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Abstract

In the last decades Negative Pressure Wound Therapy (NPWT) has shown its efficacy in
wound healing, applying continuous or intermittent subatmospheric pressure to the wound
surface by means of dressing systems. While there is general consensus that positive
effects originate from a complex interplay of mechanisms such as deformations and
exudate removal, uncertainty persists about the optimal mode of application and the
consequences of this therapy at a cellular level. A better understanding of the skin
mechanobiology in response to therapeutic stimuli using a bioreactor system can help to
individualize future wound therapies in a reproducible and controlled environment.

This thesis proposed the fabrication of in vitro 3D skin models aiming to reproduce the
relationship that occurs between cell types and skin substrate and investigated their use in
a bioreactor in order to obtain new knowledge of NPWT mechanisms. Freeze-drying and
electrospinning were considered to be the best methodologies to obtain homogenous and
standardized 3D structures that were favourable for the purpose.

Highly porous pure collagen and collagen-based scaffolds were firstly created using the
freeze-drying technique. Various cross-linking methods were assessed and directly
compared to establish the most suitable to improve mechanical stability and physical
properties. Meanwhile, fibrous structures that could resemble the topography of the extra
cellular matrix (ECM) were produced with the electrospinning system using toxic-free
solutions and an in-house-developed rotating collector. The prospect to fabricate a hybrid
bilayer scaffold, combining the two techniques was also investigated and discussed.
Primary human skin fibroblasts were cultured on these structures and cell interaction and
viability were evaluated through assays and microscopy techniques.

Lastly, a proof-of-concept bioreactor for NPWT investigation was designed and tested on
the freeze-dried scaffolds demonstrating the feasibility of this research approach.

Results showed that blending methodology used in the freeze-drying can lead to scaffolds
with unique physical properties while cross-linking has influence on substrate stiffness
that guides cell response.

With regard to the electrospinning, the use of the rotating collector was found to be
promising in obtaining a bimodal fibre distribution resulting in porous and orientated
membranes that simulate the orientation of collagen fibres in the dermis of human skin

and could be beneficial for cell infiltration.



To conclude, this study laid the groundwork for further development of these bioartificial
scaffolds with improved properties that could be used as skin models and combined in a
negative-pressure cell culture system with the aim to advance the understanding of NPWT

biological mechanism and its clinical efficacy.
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CHAPTER 1 Introduction

1.1 Motivation

The advent of skin tissue engineering has revolutionised not only the way wounds can be
treated but also the way wound healing can be studied. One of the main applications
consists in growing relevant cells in a template, known as a scaffold, to eventually have a
viable three-dimensional tissue that can be manipulated and utilised in in vitro studies. In
this context, although extensive clinical research has been done on Negative Pressure
Wound Therapy (NPWT) demonstrating its beneficial effect on wound treatment [1], its
mechanism of action at a cellular level remains still unknown and basic in vitro studies
using cultured scaffolds could shed light on this research gap.

This doctoral thesis describes work which attempts to establish bioartificial scaffolds that
hold features similar to the skin and are suitable to be utilised in studies that evaluate the
effect of compressive and suction forces applied by NPWT on cells. In this respect, the
development of an appropriate in vitro cell culture system combined with these scaffolds
will enable to study the mechanism of NPWT under conditions similar to those used in
clinical practice and have a better understanding of its efficacy from a perspective of cell

behaviour.

1.2 Research aims and objectives

This section describes the individual aims that were defined to achieve the scope of the
study introduced in the previous section. The first aim is to assess if bioartificial scaffolds
manufactured with specific techniques and materials, possess properties similar to the skin
and required for this application. The second aim is to develop an in vitro system that

allows the application of therapeutical NPWT on the aforementioned scaffolds.

1.2.1 Aim I: Design and characterization of porous and fibrous

scaffolds

The success or failure of a biomaterial is affected by chemical, physical and mechanical
properties that interfere with cell-surface interaction, an important determinant of cell fate.

Polymers, a sequence of repeating units, of natural or synthetic origin are mostly used in



tissue engineering for their material properties that allow them to be shaped into scaffolds.
Furthermore, polymer blends offer the advantage to combine individual characteristics
resulting in scaffolds with the desired features [2].

Collagen is the major component of the extracellular matrix (ECM) and is the most used
biomaterial in skin tissue engineering applications [3]. Although it can be harvested from
various animal sources, the preservation of its structural features during extraction and
manufacturing process is crucial to maintain the physiological cellular response.
Preparation of collagen by suspension or dissolution in water-based solvents can avoid
denaturation of the protein. As a consequence, freeze drying method (Section 2.5.4.1) has
been widely investigated in tissue engineering as a technique that will allow to obtain
highly porous scaffolds by sublimination of the ice-crystals. Other advantages of this
fabrication method are control over the pore size and structure and possibility to combine
water soluble polymers in the solution.

Since elastin, the other most abundant protein in skin, is extremely difficult to blend as
highly insoluble polymer, improving elasticity of collagen freeze-dried scaffolds and
achieving physical properties similar to the dermal layer of the skin can be obtained by
blending water-soluble polymers. Chitosan and polyvinyl alcohol (PVA), a natural and
synthetic polymer respectively, have previously been blended with collagen due to their
structural and biological properties [4]. Romanova et al. [5] studied the effect of chitosan
as modifying component for skin tissue engineering concluding that chitosan stimulates
fibroblasts activity only when used as an additive in collagen scaffolds, probably
associated with improvement of mechanical properties. These findings were also
demonstrated by Tangsadthakun et al. [6] that elucidated the role of chitosan molecular
weight in collagen blends showing that scaffolds containing 30% of low-molecular-weight
chitosan promoted and accelerated cell proliferation. With regard to collagen and PVA
blends, elastic appearance and good interaction between the materials were shown when
content of PVA was lower than 20% [7, 8] While these studies simply investigated
mechanical and rheological properties, Choi et al. [9] also demonstrated the
biocompatibility nature of PV A/gelatin porous scaffolds at different concentrations.
Although scaffold properties can be improved by blending, freeze-dried porous structures
still require further physical/chemical crosslinking to enhance stability and mechanical
properties [10]. In this respect, there is a lack of systematic and detailed studies on the

influence of different cross-linking treatments on sponge porous scaffolds fabricated by



freeze-drying from blends of collagen-chitosan and collagen-PV A with a volume ratio that
mimics in vivo ratio of collagen and elastin.
For this reason, in Chapter 3, the following objectives are pursued:

1. To develop collagen and collagen-based scaffolds in a reproducible and
controllable way, with a homogeneous and porous topography that can host skin
fibroblasts.

2. To understand if the addition of low amount of chitosan and PVA in collagen
scaffolds can lead to biomaterials with improved properties.

3. To determine the effect of several cross-linking treatments on the physical and
mechanical properties of these scaffolds.

4. To evaluate fibroblast viability and attachment on the produced scaffolds (Section
5.2).

While freeze dried scaffolds can provide a porous environment for cellular integration
permitting fluid interchange and waste removal, the main structural components of the
dermal layer of the skin are fibres. Electrospinning technique (Section 2.5.4.2) has been
used for many years for fabrication of fibrous scaffolds aiming to mimic the structure of
the dermis. Through the action of an external electric field, a polymer solution can be
drawn in fibres by changing parameters such as flow rate, applied voltage and distance
from the collector. The limitations of collagen in electrospinning are represented by the
use of organic solvents that are toxic to cells as well as to humans and that may denature
the protein structure. In addition, the low mechanical properties, rapid degradation and its
poor spinnability shifted the attention to synthetic polymers that can also be dissolved in
green solvents or water-based solutions. Polymers such as polycaprolactone (PCL),
polyethylene oxide (PEO) and chitosan have been blended and electrospun [11, 12]
demonstrating good suitability for tissue engineering applications. Design modifications,
processing conditions and interactions between these polymers and different solvent
systems could lead to production of scaffolds with unique properties caused by alterations
in their orientation and morphologies. Hence, proper control over fabrication is essential
to achieve a balance between mechanical and biological properties for skin tissue
engineering applications.
For this reason, in Chapter 4, the following objectives are pursued:

1. To assess the spinnability of PCL, PEO and chitosan blends in low-toxic solutions.

2. To assess if the use of an in-house electrospinning rotating target can facilitate the

fabrication of fibrous membranes and generate scaffold with enhanced properties.



3. To evaluate the morphology, physiochemical and mechanical properties of these
fabricated scaffolds.

4. To assess fibroblast interaction with these fibrous membranes.

1.2.2 Aim II: Fabrication of a platform to assess skin scaffolds

under therapeutical NPWT

Although there is general consensus that negative pressure leads to improved would
healing, its optimal application mode is not much supported in the literature. The scarcity
of studies on this topic is mainly due to the difficulty in reproducing NPWT in vitro
considering its complex mechanism of action. Researchers have tried to develop special
negative pressure cell culture chambers in which NPWT was delivered to cells attached to
plastic substrates [13] or seeded in fibrin matrix [14]. The possibility to test clinical
application of NPWT in vitro on bioartificial scaffolds for studying the link between
NPWT stimulation and biological response still need to be investigated.
For this reason, in Chapter 5, the following objectives are pursued:
1. To produce a bilayer scaffold combining electrospinning and freeze drying to make
use of the advantages offered by both techniques to better mimic skin structure.
2. To determine cellular biocompatibility of clinical relevant scaled-up scaffolds
performing in vitro cell culture studies and scanning electron microscope analysis.
3. To design an easy-to-use, proof-of-concept bioreactor that can allow application of

clinical NPWT on bioartificial scaffolds cultured with skin fibroblasts.

1.3 Thesis overview

This thesis consists of seven chapters. Chapter 1 gives a brief explanation about motivation
for this work, describes its aims and objectives and the thesis structure. Chapter 2 covers
the literature review leading to project requirements while Chapters 3, 4 and 5 contain the
experimental work of this doctoral thesis. In Chapter 3, the fabrication of porous collagen
scaffolds using the freeze-drying method is described with particular interest to the
reproducibility of the methodology. The addition of natural and synthetic polymers,
chitosan and polyvinyl alcohol respectively, to collagen and the effect of four crosslinking
methods on the morphology and mechanical properties of these low-density structures are

studied and discussed. In Chapter 4, the use of electrospinning is investigated to create



fibrous structures starting from low-toxic solutions of PCL, PEO-CT and PCL-CT
collecting fibres on an in-house-built rotating disk and on a static platform. Morphological,
physical and mechanical characterization of these membrane is performed to understand
the influence of the rotating disk on average fibre diameter, distribution and arrangement
of fibres. The effect of these morphological features is also evaluated with respect to skin
fibroblasts behaviour. Chapter 5 is dedicated to assessing cell behaviour on freeze-dried
and bilayer scaffolds and to the fabrication of an easy-to-use proof-of-concept bioreactor
that can be combined with single use NPWT device. Its efficacy is tested on porous
scaffolds cultured with human dermal fibroblasts. In Chapter 6, a general discussion is
presented to summarise results and findings. Lastly, in Chapter 7 conclusions are drawn

and future directions for continuing this work provided.



CHAPTER 2 Research background

2.1 Anatomy and physiology of skin

2.1.1 Structure

Skin is undoubtedly the largest part of the body. It has distinct functions such as providing
protection to underlying structures, representing a mechanical barrier against
environmental agents and pathogens and being responsible for thermoregulation and fluid
homeostasis of human body preventing dehydration.

The skin can be considered as the supporting area for all external forces that act on the
body. It is composed of three layers (Figure 2.1):

» Epidermis

Epidermis consists of 4 sublayers, basalis, spinosum, granulosum and corneum that in
totality have a thickness ranging between 75 and 150 um (up to 600 um on palms/soles).
The outermost layer is known as stratum corneum, composed of dead cells called
‘corneocytes’ because the primary cell type of the epidermis, the keratinocyte, undergoes
a process known as cornification. From the innermost layer stratum basalis, new generated
living cells move toward the surface differentiating and ending to form the stratum
corneum. These cells are continuously sloughed off from the skin surface by the rubbing
or washing process.

The epidermis is an avascular layer that only obtains nutrients from dermis. Cells adhere
tightly to each other by complex membrane-associated plaques called desmosomes
providing a barrier against atmospheric factors. Also, these bonds occur between
keratinocytes and the basement membrane (BM) that separates and adheres epidermis and
dermis together. Composed mostly of collagen IV, the basal lamina is a complex molecular
structure resembling a sheet-like substratum.

