, the outcomes of the early adhesion experiments illustrate the
effectiveness of this sequence in enhancing keratinocyte adhesion when
compared to the control hydrogels, which also contained RGD adhesion
sequences. It can therefore be concluded that these new hydrogels have the
potential to regulate epithelial adhesion to connective tissue and enhance
keratinocyte motility, thus facilitating re-epithelialisation and promoting
wound healing. Moreover, these results are comparable to those obtained
with hydrogels containing the same chemically grafted peptides, but with the
advantage of greater precision in sequence and ease of production due to the
recombinant production of the polymer.
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4.2.- Future prospects

n the long history of biomaterials development, ELRs have been extensively
Iresearched due to their remarkable versatility and potential to create

customised solutions in a range of biomedical fields. One illustration of their
versatility is the variety of their designs, which may include cell adhesion domains
(such as RGD and REDV), controlled degradation capacity, self-assembly into
vesicles or micelles to encapsulate vaccines or gene delivery, among others. This
thesis presents new ELRs and ELR membranes obtained by an innovative
technology, which show promising prospects for improving the wound healing
process. Both VKV-SKS membranes and ELRs designed with specific adhesion
sequences, AASIKVAVSADR and PPFLMLLKGSTR, which are present in the main
polymer chain or anchored as peptides, have been demonstrated to possess the
requisite mechanical and biological properties to be considered as promising
dressings for the treatment of chronic wounds facilitating cell adhesion and
proliferation of keratinocytes.

Consequently, the research conducted throughout this thesis constitutes a
modest contribution to scientific progress, serving more as a starting point than an
end point. It establishes the initial foundations for future research with considerable
potential for further development. Upon the conclusion of this study, new challenges
emerge for the refinement of the polymer system employed as a dressing,
particularly with regard to sequence optimisation, which build upon years of
expertise in ELR development. Although the in vitro behaviour of the polymer
system with cells has been demonstrated to be satisfactory, one of the key points
that needs to be implemented for in vivo systems is the control of matrix
bioresorption in line with tissue remodelling. Therefore, an initial improvement
could be the integration of specific enzymatic degradation domains into the polymer
sequence, which would allow more precise spatiotemporal control over cell
infiltration and material remodelling. This would enable cells to digest the materials
and invade and propagate within such a system while creating their own ECM. This
approach involves the synthesis of ELRs containing proteolytic target sites with
different degradation rates (fast-GTAR and slow-DRIR). These ELRs belong to the
plasminogen activator system, specifically the enzyme uPA, which is encoded in
their backbone [302]. This approach allows for the temporal and spatial control of
cellular infiltration, as well as the structural transformation of the infiltrated tissue
through the use of adapted and controlled degradation, and can be employed as a
provisional support for soft tissues until the functional native tissue is obtained
[587], [594].

Furthermore, it is possible to introduce a final intrinsic functionality into the
dressing polymer in the form of an antimicrobial capacity to prevent infectious
processes that are prevalent in chronic wounds or severe burns. This approach
involves the synthesis of ELRs containing sequences of the antimicrobial peptide,
GL13K, derived from the parotid secretory protein, which is known for its high
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bactericidal potential [343], [595]. This addition aims to prevent bacterial invasion
of the area, thus contributing to the prevention of infectious processes.

Consequently, dressings with tailored degradation kinetics and antimicrobial
resistance may be obtained, depending on patient-specific variabilities, which will
ultimately result in the generation of a scaffold that will faithfully replicate healthy
native tissue and assist in the current need for suitable substitutes in clinics.

Additionally, the selection of an appropriate animal model for the testing of
biomaterials is crucial in biomedical research, particularly in the development of
therapies for clinical applications in humans. While mice, rats and rabbits are
commonly employed in preclinical studies due to their availability, cost and ease of
handling, there is a growing recognition of the limitations of this model in predicting
the human biological response, particularly with regard to wound healing. In
contrast, pigs are considered more relevant models for these studies due to their
anatomical, physiological and metabolic similarities to humans. In particular, the
skin structure (epidermal thickness and dermal-epidermal thickness ratios) as well
as the wound healing process in pigs is more similar to that in humans than in mice,
as it occurs through a process of re-epithelialisation rather than contraction. In
addition, their skin contains dermal hair follicles analogous to those found in
humans, which influence the healing process. Furthermore, the speed and quality of
wound healing in pigs are more comparable to those observed in humans, thereby
providing more relevant and translational results that can be applied to the clinic. It
would therefore be of interest to test both ELR membranes and the novel ELR
hydrogels, which have been designed with specific adhesion sequences
(AASIKVAVSADR and PPFLMLLKGSTR), in this pig model with partial thickness and
full thickness wounds [468], [596]-[598].

Finally, due to the high cost of pig experimentation, another interesting
alternative could be diabetic mice. This model is relevant in the study of chronic
wounds, which have poor wound healing. Diabetic mice provide a valuable
experimental model as they reproduce many of the characteristics of chronic
wounds observed in diabetic patients including an altered inflammatory response,
decreased collagen formation and compromised vascularisation. The assessment of
biomaterials in diabetic mice allows for the evaluation of their capacity to enhance
chronic wound healing by providing an optimal environment conducive to cell
migration, angiogenesis and extracellular matrix synthesis. This is crucial, as chronic
wounds in diabetic patients represent a significant clinical challenge due to their
tendency to fail to heal properly, which increases the risk of serious complications
such as infections, ulcers and amputations. Consequently, the objective of testing
both ELR membranes and the novel ELR hydrogels, in diabetic mice is to develop
effective therapies that address this issue and improve the quality of life of patients
with chronic wounds by promoting more effective and complete wound healing
[577], [599].

The ideas presented in this section are intended to stimulate the curiosity of
future researchers, who may develop new projects using existing and future
techniques.
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