In addition to keratinocytes (95%), the epidermis also houses melanocytes, fabricators of
pigment, Langerhans cells, sentinels against invaders and Merkel cells, associated with
the sense of touch and the discrimination of shapes and textures. Moreover, the epidermis
contains a subpopulation of slow-cycling stem cells that are possibly of critical importance

to the regenerative potential of human skin.



= Dermis

Underneath the epidermis, anchored to basement membrane by collagen VII fibrils and
fibrillin-rich microfibril bundles, lays a connective tissue named dermis. Its thickness
varies significantly across the body, but it is between 15 to 40 times thicker than the
epidermis (3-5 mm). Although structurally complex, two regions in the dermis can be
distinguished: stratum papillare and stratum reticulare. Both the layers are composed of
proteins such as collagen and elastin arranged in an intricate fibrous structure of
extracellular matrix (ECM) that harbours specialized cells.

The diameter of collagen fibres ranges from 2 um to 15 pum; they are smaller in the
papillary dermis that is dominated by collagen III, whereas in the reticular dermis
dominated by collagen I they are sensitively larger. Overall, the ratio of collagen I to
collagen III is 4:1. Similar to collagen, elastic fibres tend to be smaller in the papillary
dermis and thicker in the reticular dermis.

The ground substance that forms the interfibrous milieu is composed mainly of
glycosaminoglycan (GAGs) that are classified in four categories: hyaluronic acid,
chondroitin sulphate/dermatan sulphate, heparan sulphate and heparin and keratan
sulphate. These molecules are covalently linked to peptide chains, except for hyaluronic
acid, to form high-molecular-weight complexes called proteoglycans. The main function
of this layer is to absorb stress and strain. However, once injured it is not capable of true
regeneration in postnatal life. In contrast to the epidermis, the dermis heals through a
process known as scarring.

What makes dermis complex is the presence of several structures such as plexus of blood
vessels, lymph vessels, nerve endings, glands, sense receptors and hair follicles and
distinct types of cells. Fibroblast is the major cell type of the dermis, responsible for both
the synthesis and the degradation of dermal proteins but other cell types associated with
the vascular, lymphatic and nervous systems are abundant.

» Hypodermis

Subcutaneous fat tissue or hypodermis consists of loose connective tissue and cells, mainly
adipocytes (50%). Hypodermis carries out three essential functions: attaching the dermis
to the muscles and bones, it minimizes mechanical injury to skin (energy-absorbing layer),
controls the body temperature and it is an energy reservoir where lipids can be easily

accessed and catabolized on demand.
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Figure 2. 1 Representative image of the structure of human skin showing the three layers and the

complexity of the thicker dermal layer with hair follicles, sweat glands and capillary vessels [15].

2.1.2 Factors affecting skin structure and behaviour

During life, skin aspect changes not only aesthetically but structural and functional
alterations take place as well. This affects mechanical properties of the skin and it is a
factor to consider in skin studies.

The most studied factor that affects skin aspects is the age. Changes in Young’s modulus
make evident the decline of skin function with age becoming thinner, stiffer and less
flexible [16]. This is associated with alterations that occur in the ECM such as a reduction
in collagen, elastin network and a decrease in viscoelastic properties of ground substance
[17]. Mechanical and morphological changes are also related to individual factors such as
if the subject is a smoker or has genetic diseases. Another external element is the exposure
to ultraviolet (UV) radiations that damage and degrade collagen fibres. Even the race
counts. Although data have mostly been obtained from Caucasians, studies have
demonstrated that the African skin was thicker and lower in lipid and water content
whereas Asian skin resulted to be the thinnest and the highest in lipid and water content

[18].



Another significant factor is the location of the skin. Despite similar collagen
concentration across the body, structure influences the elastic modulus with collagenous

framework that anchor the skin with different patterns [19].
2.1.3 Mechanical properties

Skin has a non-linear, viscoelastic, anisotropic behaviour due to multi-layered
composition. Every layer holds distinctive characteristics but the behaviour of skin during
mechanical tests can be considered similar to a homogeneous material [20].

The mechanical properties of the skin are closely related to composition and organization
of the dermis, therefore dependent on the spatial arrangement, morphology, and cross-
linked density of collagen fibrils, orientated in a wavy way allowing stretch but not
overstretch, and on elastin fibres that provide elastin recoil strength [21]. The need to
understand mechanical properties of the skin has led to perform tests using experimental
techniques and studying how it responds to various mechanical loading. It is convenient
to separate mechanical tests in two categories, those carried out ex vivo and those in vivo.
Ex vivo experiments are usually performed measuring uniaxial or biaxial stress and strain
in tensile tests. While for uniaxial tests the material is cut into strips or dog-bone shaped
specimens, for biaxial tests square samples are clamped in a machine that exerts stretching
in two directions independently. On the other hand, in vivo tests are largely based on
indentation, suction, torsion methods. Suction refers to the measurements of skin elevation
by applying vacuum of 50-500 mbar through a circular aperture. Torsion tests apply
constant torque on the skin reducing the effect of underlying tissues and anisotropic
behaviour.

The best method or gold standard is still not defined. Despite the tissue is not in its natural
environment, uniaxial tensile test remains the most convenient and used in research. The
main advantage is the possibility to study ultimate failure stress and control the size of the
skin sample that in in vivo tests has an undefined geometry. Furthermore, it allows to

measure the viscous properties of the skin in hysteresis, relaxation and creep experiments.
2.1.3.1 Stress-Strain relationship

The stress-strain curve describes how the studied material deforms under applied stresses
and information such as elastic modulus (Young’s modulus) (£) that is the amount of stress

(force per unit area) required to produce a given amount of strain (stretching), can be



extrapolated. The relationship between stress-strain of the skin reported in Figure 2.2 is

obtained applying variable force to the excised tissue and measuring the strain.
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Figure 2. 2 General relationship stress-strain for skin showing the three stages in which collagen fibres in

wavy configuration (I) are getting aligned (II) until reaching the maximum stiffness (IIT) [22].

The curve can be divided into three distinctive phases. In the first stage, the stress-strain
relation is almost linear where elastin fibres are responsible for the skin stretching whereas
the collagen contribution can be neglected. The Young’s modulus is calculated in this
phase before the yield point, from which the material will no longer deform elastically. In
the second phase, due to straightening of the wavy collagen bundles, similarly to springs,
there is an increase of resistance. Then in the last phase, collagen fibres are aligned and
gradually break until reaching the ultimate tensile strength.

Even though there is variability in methods and samples, from in vivo and ex vivo tensile
tests it is possible to range the elastic modulus of decellularized skin between 1 and 102
MPa [6] while ultimate tensile strength is reported to be in a range of 1 to 16 MPa [24]

with values that increase with increasing strain rates and with respect to Langer’s lines



[25]. Independently from strain rate, it is recognized that skin exhibits anisotropic

behaviour.

2.2 Wound overview

2.2.1 Types and classification

The term “wound”, in brief, is used to describe a break of the skin’s integrity. There is a
wide variety of wounds that classify based on aetiology (burns, arterial and venous ulcers,
diabetic ulcers, pressure ulcers and traumatic) and on the severity of tissue damage, with
involvement of muscle, bone, nerve and whether infection is present.

Wounds can be also categorized based on morphology, partial or full thickness depending
on the layers involved. The first one is confined to epidermis and dermis whereas a full
thickness wound extend underneath the dermis. Wounds at a certain depth (1/3 of the
dermis) heal showing no visible scar while full-thickness wounds heal exclusively with
scarring and wound contraction, leading to cosmetic and functional defects.

During wound assessment is important to evaluate the time wounds take to heal. Based on
timing, it is possible to further classify acute wounds that show signs of normal healing
after a brief period of time, and chronic wounds that fail to heal in more than a month

requiring continuous management.
2.2.2 Wound healing

The process of wound healing involves a series of complex interactions between cells, the
ECM, cytokines and growth factors. These are described in a series of stages (Figure 2.3),
which often overlap:

1. Haemostasis. It is the process in which bleeding stops after the injury. Vascular
permeability is initially increased to permit cells to migrate from disrupted blood vessel
to the nearby tissue and a temporary fibrin clot forms acting as ECM for cell migration.
Vasoconstriction follows in response to signals from trapped cells within the clot. Thus,
coagulation occurs as platelets aggregate with fibrin, which is deposited in the wound
following its conversion from fibrinogen, a soluble protein. Platelets trigger
inflammatory response by the release of vasodilator growth factors that attract

neutrophils, signalling the beginning of inflammation.



2. Inflammation. In this second overlapping step, blood vessels start to dilate and
inflammatory cells, mainly macrophages, reach the injury site removing debris and
rising the exudate level. This phase lasts for approximately 4 days.

3. Proliferation. It occurs 3-5 days after the injury and lasts up to 3 weeks. Fibroblasts
that migrated into the fibrin matrix, produce new ECM while the clot is degraded by
enzymes and angiogenesis takes place. As the number of macrophages decreases,
various growth factors are secreted by fibroblasts, endothelial cells, and keratinocytes.
During the proliferative phase, wound closure occurs through three simultaneous
processes: reepithelialisation, ECM formation and contraction. The last two events are
the result of fibroblasts migration in the wound site that inducted by certain grow
factors, differentiate in myofibroblasts, cells that provide the contractile force.

4. Remodelling. Following wound closure, remodelling is the final phase of the process in
which collagen fibres and blood vessels formed during proliferation phase are no longer

necessary and are removed by apoptosis.
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Figure 2. 3 The phases of wound healing following cutaneous injury (a). Vasoconstriction and coagulation
(b) are followed by inflammation phase with factors and signals released from platelets (c) and
macrophages replacing neutrophils (PMN) (d); these cells release growth factors attracting fibroblasts (e)

that synthesize collagen to finally obtain structure reorganisation and wound closure (f) [26].

The phases described above refer to the repair process, a physiological adaptation in which
skin, after tissue loss, re-establish continuity by synthesis of scar tissue and contraction

without restoration of the normal tissue.



2.3 Wound healing devices

2.3.1 Negative Pressure Wound Therapy

Negative Pressure Wound Therapy (NPWT) is a widely accepted advanced technique that
can accelerate wound healing by delivering negative pressure (NP). The term “negative”
indicates pressure values that are below atmospheric pressure. Other terms used are sub-
atmospheric pressure, vacuum assisted closure (VAC) or micro deformational wound
therapy.

The traditional system that permits to apply NP is composed of five elements: a porous
material as a filler placed into the wound (foam or gauze), a gas semipermeable adhesive
drape to isolate wound environment, a suction tube (drainage) connected to the suction
device and an exudate-collecting reservoir (Figure 2.4 A). However, in the last years,
single use NPWT devices have been developed to offer improved clinical performances as
well as a portable and lightweight alternative to the traditional system (Figure 2.4 B).
These devices have an enhanced dressing system that allow exudate evaporation,

eliminating the use of a canister and offer the possibility to be utilised without the filler.

Figure 2. 4 Overview of Smith and Nephew’s NPWT devices, traditional system RENESYS (A) and single
use PICO (B).



The NPWT refers to any device that can apply vacuum to the wound resulting in a series
of primary and secondary effects that enhance wound healing [1]. The role of the filler is
to facilitate pressure transmission on the wound bed while the adhesive drape seals the
wound maintaining a sterile and moist environment. The pressure of vacuum therapy
usually ranges between 50 and 150 mm Hg and can be applied in a continuous and/or
intermittent mode until the wound is closed.

In the last 20 years, the efficacy of NPWT in wound healing has been confirmed but no
unifying theory exists on mechanism of action. To demonstrate clinical evidence and to
support clinicians choosing parameters to enhance NPTW efficacy, more research is

needed.

2.3.1.1 Mechanical forces

The mechanism of NPWT acts in primary and secondary mechanisms and involves a series
of forces (Figure 2.5) that permit to achieve wound healing.

At the macroscale, primary forces are applied leading to wound deformation known as
wound shrinkage. Here, centripetal forces and tension exert onto the wound’s margins and
their extent depends on the mobility of the area and on the attachment to the underlying
structures. The extent of contraction is largely dependent on the deformability of the
wound [27]. The optimal setting by which a better contraction occurs is debatable but an
intermittent pressure ranging between 50-75 mm Hg has been showed to reach a maximum
area reduction [28, 29].

Simultaneously, deformations also occur at the microscale level. The topography of the
wound filler is transmitted by the pressure and distributed evenly to the wound bed,
causing mechanical stress and strain that skin cells perceive and convert into chemical and
electrical signals in a process named mechanotransduction.

Compression forces through the filler have demonstrated to be essential for stimulation of
angiogenesis bringing an increase in micro vascularization. Blood flow which delivers
oxygen and vital nutrients while removing waste products is essential for wound healing
[30]. However, these changes are not uniform. Numerous studies reported a decrease in
blood flow in proximity of the wound but an increase distally from the edges of the wound

[31].
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Also, NP application has the function to remove large amount of potentially toxic fluid,
exudate, at certain rates generating shear and hydrostatic forces that are sensed by cells
while maintaining an insulated and moist environment.

In this context, it is evident that NPWT application plays a critical role in regulating tissue
growth [32], influencing cell behaviour in terms of differentiation, proliferation and
migration [27]. Therefore, stresses and strains to the wound bed can be regulated by four
factors:

1) Levels of pressure applied and frequency. One pressure level cannot fit all types of
wounds and cannot be maintained for the whole cycle of treatment, suggesting that optimal
pressure cycle waveforms should be optimized. Level of negative pressure from 50 to 120
mm Hg are effective on the therapy but for pain relief it should be reduced to 50-75 mm
Hg [29].

2) Morphology of the filler. The tissue distends into the foam pores experiencing high
tension or dilatation whereas regions in contact with foam struts experience compressive
strains [33].

3) Constitutive behaviour of the filler material. Strut deformations, frictional interaction
and resulting constraints on the tissue surface depend on intrinsic material properties of
the dressing.

4) Tissue response. Response of the tissue bed itself that changes over time due to

continuous remodelling of ECM.

11



NPWT

Vaccum

Macrodeformation Occlusive
dressing

v 'KSpongo

Granulation
tissuo

Sprouting
angiogenesis

Vessel translocation

* Direction of mechanical deformations x VEGF
w= Blood vessel s Myofibroblast ...« ECM

Figure 2. 5 Summary of proposed mechanism(s) involved in NPWT: tissue deformation and interaction

between the dressing and the wound surface [34].

2.3.2 Electrical Stimulation

Since researchers have discovered that a decrease in electric current produced by wounds
during the injury phase may be linked to a resulting stationary phase in wound healing
process, electrical stimulation has been used to support and promote repair and
regeneration phase. It has been approved at the beginning of the new century and since
then, it has been gaining growing acceptance although more evidence is still needed.

During the healing process, wounds create an electric field around the injury site with a
gradient that decreases when moving away from the wound. The current can be maintained
using an occlusive dressing, but it gradually diminishes in intensity as the wound is

unprotected or starts to heal.
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Undamaged skin has an electrical potential generated by movements of ions Na“, K™ and
Cl" across the cell’s membrane. The sum of these potentials is called trans-epithelial
potential (TEP) and is typically few dozens of mV but following an injury, a flow of

current generates an electric field named ‘current of injury’ (Figure 2.6) [35].

+20- . .
20 5°f“V Epidermis
potential

difference

Dermis
More positive Less positi;e Less positive More positive

Figure 2. 6 Current of injury. From initial transcutaneous endogenous electrical potential of 20-50 mV,

current of injury is generated through epidermal disruption [35].

Various forms of electrical stimulation are available and they are applied by tissue pin,
dressing electrodes or wireless devices. The most used modalities included alternating
current (AC), high- or low-voltage pulsed current (HVPC, LVPC), and low-intensity direct
current (LIDC). Pulsed currents consist in a brief but recurring stimulus followed by a
period of non-stimulation (< 1 ms). Low-intensity currents (LIC) are considered to
resemble the currents produced by the human body with intensity inferior or equal to 1
mA. Electrical stimulation (ES) has been reported to promote and accelerate wound
healing although it is not excluded the possibility that wound healing occurs naturally
considering the long-time frame needed to assess results. Moreover, the variability in the
parameters of ES application and the differences in types of wounds do not permit to draw
a conclusion to the optimal ES for wound healing.

For these reasons, researchers are beginning to use electrical stimulation in vitro [36] to
provide insights into the cellular and physiological mechanism by which ES enhances

wound healing.
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2.4 Introduction to Tissue Engineering

Tissue Engineering (TE) can be defined as a multidisciplinary field involving biology,
chemistry, medicine and engineering that through the understanding of structure and
function of tissues and organs aims to heal, maintain, restore or enhance them combining
cells, biomaterials, and biologically active molecules.

Despite engineering efforts to reproduce components and function of human tissues, the
biological system is extremely complex, versatile and adaptive.

The topic of TE is incredibly broad in scope and there are strategies that can be adopted
in the TE field. However, the use of scaffolds which permit cell attachment, migration and
proliferation with subsequent tissue formation for in vitro and in vivo studies is the most
investigated. Skin has been at the forefront of TE and some of the first successful medical

products have emerged from this field.
2.5 Wound models

With the aim to obtain new knowledge of the complexity of wound healing process and
assist formulation of hypotheses, the use of a model is strictly necessary. The choice of
the model depends upon several factors such as type of investigation, relevant parameters
and desired outcomes.

Until few decades ago, research on wounds was only based on animal models. Although
these studies have been valuable, ethical issues and cost has diverted the research field
towards in vitro models that constitute an alternative and a method to study and screen
treatments before starting in vivo experiments.

During recent years due to the advantages that in vitro models have over in vivo ones, the
awareness of how they may play an important role in the investigation of treatments and
potential therapeutic solutions has increased. Nevertheless, animal models represent an
exact replicate of a clinical situation and enable to understand basic mechanisms present
in the wound healing cascade. A list of advantages and limitations in using in vitro models
to investigate wound healing process is reported in Table 2.1

In 2D wound healing assays, wound closure is simulated creating defects in cell
monolayers grown on various substrates to study migration, proliferation and protein
synthesis [37]. However, these models are representative neither of complexity of the

wound healing process nor the behaviour of cells.
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Hence, the use and development of 3D in vitro models that allow to study in a reliable and
reproducible way the mechanism of healing, cell-cell and cell-matrix interactions is

necessary [38].

Table 2. 1 Advantages and disadvantages of in vitro wound healing models.

Advantages

Disadvantages

Rapid, simple, cost-effective process
Involvement of minimal ethical issues
Homogeneity of models and reproducibility
(enhancing statistical significance)

Analysis of contribution that a single group

Limited investigation, not involve whole
body

Limited clinical relevance (impossibility to
truly replicate the structure and function)

Results based on healthy organisms

of cells has and examination of single tissue
components
e Manipulation of the model (using different

cell lines and revised parameters)

2.5.1 3D in vitro skin models

To date, in addition to clinical purposes, the interest in using 3D tissue engineered skin
models has become established to reduce animal experimentation and diminish the
research costs. The advantage of in vitro studies lays on the possibility to control tissue
characteristics and monitor the formation of substrate-cell architecture in order to examine
cell behaviour and molecular response.

Although fabrication of skin models that closely resemble native tissues has been carried
out using various techniques and materials, there is still a need to create valuable scaffolds
that can be used for functional tissue engineering or to advance the understanding of
certain mechanism of action. 3D in vitro models typically involve the combination of cells
and a 3D structure intending to mimic the native environment. There are clearly
differences between these models and native skin but research is still interested in
engineered scaffold to investigate and assess aspects of skin biology [39]. Many factors
should be considered to select which model and parameters are relevant for the study such
as type of investigation, mechanical properties and biological characteristics.

The constructs used for wound healing model are essentially skin-like structures that are

mechanically, thermally or electrically damaged to generate a partial or full-thickness
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wound. Despite several attempts to standardize the fabrication process of equivalent skin
tissue [26-28], a 3D skin model that can cover all types of investigation is still to be made.
The main issue lies in the fact that the composition and structure of these models is much
simplified compared to the native tissues (Figure 2.7), due to the absence of skin adnexa

(hair follicles, sweat glands, etc).

Apligraf® Human skin

Stratum corneum Stratum corneum
Granular layer Granular layer

Spinous layer Spinous layer

Keratinocytes
Keratinocytes

Langerhans cell
Melanocyte
Basal layer

Hair follicle
Endothelial cell
Red blood cell
White blood cell
Sweat gland
Dermal matrix
Fibroblast

:

[ Basal layer <

Fibroblast
Dermal matrix

Figure 2. 7 Comparison between an example of artificial skin and normal skin [26].

Skin models can be derived from human tissue (autologous or allogeneic), nonhuman
tissue (xenographic), fabricated as composite co-culture or from synthetic and natural
materials. A brief synthesis of advantages and disadvantages of each source used for skin

models is given in Table 2.2.
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Table 2. 2 Characteristics of various sources used to create skin scaffold.

Advantages

Disadvantages

Human and nonhuman

tissue

Native Architecture

Limited availability

Risk of infection and
immunological rejection
Source variability

Sterilizability

Composite co-culture

Control of structural
features

Biological function

Source variability

Simplified version of ECM

Synthetic and natural

materials

Complete control of the
structure

No risk of disease

Homogeneity
Inability to reproduce

biological interactions

transmission
e Reproducibility

e Sterilizability

Bioengineering skin scaffold can be broadly divided into epidermal, dermal and dermo-
epidermal substitutes [43]. They are used to provide the barrier function, aid to wound
closure and to promote healing of the wound. Most dermal equivalents in current use are
frequently presented as “dermal regeneration templates”, structures that can host
fibroblasts and endothelial cells to generate “neodermis”.

On the market, there are many commercially available skin substitutes and they are mainly
projected and developed to promote wound healing through tissue integration and
regeneration acting as active wound dressing.

Some examples of these equivalent models of skin are reported in Table 2.3.
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Table 2. 3 Some examples of commercially available skin scaffold and their composition.

Dermo-epidermal

Apligraf® Human fibroblasts and keratinocytes in bovine collagen I sponge
OrCel® Human fibroblasts and keratinocytes in bovine collagen I sponge
Integra ® Bovine collagen I and chondroitin-6-sulfate crosslinked with

polysiloxane pseudoepidermis

Dermal

Alloderm® Lyophilized cadaveric skin deprived of epidermis and cellular

component
AlloDerm® Allogeneic acellular human dermis
Biobrane® Silicon membrane bonded to porcine collagen coated nylon mesh
Dermagraft® Fibroblasts in a biosynthetic polyglycol acid mesh cryopreserved
EZ Derm™ Porcine dermal crosslinked collagen
Hyalograft 3D™ Hyaluronic acid membrane with laser-perforated micro holes with

human fibroblasts

KaroDerm™ Human acellular dermis

Pelnac™ Silicon fortified atelocollagen type I from porcine tendon
Permacol™ Porcine dermis derived collagen and elastin acellular matrix
SureDerm® Human acellular lyophilized dermal tissue

Terudermis® Bovine dermal type I collagen thermal crosslinked and silicone
Transcyte® Human fibroblasts in nylon mesh coated with bovine collagen and

bonded to a silicon membrane

Xenoderm® Freeze-dried porcine dermis

2.5.2 Requirements for skin scaffold

Scaffolds can be defined as porous 3D support systems suitable for cell growth but in order
to successfully design an ‘ideal’ scaffold to achieve the purpose of the project, some
features and characteristics need to be met [44, 45]:

a. Being biocompatible and non-toxic allowing cell integration; in case of implantable
scaffold, it should not cause a body reaction, being non-immunogenic, non-
inflammatory with low risk of disease transmission. In addition, it should be made
of biodegradable or bioresorbable material that do not degrade into cytotoxic

products in the body and do not induce immune rejection.
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b. Having an architecture and composition as similar as possible to the skin. Proper

porosity is needed to ensure cellular infiltration and vascularisation, as well as an
adequate permeability for infusion of nutrients and effusion of waste products.
Small pores do not allow cellular infiltration, or, in contrast, excessively large pores
do not maintain the proper cellular interactions. An average pore diameter of 20—
120 mm is established to be suitable for cells to infiltrate into the scaffold [29].
It has to be considered that skin is a layered structure with different morphological
features in each layer. Different types of substrates can affect adherence, migration,
proliferation and signalling of cells. The scaffold architecture should not only
mimic the porous and fibrous architecture of dermal components but should also
support the development of the epithelial layer.

c. Possessing adequate mechanical properties to match the intended site of
implantation and allow clinical manipulation. It does not require to be equivalent
to healthy tissue but at least to have sufficient mechanical strength and stiffness to
support and transmit the same forces such as stress and wound contraction.

d. Having an appropriate surface chemistry to favour cellular attachment,
differentiation, proliferation and consequent migration into the matrix.

e. Being easily fabricated with tight control over important micro and nanostructures
within the scaffold architecture, being manipulable into a variety of shapes and
sizes and cost-effective.

f. Being sterilizable.

Fundamentally, the goal of skin tissue engineering scientists is to fulfil as many of these

criteria when constructing skin scaffolds.
2.5.3 Potential biomaterials for skin tissue engineering

Biomaterials are generally materials that are used in biomedical and tissue engineering
applications. They include metals, ceramics, polymers, and composites, a combination of
those. Polymers consists of long-chain molecules composed of small repeating units linked
together by covalent bonds. Materials used to fabricate matrix for therapeutic application
are often absorbable or degradable in the body. Those for skin scaffolds range from natural
to synthetic and a proper choice involves a consideration of the different properties.
Natural matrices are characterized by interactive properties, such as cell adhesiveness with

low toxicity and low chronic inflammatory response. Synthetic matrices, on the other
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hand, are manufactured to allow better handling of material properties, such as geometrics,
strength, degradation, and permeability.
In the next sections some natural and synthetic materials are described and a table to

summarise the main reasons for using them, is given at the end (Table 2.4).

2.5.3.1 Natural materials

Natural matrices can be obtained either by decellularization of an existing anatomical
structure or using isolated components and reassembling them into a scaffold. These
materials can have human, animal or vegetal origins and they offer the advantages of low
toxicity, reduced immunogenicity and limited inflammatory response. Their ability to
interact with cells by focal adhesion has also made the use of these material a fundamental
point in designing biomimetic scaffolds. Some biomaterials used for skin scaffold

fabrication are listed below.

Collagen

Collagen is a major protein of connective tissue and the most used natural material in the
field of TE. It can be synthetized from cells or extracted from human or animal body parts
but also derived from different sources such as marine organisms, bacteria or plants. It has
been used and processed for various purposes, from regeneration [46] to promote
formation of a model of human capillary-like network [47]. There are 16 types of collagen
in the human body but around 90% of the body collagen consists of type I, II and III.
One of the distinctive characteristics of collagen is its biological activity in terms of
biocompatibility, biodegradability, and low immunogenicity. Besides being the principal
component of ECM, it acts as principal mediator in cell adhesion, growth, and
differentiation. However, due to inadequate mechanical properties and rapid degradation
rate, collagen scaffolds are ordinarily combined with other polymers or cross-linked by
covalent bonds that help to preserve the quaternary structure and conformation. Depending
on its maturity, source and condition of extraction, the degree of native collagen cross-
linking varies. Collagen can be isolated and purified as collagen molecules (soluble
collagen) or collagen fibres (insoluble collagen). The fibrillar collagen matrix has a
complex structure maintained by the intra- and intermolecular cross-links which make
difficult extraction. Solubilization methods use neutral salts, diluted acid with or without

enzymes and alkaline solutions but processes can break native collagen in different ways.
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Another form of collagen is denatured collagen, called gelatine. Gelatine has a unique
characteristic to absorb large amounts of water and this may be considered when using
freeze-drying techniques [48]. It is simply the product of collagen hydrolysis derived from
sources rich in type I collagen such as bovine, porcine, fish skin, bones, jellyfish, and bird
feet. Based on the denaturation hydrolysis process, there are two types of gelatine; type A,
which consists of an acid process where the collagen denaturation occurs by thermal
hydrolysis of peptide bonds; type B comes from alkali, ionic salts that break the cross-

links during collagen heating.

Fibronectin

Fibronectin is another main component of ECM. It possesses binding sites for other
components of the ECM such as collagen, fibrin, and heparin, playing a crucial role in cell
signalling [49]. Fibronectin also has binding regions for a number of cell-surface receptors

but its use is limited because these functions seem to be inhibited by mechanical stretching.

Fibrin
Fibrin is the fibrous protein involved in wound healing. It can be extracted from blood
plasma and is widely used in form of glue or gel scaffolds supporting skin cell growth and

motility.

Laminin

Laminin is a widely present protein within the ECM and one of the main components of
the basal membrane along with collagen IV. Laminin is produced by various cells and it
is usually incorporated onto scaffold to improve cell adhesion, migration, differentiation
and angiogenesis. This protein may be incorporated in scaffold to create a basement

membrane-like, a key element still missing into skin models [50].

Elastin

Elastin gives properties of elasticity to the skin. The difficulty of manipulating elastin in
vitro is due to the extensive cross-linking and associated insolubility but its addiction to
collagen-based scaffold showing a decrease in contraction [51], has made elastin attractive

for skin scaffolds.

Glycosaminoglycans (GAGsS)
The most important glycosaminoglycans are hyaluronan and chondroitin sulphate. GAGs

can be introduced into the composition of the porous scaffolds, in combination with
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collagen, chitosan, or other natural biomaterials, to modulate pore size and mechanical
properties.

Hyaluronic acid or hyaluronan has been known to promote angiogenesis, facilitate
proliferation and migration of fibroblasts and promote scar-less healing in wounds.
Chondroitin sulphate groups increase water retain benefiting from the hydrophilicity of

this group and enhance resistance to enzymatic degradation [52].

Chitosan

Chitosan is derived from deacetylation of chitin using alkaline treatment to increase water
solubility. Chitin is an almost totally insoluble polysaccharide present in the exoskeleton
of shrimp and other sea crustaceans. It is a biomaterial widely used in skin tissue
engineering as a wound dressing for its haemostatic and antibacterial properties and as a
scaffold for its strength and permeability qualities [53]. Moreover, chitosan can be used
on a large scale having a low cost. With a structure similar to GAGs, it does not require
aggressive chemical to be dissolved. In the body, lysozymes degrade chitosan into non-
toxic products. Chitosan can be combined in porous matrices with other natural

biomaterials like collagen and gelatine to enhance their mechanical properties [54, 55].
2.5.3.2 Synthetic materials

Synthetic scaffolds have been investigated for having a defined chemical structure,
permitting to tune mechanical and degradation properties. They are usually used either as
temporary cover for wounds acting like a skin barrier or combined with natural materials
to overcome the lack of cell-recognition signals.

The advantages of synthetic scaffolds over their biological counterparts include the
elimination of contamination and disease transmission once implanted, large availability,
increased manufacturing uniformity.

Some of commercial, well-known synthetic materials used in skin engineering are:

e PGA (Poly (Glycolic Acid)). 1t has a low solubility in organic solvents but a glass
transition temperature of 35-40°C close to physiological temperature. PGA
degrades rapidly in aqueous solutions or in vivo due to its hydrophilic nature, losing
its mechanical integrity after 2-4 weeks. The most widely used scaffolds derived
from this polymer are the nonwoven fibrous fabrics.

o PLA (Poly(Lactic Acid)). 1t is more hydrophobic than PGA but it has a higher

solubility in organic solvents.
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Table 2.

PLA scaffolds or implants have remarkably high mechanical integrity in vitro or in
vivo due their slower degradation rate, often taking years to degrade. This is the
consequence of the additional methyl group repeating unit in the PLA that makes
it more hydrophobic than PGA.

PCL (Poly-e-caprolactone). 1t is a polymer approved for many applications related
to wound care such as sutures. PCL is a slow biodegradable, non-toxic polymer
with a clear structure that favours topographical studies [56].

Its degradation rate is longer than a year making it less attractive for tissue
regeneration use. PCL is also hydrophobic but this feature can be improved
combining it with natural polymers such as chitosan or collagen that have lower
degradation rate and are more hydrophilic.

PVA (Poly(vinyl alcohol)). Linear poly(vinyl alcohol) (PVA) is a one of the most
actively used synthetic polymers for physical hydrogels. Due to its chemical
preparation from poly(vinyl acetate), PVAc, it results in a combination of PVA and
PVAc. Its physiochemical properties and degree of hydrolysis are determined by
the residual ester groups. If the degree of hydrolysis is lower than 90%, it does not

form hydrogels.

4 Summary of main characteristics of selected natural and synthetic materials used for skin tissue

engineering [2, 43].

Natural

Collagen Main component of skin, superior biocompatibility, and cell
interaction

Fibronectin Stimulate migration and cell growth

Fibrin Source of growth factors

Elastin Provide elasticity and increase biological activity

GAGs Increase cell activity and hydrophilicity if combined with other
polymers

Chitosan Biocompatibility, large availability, intrinsic antibacterial nature

Synthetic

PGA
PLA
PCL
PVA

High tensile strength and hydrophilicity
Used in blends to tailor mechanical properties
Unique mechanical properties and biocompatibility

Highly soluble in water, form hydrogels
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2.5.4 Methods of fabrication

The three-dimensional architecture and mechanical properties of skin replacements are
completely different to normal skin. This is in part explained by the fact that the
manufacturing processes employed are not sophisticated enough to recapitulate the
developmental morphogenesis used to create skin naturally. Many methods to design and
fabricate scaffold are currently used, most of them based on turning liquid solution to solid

state.
2.5.4.1 Freeze-drying

Freeze-drying is a well-known technique to produce scaffold with microstructure
architecture and a high level of porosity. Scaffolds are usually produced from an alkaline
aqueous solution in which at least one polysaccharide is dissolved by acetic or
hydrochloric acid. After homogenization and centrifugation, the emulsion is subsequently
frozen in either a specific made-for-purpose mould or using lab plasticware. During
freezing stage, the solution forms ice crystals within the structure in function of heat
transfer [57]. Keeping material temperature below their transition temperature (7g) is
critical to prevent structural collapse [58]. As a consequence of the process, it is clear how
strong is the link between scaffold structure and ice crystallization [59]. Ice crystal growth
is regulated by the temperature at which solidification takes place. Theoretically, the
higher is the temperature gradient and the cooling rate, the smaller is the average pore size
in the ice templated structure. Cooling rate also influences the homogeneity of the structure
whereas temperature is correlated to the pore size [60]. Thus, the morphology of freeze-
dried scaffolds can be tuned by adapting instrumental parameters and solution factors.
However, the latter are more convenient to control. For example, it has been demonstrated
that controlling the viscosity of solution limits the pore size of scaffolds making the matrix
less dependent on cooling rate and thermal gradient [61]. In addition, as well as the cooling
rate, lowering the polymer concentration increases the porosity of the constructs [62].
Processing variables need to be controlled carefully in order to synthesize scaffold with
desired inner architecture [59]. The last step is to sublimate the solvent within the structure
after which the result will be an interconnected porous scaffold. Since no heat is involved

in the process, many materials that are sensitive to high temperature can be employed.

24



2.5.4.2 Electrospinning

Electrospinning is a versatile fabrication method that permits to produce fibrous matrices
with a range from macro to nanoscale utilizing a polymeric solution and an electric field
(Figure 2.8). A high voltage electrostatic field is introduced between a spinneret (usually
a syringe) at a given rate and an earthed collector. At some critical voltage, the surface
tension of the polymer is overcome by electrostatic charges and droplets of the solution
elongate and stretch into a so-called Taylor cone forming a continuous jet. In order to
achieve high-quality fibres without bead formation, it is crucial to maintain a Taylor cone
by balancing the electrostatic repulsion, surface tension, and viscoelastic forces. As the jet
travels, the solvent evaporates and polymer fibres are formed and collected on the target.
Depending on the collector configuration, the morphology of the scaffold can be different.
Electrospinning is one of the most used techniques in research studies for scaffold
fabrication because of its simplicity and cost-effective process. It allows to obtain
substrates with a high surface area to volume ratio, degree of alignment and tuneable
porosity. Scaffold characteristics are controlled by numerous manufacturing parameters
such as flow rate, collecting distance, electrical voltage and the diameter of the spinneret
needle as well as solution parameters (molecular weight, concentration and viscosity of
the spinning solution). Electrospun fibres can be also combined with nanoparticles or
growth factor in solution or post fabrication expanding the number of potential
applications in tissue engineering, from drug delivery to wound healing and dermal

regeneration.
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Figure 2. 8 Configuration of electrospinning apparatus [63].
2.5.5 Limitations of skin scaffolds

Designing a model of skin involves considerable challenges. The task of reproducing a
fully functional tissue requires evaluation of constraints as many characteristics of normal
skin are absent in a model. Solutions are far from being optimal but tailoring specific

properties will contribute to investigate different aspects of the skin.
2.5.5.1 Mechanical properties

One of these challenges is the optimization of the mechanical properties of 3D scaffolds.
Skin models only approximate true skin organization. The lack of elements such as
immune and vascular systems, sweat glands and hair follicles as well as the detachability
between layers reduce strength and elasticity in the model. It is in part also explained by
the fact that fabrication processes are not enough complex to mimic morphogenesis.

Cross-linking is a technique that can be leveraged to improve mechanical properties,
control degradation rate and increase strength and stability. Physical, enzymatic and

chemical cross-linking treatments are the most utilized for skin scaffolds.
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Physical

Ultra-violet (UV) radiation. The intensity of the irradiation and duration of
exposure determines the extent of cross-linking and denaturation that consequently
influence mechanical properties and degradation behaviour. Its use is limited to
thin scaffolds and hydrogels.

Dehydrothermal treatment (DHT). 1t is a method whereby the scaffold is exposed
to temperatures of 100°-120° C under high vacuum for a time period of 24 h up to
120 h. This step involves condensation reactions that break up water bonds leading
to dehydration of the scaffold and resulting in intermolecular crosslinks [64]. It is
a lengthy process and may denature the material (20-60%) but at the same time can

sterilize the scaffold.

Chemical

1-Ethyl-3-(3-dimethylaminopropyl) carbodiimide (EDC). 1t is a water soluble
carbodiimide that permits to crosslink the carboxyl and amino groups of varying
residues and improve strength. Even though the small bonds do not influence the
scaffold structure, using high levels of this compound is cytotoxic for fibroblast
[65] and may lead to an increase in contractility [66]. It is usually used in
combination with N-Hydroxysuccinimide (NHS) that improve the activation of
carboxylic acid group and thus the crosslinking degree.

Glutaraldehyde (GA). 1t is the gold standard to cross-link tissue and scaffolds used
in different applications, mainly transplantations. GA treatment can significantly
improve mechanical properties and material durability reacting with amine or
hydroxyl functional groups and connecting the biopolymeric chains. However, the
functional aldehyde groups are toxic for cells and represent a potential biohazard
problem. The concentration of GA and the application method is a determining
factor that impact the degree of crosslinking.

Genipin. It is a green crosslinker being extracted from the fruit of Gardenia
jasminoides Ellis. Genipin reacts spontaneously with amino acids because of its
multiple active groups, forming blue pigments. Although highly cytocompatible, it

is only used in experimental studies due the expensive cost.
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Enzymatic
o Transglutaminases are natural enzymes that catalyse the acyl-transfer reaction
between the e-amino group of lysine and the y-carboxamide group of glutamines in
proteins. Furthermore, it has been shown to facilitate cellular attachment with no
reported cytotoxic effects [67]. However, the use of enzymes makes the

crosslinking procedure expensive.
2.5.5.2 Lack of vascularization

One of the major issues in skin tissue engineering is the slow process of scaffold
vascularization. Ensuring an adequate vascularization remains a challenge. Nowadays,
there is no available method that can provide a homogeneous nutrient and oxygen supply
to the construct and most of the attempts to create skin scaffold focused on promoting
barrier function. In the human skin, nutrients delivery and waste removal occur through
diffusion whereas in scaffolds due to inadequate bidirectional porosity, vascularization is
not allowed. Therefore, the idea that a bioengineered scaffold may incorporate
prefabricated vessels in order to vascularize more rapidly can be a promising strategy. In
addition, endothelial cells, vascular cells responsible for vasculature formation, can be

integrated in co-culture to better mimic the in vivo environment [68].

2.6 Mechanism of cell-scaffold interaction

The success of a tissue engineered scaffold depends upon three factors: cells, scaffold
material and scaffold architecture.

Human skin fibroblasts (HSF) and keratinocytes are the most common used in skin tissue
engineering application. While keratinocytes are able to proliferate and differentiate
spontaneously forming a stratified epithelium, studies have found that HSF exists as
subpopulations that is morphologically and functionally heterogeneous, exhibiting distinct
gene expressions and functions [69]. For example, papillary dermal fibroblasts display
higher growth kinetics and lower contractile properties compared to reticular fibroblasts
and are thought to represent an undifferentiated phenotype [70]. One of the main
challenges faced in understanding cell-material interactions is that conclusions drawn from

one cell type may not be readily applied to another.
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Research on how fibroblasts respond to substrates with different mechanical properties
and the relationship between cell morphological changes and associated intracellular
signalling pathway are topics of great interest [71].

Fibroblasts are anchorage-dependent cells that have the capacity to transmit forces from
cytoskeleton to ECM through integrin receptors in connections known as focal adhesions
or to other cells by cell-cell junctions. Tensions that form in the cytoskeleton are
influenced by chemical and mechanical properties of the material and determine the cell
fate. Furthermore, cells can be subjected to mechanical forces such as pressure, shear
stress, stretch, compression or combination of those and chemical stimuli from the external
environment that can further affect morphology, survival, growth and reorganization

(Figure 2.9).
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Figure 2. 9 Illustration of cell adhering to adhesion molecules such as integrins and physical stimuli acting

on a cell and resulting cellular responses [72].

Topographical features such as pores, fibres or a combination of these play an important
part on cell response altering tissue formation and gene expression. Therefore, scaffolds
are considered bioactive structures that regulate the mechanism and the extent of cell
adhesion. Pore size must be bigger than the cell size that we want to populate the scaffolds
but they also have to be interconnected to allow interior cell growth, nutrient supply and
waste product exchange. In addition, it was demonstrated that the extension of scaffold
contraction can be guided by adjusting the pore size [66].

Fibrous scaffolds have a structure that better resemble natural tissues. In hydrogels,
collagen fibrils are dispersed in a solution that forms a gel under specific conditions of
temperature and pH. Although cells are easily added to the solution before solidification
being embedded in it, these structures represent soft substrates with low mechanical

properties. Alternatively, fibrous membranes can be employed to simulate the cellular
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microenvironment and match the mechanical properties of the skin. In this case, fibre
diameter has to be defined for the specific cell type being direct correlated with the size

of pores and therefore influencing cell infiltration [73].
2.7 Bioreactors for 3D culture

In the tissue engineering field, bioreactor refers to a tool that permits to control and
accelerate biological processes, providing an ideal environment, controllable and
mechanically active. The purpose of a bioreactor is to overcome static system limitations
where in a non-homogeneous environment, problems occur with concentration gradients,
nutrients supply and other components. Bioreactors are the base of the present and future
industrialization of engineered tissues. Currently the use of bioreactors aims to improve
cell expansion, dynamically seeding cells within 3D matrices, facilitate the growth of
functional 3D tissues and control and regulate tissue development under desired physical
and chemical conditions. On the other hand, bioreactor can also be used to investigate and
clarify the effect of specific forces and mechanical stimuli in a close and controlled
environment. Although there is a wide range of bioreactors that can house cell-seeded
scaffolds, they are limited by the lack of specific guidelines that could address different
cell culture requirements. Therefore, bioreactors should be chosen and designed based on

their specific application.
2.7.1 Design requirements

The biological and mechanical requirements of a bioreactor depend on the specific
application and engineered tissue. Nevertheless, fundamental principles should be
considered in designing it [74]:
a. Maintain sterility. The material used to fabricate the bioreactor chamber should be
suitable for sterilization using traditional methods.
b. Efficient mass transfer and gas exchange to maintain a viable and functional tissue
and allow uniform distribution of cells on a 3D scaffold.
c. Suitable for scale up and simple to assemble.

d. Ability to impose physiologically relevant mechanical stimulation to tissues.
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2.7.2 Bioreactor for NPWT investigation

In contrast to a large number of studies regarding skin scaffolds there has been little work
in the area of bioreactors designed and customized for specific applications.

Bioreactors for skin tissue engineering offer many functions from seeding to maintaining
cell cultures or tissue development [75]. However, evaluation of how cells and skin
respond to therapies and forces should be the first step before designing a medical device.
NPWT investigation has become of great interest not only in wound healing treatment but
also in alternative applications such as closing incisional wounds [76] and improving skin
graft integration. Veale et al. [77] demonstrated that in in vitro study the combination of
NPWT and commercial collagen-based matrices, used to accelerate soft tissue
regeneration, may lead to sub-optimal delivery of vacuum pressure potentially decreasing
the efficacy of the therapy.

NPWT bioreactors have been also developed and tested on several skin models and skin
equivalents for various research purposes but there is still not uniformity in regard to how
cell should be cultured and studied under negative pressure. Yamashiro and al. [78]
proposed a cell culture system capable of real-time monitoring of cells during NPWT
treatment whereas Wilkes et al. [14] and McNulty et al. [79] observed cell behaviour
interrupting negative pressure treatment. However, all these studies present limitations due
to the way medium is supplied to cells and the approach to NPWT delivery. Mass transfer
in skin is governed by convective transport and diffusion through the blood capillary
system that supply nutrients to tissues which are not more than 100 um distant. In skin
tissue engineering, convective mass transfer is usually replaced by perfusion and from this
point of view, a suitable choice of medium flow rate and resulting shear rate applied to
cells should be considered. If not well supplied with medium, skin tissue equivalents have
shown to undergo apoptosis [80]. Although it can be considered a misrepresentation of in
vivo conditions, diffusion of nutrients could be also simulated through application of
vacuum/negative pressure that would allow the fluid to be drawn towards the surface as
investigated by Baldwin et al. [81]. With regards to the NPWT application skin can be
thought as compressed and stretched during therapy. A common way to study the effect of
stretching on cells involves the culture of cells on substrate exposed to uniaxial or biaxial
stretch [13]. With this configuration cells will just adhere superficially and keeping them
alive would imply the involvement of shear stresses from the medium. Alternatives to this

approach have been made, investigating collagen and fibrin gels populated with fibroblasts
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but these models either could not withstand NPWT or the therapy was applied topically
by means of needles in small size setup [14, 82] (Figure 2.10).

NPWT Pump

co,
Incubator
1] < S

_l Canister

Culture
Insert |4 Medi=

Seal -4 | | S 1 "
" O

&)
Peristaltic
Pump

Drape Foam Clot with
Dressing Cells

Figure 2. 10 Schematic representation of a single well NPWT bioreactor. Culture insert is placed in well of
6-well plate into cell rings. Medium is introduced into the chamber through a needle and supplied to the

cells from the bottom. NPWT is applied through dressing by a syringe needle [14].

Results rely on experiments in which there is heterogeneity and lack of standardization of
protocols and methodologies. Developing scaffolds fit for the purpose and a platform
suitable to study NPWT would be the first two important steps to advance the

understanding of NPWT forces on cells towards the improvement of clinical therapy.
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CHAPTER 3 Fabrication of porous scaffolds

3.1 Introduction

During the years, many methods have been employed to produce functional scaffolds
suitable for cell behaviour studies [83, 84]. Although there is no definitive method that
can closely reproduced mechanical and physicochemical properties of the native extra
cellular matrix (ECM), the manufacturing process and materials utilized can influence
scaffold porosity, pore size, water absorption and other characteristics that are critical to
enhance in vitro scaffold bioactivity [85].

In this chapter, collagen-based scaffolds from insoluble collagen type I were fabricated by
freeze-drying method with an attempt to standardize the fabrication process, compare
combinations of different materials and cross-linking techniques to favour cell

arrangements and find an ideal platform for in vitro studies.

3.2 Materials and methods

Insoluble fibrillar type I collagen (CL) from bovine Achilles tendon (C9879 Lot
SLBGY9204V, Lot SLBZ0774, Sigma-Aldrich, UK) was used to make collagen solutions
following a protocol adapted from literature [86].

Briefly, collagen was suspended in 0.25 M acetic acid (AA) solution at three different
concentration, 0.5% w/V, 0.7% w/V and 0.9% w/V that were chosen after careful literature
review. Then, suspensions were mixed with an overhead blender at 15000 rpm for 35
minutes using a container filled with icy water to keep solutions at low temperatures and
prevent denaturation of collagen fibres due to casual heating. The resulting homogeneous
slurries were degassed under centrifuge at 5000 rpm for 8§ min to remove air bubbles and
successively pipetted (Single Channel Pipette 0.5-5 ml, Eppendorf Research®) into
polystyrene 6-well culture plates (Falcon™, Fisher Scientific) at approximately 5 mm
filling height. Lastly, cell culture plates were placed inside a lyophilizer (VirTis
AdVantage 2.0, SP Scientific) where shelves temperature was set to -40°C from an initial
temperature of 20° C in order to freeze the solutions. After 3 to 4 hours, shelf temperature
was raised to 0° C and vacuum was applied allowing sublimination to occur. Scaffolds

were left to dry for at least 36 hours and then were removed from the dryer.
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After preliminary mechanical and cell culture tests, a concentration of 0.7 % collagen of
the first collagen batch was chosen as the most suitable for further experiments. This
concentration was eventually changed to 1% for the second collagen batch in order to
obtain solutions with same viscosity. During the freeze-drying process, in parallel
experiments, collagen solution was pipetted in wells of different size in diameter (12 well
plate with well diameter of 22 mm and 24 well plate with well diameter of 15 mm) and
the use of freezing temperature of -20°C and -80°C were investigated to examine the
impact that they could have on pore size and scaffold structure.

Also, the effect of adding hydrophilic polymers to the collagen solution such as chitosan
(CS) 0.7% w/V (LMW, Sigma Aldrich UK), and polyvinyl alcohol (PVA) 5% w/V (86-
89% hydrolysed MMW, Alfa Aesar) individually dissolved in 0.25 M acetic acid was
evaluated. These polymer solutions were individually mixed with collagen suspension in
a percentage of 10% v/v before blending, creating polymers blends. The percentage was
chosen after preliminary experiments in which it was determined that higher percentage
of chitosan and polyvinyl alcohol would compromise the integrity and the handling of

samples in solutions [6].
3.2.1 Characterization of freeze-dried scaffolds

The porous architecture of the scaffolds is a key in determining a suitable biological
response in tissue engineering. Although, methods of characterizations vary widely in
literature, in this study, some of them were selected for availability and for intent of

purpose of the work.
3.2.1.1 Structural characterization and pore size

The choice of using commercially available moulds was made with the aim to standardize
the process and obtain reproducible data that might be a starting point for future
experiments. In other studies, moulds made from materials having high thermal
conductivity such as steel and copper led to rapid freezing of the solution allowing the
structure to orientate in a chosen direction [62]. On the contrary, moulds made from
materials with low thermal conductivity such as plastic allowed the suspension to freeze
at roughly the same rate throughout resulting in a homogenous microstructure [87].

Therefore, freezing samples in thermally insulating moulds is an excellent technique to
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have control of the structure, morphology and mechanical properties that are highly
important for scaffold fabrication.

The structure of collagen scaffolds was characterized by scanning electron microscopy
(SEM) (Cambridge Instruments Stereoscan 360, Oxford Instruments) at different
magnifications. The dry samples were prepared sectioning the scaffolds by means of a
scalpel. Then, they were carefully mounted onto stubs using carbon adhesive tape and
coated with an ultra-thin layer of gold using a gold sputter coater (S150B, Edwards Ltd).
This is a standard and needed procedure for analysis of non-conductive materials. In order
to measure the pore diameter, analyse and compare the structures, high resolution images
of cross-section were recorded and at least 30 apparent pores measured with Fiji-Image J
software [88]. Standard deviations of these measurements are represented in graphs by

error bars.
3.2.1.2 Viscosity

Viscosity is defined as the measure of the resistance of the fluid deformed by shear stress.
The system used to measure this entity is based on the sample type. Generally, polymeric
solutions and dispersions behave as non-Newtonian fluid, a substance whose properties
does not depend time but on shear stress and temperature.

A viscosity of a solution is an important and critical parameter sometimes neglected and
frequently difficult to measure when the product exhibits complex rheological behaviour.
Polymer solutions can be considered as a homogeneous system when it is still fluid but at
higher concentrations, complex behaviour can be encountered. In this direction goes the
choice of using acetic acid that allows disentanglement of collagen molecules favouring
mixing and resulting in low viscous and homogeneous solutions [89, 90].

In this study viscosity measurements were taken on various collagen-based slurries at 20°C
using a rheometer (Bohlin CVO 120 HR) with a stainless-steel cone/plate geometry (4°
cone angle, 40mm cone diameter) and a gap set at 150 pm. Cone-plate measuring system
was preferred as it provides constant shear rate across the sample. The aim was to study
the rheological behaviour of collagen solutions at different concentrations and between

two batches of collagen. They were then plotted as a function of the applied shear rate.
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3.2.1.3 Crosslinking

Crosslinking defines a series of techniques that have the purpose to promote bonds
between polymer molecules to increase the mechanical properties and stability of
scaffolds. As explained in the introductory chapter, it can be achieved in different ways.
In this study, a dehydrothermal (DHT) process was performed in a Gallenkamp Vacuum
Oven at 105° C under vacuum for 24 h on scaffolds to overcome shrinkage and biostability
problems. In brief, scaffolds were contained in an aluminium foil pouch, sealed on three
sides and placed on the shelf in the oven.
After this first step, scaffolds underwent a further crosslinking that consisted of three
selected methods:

1) 1-Ethyl-3-(3-dimethylaminopropyl)carbodiimide and N-hydroxysuccinimide

(EDC NHS) (6mM) 1:1 in 75% ethanol solution for 24h at room temperature (RT).
2) 0.25% glutaraldehyde (GA) in 75% ethanol solution for 24h at RT.
3) scaffolds were placed on a metallic grid inside a desiccator and exposed to vapour
of a 25% glutaraldehyde (GA) water solution for 24h at RT.

Successively, scaffolds from 1) and 2) were extensively washed three times with
decreasing ethanol-phosphate buffered saline (PBS) solutions (75% v/v, 50% v/v, 25%
v/v) and then freeze-dried for a second time; scaffolds crosslinked through vapours of a
25% GA water solution were left to air-dry at room temperature for further 24h.
The EDC-NHS molarity and molar ratio was chosen based on findings reported in
literature. It has been shown that using a 1:1 EDC/NHS molar ratio and concentration up
to 10 mM, collagen samples had greater stability and mechanical strength compared to
higher molar ratio [91]. After comparing several studies, choices were also made about
the concentration of GA and the time of crosslinking [92-94]. Ethanol water solution was
the preferred solvent for its ability to preserve the open porous structure of the scaffolds
[95].
Moreover, a ninhydrin assay was performed to determine the degree of crosslinking by
comparing the percentage of free amino groups in crosslinked and non-crosslinked (NXI)
scaffolds adapting a method described previously [96]. In brief, 9 mm disk (n=3) from
various scaffolds were cut, weighted and hydrated in 250 ul Milli-Q water (mQ). Then, 1
ml of a solution which contained one part of 4 % (w/v) ninhydrin in ethylene glycol and
one part of 200 mM citric acid with 0.16 % (w/v) tin (II) chloride at pH 5.0 in mQ was

added. Tubes, protected from light, were immersed in a water bath for 30-35 min at 95-
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100°C. In the meantime, solutions of known concentrations of glycine were prepared to
generate a standard curve and determine the concentration of free NH> groups in the
samples. Thus, the samples were cooled to room temperature and 250 pl of 50%
isopropanol was added to each sample. After being vortexed, the optical absorbance of the
solutions at 570 nm was recorded with a spectrophotometer. The degree of crosslinking of
the sample is calculated following Equation (1) in which NXI NHN are the reactive amines

in non-crosslinked collagen scaffolds and XI NHN are the amines remaining in crosslinked

scaffolds.

XI NHN

% of crosslinking =1-m *100

Equation (1) Percentage of crosslinking degree calculated as a ratio between the difference of reactive
ammines in non-crosslinked (NXI NHN) and crosslinked scaffolds (X1 NHN).

3.2.1.4 Attenuated Total Reflection - Fourier Transform Infrared (ATR-
FTIR) spectroscopy

Fourier transform infrared (FTIR) spectroscopy is one of the most important techniques of
vibrational spectroscopy to evaluate the surface composition of material. Functional
groups can be associated with characteristic infrared absorption bands, which correspond
to the fundamental vibrations of the functional groups.

ATR-FTIR spectra of CL-based scaffolds was obtained at room temperature in a spectral
range from 4000 to 600 cm™! using Nicolet iS5 FT-IR spectrometer (Thermo Scientific)
and equipped with an iD5 ATR accessory with diamond crystal. Each spectrum was
recorded at a resolution of 4 cm™!, scanned 64 times, and analysed using the OMNIC™
Software. All spectra were represented with wavenumber (cm™') as abscissa unit and
absorbance as ordinate unit. ATR-FTIR was also used to characterize polymer blends and

crosslinked scaffolds.
3.2.1.5 Porosity and water swelling

In tissue engineering, porosity and water swelling are two commonly adopted
measurements used to characterize scaffold structure and affinity with liquids,
respectively. These methods are conceptual models that have been used to represent the
system based on their definitions. Therefore, if the definition of porosity is the amount of

void space confined by solid surfaces in a finite volume, it is possible to define porosity
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as the ratio between volume void and total volume. Based on this concept, water swelling
or absorption is the property of water (or any other liquid) to infiltrate inside the structure,
fill the void space and be retained or absorbed by the material.

Various techniques and formulas have been utilised to measure these properties, mainly
based on variation in volume or weight [97].

In this study, cylindrical scaffolds of 9 mm in diameter and approximately 4 mm in height
were obtained punching them out from disks of 35 mm in diameter. To determine the
porosity (&) and the absorption of water (WU), scaffolds were submerged with liquids
using micropipette and left at room temperature for 24h, after being initially weighted.
Then, scaffolds were removed, gently dripped and the percentage of water uptake was
calculated using Equation (2), where Ws and Wd represent the weights of hydrated and

dried samples (n=3), respectively.

Ws
F (%) = wd x 100

Equation (2) Percentage of WU represented as a ratio between the weight of hydrated scaffolds
(Ws) and the initial scaffold weight in dry conditions (Wd).

Although the equation used is the same for both measurements, liquids and method were
different. In particular, for porosity measurement pure ethanol, instead of water, was used
as fluid and vacuum was applied inside each vial that contained the scaffold by means of
a needle connected to a vacuum pump. In this way, air contained in the scaffold pores was
removed allowing the infiltration of ethanol within the pores.

As the sponge expanded under vacuum, further investigation to assess the integrity of the
microstructure was undertaken using a Cryo-SEM (Zeiss EVO60). The samples imaged

on the SEM were scaffolds DHT-treated.
3.2.1.6 Mechanical tests

The mechanical properties of scaffolds were assessed via tensile and compression tests.
For tensile testing, specimens with a dog-bone shaped size (Figure 3.1) were cut out of a
35mm disk using a scalpel with the aid of a cut-to-size paper guide (Figure 3.1c).

They were tested (n=3) in dry and wet conditions to failure using a tensile machine (Lloyd
Material Testing LS1) with a load cell of 100 N at a strain rate of 1 mm/min. Scaffolds

were immersed in 70% ethanol solution overnight and then washed three times with PBS
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solution. The liquid was partly removed using filter paper before mounting the specimen
in the tensile machine.

Sandpaper was attached to the grips to avoid slippery of the specimens during testing.
Then, Young’s modulus (£), maximum stress (omax) and elongation at break (%¢) were

determined by fitting the experimental data of stress (o) and strain (&).
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Figure 3. 1 Dimension of specimens used for mechanical testing on the left. On the right, two fractured

samples (a) and (b) and the paper guide used to cut the specimens (c).

Scaffolds were also evaluated mechanically in compression. Compressive elastic modulus
was determined using a dynamic mechanical analyser (DMA Q800, TA Instruments)
machine that measured the thickness of the samples (n=3) automatically. After being
hydrated in a 70% ethanol solution for 24h, rinsed and soaked overnight in PBS at room
temperature, 9-mm disc-shaped scaffolds were compressed with an initial contact force of
0.02 N at a ramp rate of 0.005 N/min to 0.1 N. Elastic modulus was calculated as the slope
of the stress-strain curve over the initial strain regime. Furthermore, measurements of
creep-recovery were performed on DMA compressing the specimens of 30% strain and

measuring the percentage of shape recovery in one minute.
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3.2.1.7 Statistical analysis

For each experimental condition, a sample number of n=3 or more was used, as noted.
Data are expressed as mean + sample standard deviation, represented by error bars.
Statistical analysis was carried out, when possible and necessary, using t-test in which a
maximum of two groups was used per analysis. Differences were considered significant

when p<0.05.
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3.3 Results and discussion
Results are presented and discussed under various sections.
3.3.1 Preliminary experiments

At the beginning of this study, it was essential to assess the source of collagen to find the
appropriate concentration of material in solution for scaffolds fabrication that could be
used as skin substitutes. Three concentration of collagen 0.5%, 0.7%, 0.9% w/v in 0.25M
acetic acid solution were selected to produce freeze-dried collagen sponges and their

structure was analysed using SEM images.

A

0.5%

0.7%

Figure 3. 2 (A) Top surfaces and (B) vertical cross-section of CL scaffolds with different concentration

(w/v%) freeze-dried in 6-well plates at -40°. Scale bar = 1 mm.
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As shown in Figure 3.2 A as the concentration of CL increases in the solution, porosity on
top of the scaffolds seems to decrease and pores to be occluded. This was likely due to an
increase of viscosity and surface tension that was too high to overcome sublimation forces
during the freeze-drying process. It can be also noticed on Figure 3.2 B that collagen pore
walls are thicker at higher concentrations explaining the decrease porosity and water
absorption. Although the shape of the pores appears O-shaped for 0.5% and for some
extent also for 0.7% and 0.9%, it seems that at higher concentrations the shape of the pores
is more elongated, almost elliptical. Despite a variation in appearance, the experiments
performed using 0.5% to 0.9% concentrations did not show a relevant change in pore
dimensions. To evaluate the effect of lower freezing temperature, solutions at noted
concentrations were poured in 6 well plates and frozen in a -80°C freezer for 4-5 hours
and then dried in the lyophilisator. The process formed layered structure with irregular
shapes (Figure 3.3) that were considered not useful for the purpose of fabricating a
structure with definable pores of regular dimensions. However, this result was only

obtained when 6 well plates were used as moulds at -80°C.

L x40 2mm ‘ x120 500 um

Figure 3. 3 Vertical cross-sectional images of freeze-dried scaffolds at -80°C with irregular and layered

structure. Scale bars =2 mm (left) and 500 pm (right).

The layered structure was not homogenously distributed throughout the height which
indicates that scaffolds did not freeze under constant conditions. Presumably, the
undefinable structure was caused either by collapse occurred during the drying process or
due to flash-freezing that is widely acknowledged to produce smaller ice crystals with a
poor network not allowing pore formation [58, 87, 98]. As explained by Schoof et al. [99]
during the solidification process there are dynamics at solid-liquid interface that can entrap
or repel collagen aggregates depending on the ice front velocity facing the scaffolds. If the

ice front velocity, that is the speed at which the solution freezes from the bottom to the
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top, exceeds a critical value, a planar ice structure grows through the collagen suspension.
Moreover, a break-down of this morphology can be caused when acetic acid is added in
the solution. Therefore, with the aim to produce samples with a defined porous structure
that could be used for further characterization and experiments, the option to freeze
samples at -80°C was discarded. Collagen slurries were frozen and dried in the lyophilaser
VirTis AdVantage 2.0, SP Scientific that could reach a maximum freezing temperature of
-50°. Based on preliminary experiments that evaluated pore size, water uptake and
shrinkage in solution (not reported), it was decided to select 0.7% w/v of collagen in 0.25M

of acetic acid solution as concentration to use in further experiments.
3.3.2 Appearance and pore measurement

Mean pore size is an essential aspect of scaffolds for tissue engineering applications. With
regards to cells, small pore size can limit liquid diffusion and cell migration towards the
centre of the construct [100]. Although the relationship between cells and pore size is
controversial and within literature there are conflicting results on the optimal pore size
needed for skin engineering scaffolds, a range between 50 and 200 pum is generally
accepted as the optimal one [101]. There are different techniques and methods to obtain
pores of several sizes [99]. In this study it was investigated the influence of two freezing
temperature and the use of moulds with decreasing diameters. Theoretically, the higher
the temperature gradient, the faster the freezing rate and the smaller is the ice templated
pore sizes [102]. As shown in Figure 3.4, there was a decrease in pore size for scaffolds
with a concentration of 0.5% and 0.9% when solutions were frozen at lower temperatures
(-40° C). On the other hand, an intermediate concentration of 0.7% did not follow the same
tendency as the mean pore size can be considered similar (139.47 + 24 um for -20° C,

136.7 = 29 um for -40° C).
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Figure 3. 4 Comparison of mean pore size for scaffolds (n=3) fabricated from solutions with different

collagen concentration frozen at -20° C and -40° C in the freeze-dryer.

It is possible to assume that this behaviour depends on the rheological properties of the
solution which as reported later in this chapter, are related to the concentration.

However, all pore size measurements had a considerable small standard deviation
achieving the objective to restrict the pore size range and obtain a homogenous structure.
Following these results, another study was conducted to demonstrate the impact that the
use of mould with smaller size has on the mean pore diameter. Scaffolds with same height

had smaller pore size as the diameter of the mould decrease (Figure 3.5).
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Figure 3. 5 Graph of mean pore size for collagen scaffolds (n=3) obtained from solutions frozen in 6 well
plate (6WP, wells with size of 35 mm in diameter), 12 well plate (12WP, wells with size of 35 mm in diameter)
and 24 well plate (24WP wells with size of 15 mm in diameter) at -40°C and vertical cross-sectional SEM

images of scaffolds with concentration of 0.7%. Scale bar =1 mm. *= p<0.05; ***=p<0.001.

The graph also shows that for smaller mould diameter, the trend is for the pore size to be
slightly increase in dimension. This could be due to a difference in the viscosity of the
solution, hence liquid density and chemical composition, which can influence the freezing
rate leading to a change in pore size for smaller volumes of solution. The hypothesis was,
to some extent, demonstrated in a recent study in which researchers found that an increase
of collagen percentage in a solution can result in larger pore diameter up to a certain
concentration after freeze-drying [93]. Nevertheless, for all the scaffolds observed, the use
of plastic moulds at -40°C led to the formation of pores with regular shape. After having
investigated the influence of concentration and mould size on the fabrication of scaffolds
with a defined, homogenous pore structure, the effect of cross linking on pore size was
assessed for scaffolds produced using a collagen concentration of 0.7%, frozen at -40°C
in 6 well plates. The choice of these parameters was based on physiochemical and
biological preliminary experiments that showed a higher cell affinity and greater stability
in solutions than the others. The process of scaffold crosslinking resulted in a 10%-15%

shrinkage of the structure in diameter and in colour change (Figure 3.6).
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Figure 3. 6 Representative digital photographs of the macromorphology of unmodified (A) collagen (CL
No-XL); (B) collagen-chitosan (CL-CT No-XL); (C) collagen-PVA (CL-PVA No-XL); and treated scaffolds.

The surface appearance of each sponge seems not to differ among the various treatments
for CL scaffolds, whereas for CL-CT and CL-PVA the initial smoothness of the surface
maintained after DHT, was disrupted by further treatments. Roughness to different extent
for various scaffolds is visible in Figure 3.6. In addition, the colour of the scaffolds turned
yellowish after being crosslinked. The change in colour appears to be more evident for
CL-CT scaffolds and for all the scaffolds that were treated with glutaraldehyde due to
chemical reactions [103, 104]. To further investigate these alterations, vertical cross-

section pore structure was imaged (Figure 3.7) and average size and standard deviations
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calculated on 30 measurements (Figure 3.8). After crosslinking by DHT, as no remarkable
morphology alteration was observed in Figure 3.6, also the mean pore size measured
remained similar. However, the removal of water molecules and increased stiffness caused
some reversable flattening in the pore size of these materials. Contrarily, in the commercial
dermal template MatriDerm, pore size was found to be reduced after DHT crosslinking
[105], probably favoured by the inhomogeneous structure that shrunk under the effect of
vacuum. This may indicate a higher capability of scaffolds fabricated in this study to better
withstand compression and retain their initial structure. With regard to EDC-NHS, while
the pore size of pure collagen scaffolds was comparable to the untreated one and DHT-
treated samples, for polymer blends there was a significant increase probably due to the
rehydration and additional freeze-drying step. CL scaffolds that were treated with
glutaraldehyde solution (GA) and vapour (GAV) showed the same pore structure with a
significant increase in size and a change in pore morphology, if compared to the control

(CL-No XL), that appears closed with a sheet-like structure.
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Figure 3. 7 Representation of the cross-sectional SEM images of the analysed scaffolds. Scale bars =1 mm

On the other hand, glutaraldehyde crosslinking had a different effect on polymer blends,
causing a significant decrease in pore size after vapour crosslinking while diameter
measurements remained similar to No-XL and DHT treated scaffolds when of

glutaraldehyde was used in solution (GA). Long-time exposure and use of a 100% water
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solution might have compromised the internal structure, shrinking the pores by 20% in

size compared to No-XL treatment, with a more developed and lower-void fraction.
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Figure 3. 8 Mean pore size for untreated and treated scaffolds (n=3). ***= p<0.001.
3.3.3 Viscosity of solutions

The aim of this viscosity study was to explain the choice of increasing collagen
concentration to 1% in the solution due to batch-to-batch inconsistency. Differences in
texture and mechanical properties were observed during processing of solutions with 0.7%
w/v of collagen from the second batch even though the source and manufacturer of the two
batches were the same. For this purpose, viscosity measurements of several solutions were

compared and results are shown in Figure 3.9.
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Figure 3. 9 Viscosity of collagen concentrations from first batch (OCL) and second batch (NCL) in function

of shear rate.

Results indicate a correlation between collagen concentration and viscosity and
inconsistencies in batch-to-batch as already reported in literature [106, 107]. Solutions
followed the most common type of non-Newtonian behaviour noted as shear thinning, in
which viscosity decreased with increasing shear rate. By measuring and comparing the
apparent viscosity of solutions, it was possible to find the matching concentrations
between the two batches. In Figure 3.9, it can be observed that the initial apparent viscosity
of solutions with a concentration of 0.7% of collagen from the new batch (NCL) is three
times smaller than the one from the first batch (OCL) suggesting that the second batch had
a lower molecular weight. From Figure 3.10 it is also noticeable that the addition of

chitosan and PV A resulted in a significant reduction of the apparent viscosity.
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Figure 3. 10 Reduction of apparent viscosity in polymer blends compared to collagen.

Even a small incorporation of shorter and less complex chains as chitosan and PVA, into
collagen solutions demonstrated to reduce viscosity and the level of chain entanglement,

resulting in a smooth scaffold appearance as discussed in Section 3.3.2.
3.3.4 Degree of cross-linking

Ninhydrin assays was used to assess the presence and the number of free amines groups
in scaffolds. Data reported in Figure 3.11 show a high degree of crosslinking (>80%) for
all the scaffolds. However, the highest percentages (>95%) were obtained for CL and CL-
CT scaffolds treated with DHT, EDC-NHS and GA. Vapour-crosslinked scaffolds
exhibited the lowest degree in all three groups. This result can be due to chemical reactions
that there might have been during the crosslinking process, increasing the number of free
amines. Since samples were not rinsed after crosslinking, these free amines groups may

have been detected during ninhydrin assay. Collagen-PV A results could also be influenced
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by partial dissolution of PVA in the process as it occurs at high temperatures, higher that
80° C.
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Figure 3. 11 Degree of crosslinking for the three types of scaffolds (n=3).
3.3.5 ATR-FTIR spectrum analysis

Scaffolds were characterized by ATR-FTIR to investigate possible molecular changes
occurred after blending collagen with chitosan and PVA, and after crosslinking.

Normalised ATR-FTIR spectra of collagen type I scaffolds, analysed before and after
crosslinking, are shown in Figure 3.12. The characteristic absorption bands of amides A,
B and I, II, III [93] were observed in all samples. The first two signals are attributable to
N-H stretching (3309 cm™') and C-H stretching, in CHz (2923 cm™') and associated with
Amide A for the first and Amide B for the second one. Then, three signals are highlighted
in the graph: C=0 stretching (1640 cm™), N-H bending coupled with C-N stretching (1550
cm™) and N-H bending (1240 cm™'). These are characteristic of Amide I, II and III,
respectively. It can be noticed that the peak of amide A (3309 cm™') broadened after
crosslinking, mainly in the CL DHT sample which might be linked to the hydrogen bond
interactions [93]. Moreover, changes in intensity happened in scaffolds treated with
different crosslinking methods in correspondence of amide B and II bands, in 1712 and
1155 cm™! (red dashed circles in Figure 3.12) where increasing intermolecular bonds due

to crosslinking methods, reduced or increased the absorbance [91, 108].
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Figure 3. 12 FTIR spectra of collagen samples: non crosslinked collagen scaffold (CL); DHT treated
scaffold (CL DHT); EDC-NHS crosslinked scaffold (CL EDC-NHS); GA crosslinked scaffold (CL GA).

As no obvious changes in FTIR spectra were observed, it can be suggested that the
collagen structure was not altered after undergoing crosslinking treatments.

ATR-FTIR technique was also used to assess the success of chitosan and PVA bonding to
collagen. In Figure 3.13 spectra of untreated collagen, chitosan and PVA were compared
with scaffolds in which collagen was blended with chitosan and PVA. Pure chitosan shows
a broad peak of weak intensity corresponding to the N-H stretching (Amide A) and
characteristic absorption bands of chitosan appear at 1655 (C=0 stretching), 1585 (NH>
bending) and 1380 cm™' (CH2 bending) [108]. In correspondence of the first band (amide
I) the energy C=0 stretching from collagen and chitosan contributed to a greater peak in
the spectra of collagen-chitosan scaffold. On the other hand, the greater intensity of N-H
bending (amide II) in the spectrum of CL-CT means that since N-H bending in collagen
molecules is stronger than NH> bending in chitosan, the free NH2 groups in chitosan
molecules were changed to N-H groups. Also, peaks that are slightly visible on the graph
at 1378 cm™' (CH: bending), 1159 (C-O-C stretching), 1079 and 1031 cm™ (C-O
stretching) are characteristic of the saccharide structure of chitosan, confirming the

presence of chitosan in the collagen structure.

53



A B (| m:
L2 | | » R
e e AT e e e e
CT LMW 3 U i A
= 3 = Y N
CL-CT . | i A
. N =
A PNA 3
Ry c
o wC-H ©
PVA MMW bro : £
b : =
CL-PVA o i g
BN =

3800 3600 3400 3200 3000 2800 2600 2400 2200 2000 1800 1600 1400 1200 1000 800

Wavenumbers (cm)

Figure 3. 13 Collagen-Chitosan (CL-CT) and Collagen-PVA (CL-PVA) spectra in comparison with pure
collagen (CL), Chitosan low molecular weight (CS LMW) and PVA medium molecular weight (PVA
MMW).

The characterization of the PVA structure in the spectrum of collagen-PVA (CL-PVA)
through the absorption bands occurs identifying peaks that are not present in the collagen
spectrum. As a matter of fact, the two bands with maximum values of 2938 and 2909 cm"
!"are overlapped by the amide B band of collagen. However, other bands characteristic of
PVA in the polymeric chain can be seen at 1424 cm™ (CH, bending), at 1372 and 1240
cm™!' (C-H wagging) and at 1087 cm™! (O-C-O stretching) (Figure 3.13).

Blending CT and PVA with CL resulted in the breaking of H-bonds and formation of
others that can be explained as a change in intensity at absorption bands of Amide A in

the range between 1400 and 1000 cm™ of the spectra (Figure 3.13).
3.3.6 Porosity and water swelling

Water uptake and porosity are two important indicators used to determine the suitability
and the properties of biomaterials for tissue engineering.

It is crucial for cell attachment and survival that fluid circulation and exchange of nutrients
and waste can be promoted through the scaffold. These features are dependent not only on

the materials but also on the pore characteristics.
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In Figure 3.14, water uptake measurements for all the scaffolds considered in this study
are represented as the sample final weight (Wf) after being submerged in water for 24h in

function of the sample initial weight (Wi).
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Figure 3. 14 Mean values and standard deviations of water uptake measurements performed on treated

and untreated scaffolds (n=3).

The values for polymer blends were six-fold higher than collagen scaffold before
crosslinking treatment. It is well known that the higher the concentration of collagen is,
the worse the water uptake values get [109], but this experiment demonstrates that adding
small amount of hydrophilic material in the scaffold composition can drastically improve
the absorption of liquid, contrarily to what Ma et al. [110] found in their research. These
disparities in results across studies can be ascribed to the source of collagen used that can
present ad different number of hydrophilic groups in its structure. Therefore, it is
suggested to characterize every structure individually as the methods, concentration and
materials used can extensively vary the characteristics of the scaffolds. In order to give
scaffolds more stability and improve degradability time, the use of crosslinking methods
is unanimously and undoubtedly needed. Comparing the results, it can be seen a reduction
in water uptake after crosslinking for collagen-chitosan (=50%) and collagen-PVA (~20%)
scaffolds with different trends. While values for collagen-PVA scaffolds are comparable
across the four treatments, scaffolds containing chitosan reach the highest value after

treatment with GA solution.
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Overall, the group of scaffolds containing chitosan show similar swelling properties to
those of pure collagen. It is worth also to notice that the procedure of freeze-drying
partially hydrated the scaffolds after EDC-NHS and GA treatments increasing water
uptake ability, hence hydrophilicity. As mentioned above, the water uptake measurement
can be strictly correlated to the porosity of the structure. In this study, it was considered
necessary to measure porosity with the same method used for water uptake substituting
water with ethanol and forcing liquid through the pores by means of a vacuum pump.

As it can be seen from Figure 3.15, liquid absorption using ethanol has greatly increased
for CL and CL-CT scaffolds with comparable values pre and post treatments with DHT
and GA vapours.
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Figure 3. 15 Porosity evaluation of scaffolds immersed in pure ethanol solutions (n=3).

Ethanol was employed because reconstituted porous collagen matrices can be affected by
the higher interfacial tension that the two media have, resulting in shrinkage or collapse
when in contact with aqueous solutions [111]. In addition, with the aim to investigate the
status of the structure in wet status, cryo-SEM images were taken (Figure 3.16). This result
indicates that the structure has not changed in morphology after crosslinking treatments
and underline the fact that CL-CT behaviour is similar to the collagen scaffolds. On the
other hand, if the process of freeze-drying a second time has increased the hydrophilicity

of those EDC-NHS and GA scaffolds it may also be the cause of a reduction in porosity.
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With regards to CL-PV A, it can be said that the liquid uptake was similar to the previous
measurements of water uptake, slightly decreased after crosslinking. Therefore, it can be
assumed that for CL-PVA scaffolds the materials employed have a bigger influence on
liquid uptake than the pore structure and the media used. The porosity of the scaffold was
also measured utilising the liquid displacement method described in literature [112]. The
results (not reported) showed that all the scaffolds had a porosity greater than 90%
essential to ensure an optimal cell-material interaction. Further, the internal structure of
DHT-treated scaffolds in wet status frozen in liquid nitrogen and then sectioned, is showed
in Figure 3.16. The appearance of the cross-section surface of collagen scaffold (CL DHT)
was widely different from the scaffolds made of polymer blends (CL-CT DHT and CL-
PVA DHT). The pores have an open structure and they seem to be interconnected in some

points. Moreover, the ice crystals were easily removed using a small vacuum air pump.

CL-CT DHT
7S Ji S

Figure 3. 16 Cross-sectional cryo-SEM images of the DHT-treated CL, CL-CT and CL-PVA scaffolds. The

arrows point to the pore rims. Scale bars =200 pm.

On the contrary, CL-CT DHT and CL-PVA DHT showed a hydrogel-like behaviour where

liquid was retained between the pore rims in a well organised ice crystal structure.
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However, these scaffolds presented a more brittle behaviour and poor handling probably
due to the higher liquid retention. Unfortunately, similar studies that could confirm these

hypotheses were not found in scientific literature.

3.3.7 Mechanical tests

Mechanical tests were performed on samples in dry and wet status to determine whether,
and to which extent, crosslinking leads to scaffolds with improved mechanical properties.
It is well known that the mechanical stability of freeze-dried scaffolds is relatively low
because of their porous structure and high thickness [10] and the modulus of elasticity
shown in Figure 3.17 for dry scaffolds under tensile tests are confirmation of the data
present in literature. In dry status, CL-DHT scaffolds showed an increment in elastic
modulus whereas for scaffolds made of polymer blends, CL-CT and CL-PVA, crosslinked
with EDC-NHS and GA treatments resulted to have the highest elastic modulus.
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Figure 3. 17 Elastic modulus of dry samples (n=3) derived from stress and strain obtained during tensile

tests.

Further, to understand whether these results were also applicable to scaffolds in wet
conditions, samples were subjected to compression and tensile tests after being immersed
as reported in Section 3.3.6, for 24 hours in a 6 well plate. As shown in Figure 3.18, tensile
modulus (ET) of scaffolds under wet conditions were two orders of magnitude lower than

dry scaffolds, with CL-CT samples having the highest elasticity after chemical treatments.
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On the other hand, while CL-PVA scaffolds showed the lowest values with slightly
improved mechanical properties after crosslinking, results for collagen scaffolds were not

significantly different from untreated samples.
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Figure 3. 18 Comparison of elastic moduli of hydrated samples under tensile stress (Er on the left) and

compression (Ec on the right).

However, under compression scaffolds treated with glutaraldehyde performed better than
the other categories, especially if crosslinked with vapours, probably due to a greater
collagen density linked to a pore size reduction. In addition, analysis of tensile strength
and elongation at failure (Figure 3.19) following crosslinking treatment revealed no
significant differences across methods. In general, materials that are stiffer tend to have
lower elongation and higher tensile strength. Scaffolds made of polymer blends seemed to
mechanically be inferior to pure collagen scaffolds in wet conditions for strength and
elongation measurements when chemically crosslinked. This can be explained as due to

the decrease of polymer matrix mobility that led to a structure more fragile [93].
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Figure 3. 19 Ultimate stress values (o) and elongation (¢) of the scaffolds at failure in dry (on the left) and

wet (on the right) status after tensile tests.

Similar to what has been presented in a study [113], samples treated with DHT and
successively with EDC-NHS present the same compressive modules as the DHT treated
scaffolds. All matrices exhibited a similar stress-strain relationship, with ‘linear’ and
‘failure’ regions, in which the initial ‘toe’ tract, characteristic of biological tissues, was
not present showing an elastic rather than viscoelastic behaviour. In fact, this feature is
common only in fibrous scaffolds in which collagen fibrils start orientating to the direction

of stress. As an example, stress and strain curves of the three types of scaffold that were

DHT-treated are shown in Figure 3.20.
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Figure 3. 20 Selected stress-strain curves for DHT-treated scaffolds in dry condition. Curves show the linear

region up to the ultimate tensile strength that is equal to fracture stress.

One additional mechanical test, creep-recovery test, was performed on these scaffolds to
evaluate shape recovery ability after compression. Looking at the data in Figure 3.21, GA-
treated scaffolds showed to have the capability to recover to nearly their initial thickness
after 60 seconds. The recovery curves are almost identical among the three types of
scaffolds although CL-CT shows a steeper initial tract indicating a higher elasticity of
these scaffolds. Regarding the other scaffolds, it is worth to notice that EDC-NHS
treatment did not change CL-PVA recovery curve compared to the untreated scaffolds.
This may suggest that the method may have very low effect on the scaffolds m. It can also
be highlighted that while no-treated pure collagen scaffolds followed the same path as
those DHT-treated, non-crosslinked polymer blended scaffolds maintained the thickness
imposed under compression showing poor viscoelastic behaviour. The data collected
during mechanical tests to some extent confirm the successful crosslinking of the

scaffolds.
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Figure 3. 21 Creep-recovery test from an initial strain of 30%.

3.4 Summary

In tissue engineering, scaffolds can be tailored for the specific application and polymer
blending can represent an effective method to obtain the desired result. This study explored
and described freeze dried scaffolds discussing and methodically experimenting processes
to control and tune their physical properties in order to adapt these templates for various
research purposes. Low amounts of hydrophilic materials added to the collagen solution
as well as the use of different crosslinking methods showed to influence the structural,
chemical, physical characteristics of these scaffolds leading to morphology, hydration and
mechanical changes. The optimization of the method to obtain sponge-like scaffolds led
to a highly interconnected and homogenous 3D macroporous structure. The distribution of
pores was isotropic and size remained relatively constant throughout the scaffolds
probably due to amount of solution poured in the mould and the regularity of the mould

shape. The use of ethanol showed to preserve the initial structure avoiding shrinkage and
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it will later be used as sterilization method for cell culture. Also, it has been shown that
crosslinking increases the ability of collagen scaffolds to maintain its physical and
chemical integrity but not necessarily improve the mechanical properties. Chitosan
provides better elasticity and flexibility than PVA due to longer polymeric chains even
though chitosan scaffolds are of poor-handling and more fragile. From a comparison of
the three types of scaffolds and the different cross-linking methods applied, glutaraldehyde
treated scaffolds generally performed better than any other and EDC-NHS treatment was
not much more effective than the use of DHT on its own. The high swelling ratios for
collagen-PVA scaffolds across the various crosslinking made these polymer blends a
candidate for applications in wound healing where absorption of large amount of nutrients
and liquid is essential to support cell growth. Collagen is still the protein of choice for
biomaterials preparation and this study has indicated that by varying crosslinking and
adding biocompatible materials, porous scaffolds can be fine-tuned to serve specific
research purposes and be used for cell culture which suitability will be discussed in

Chapter 5.
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CHAPTER 4 Fabrication of electrospun membranes

4.1 Introduction

Electrospinning has been used for mimicking the extra cellular matrix (ECM) in skin tissue
engineering for many years with great emphasis on cell adherence and stimulation of cell
proliferation to promote the healing process [114]. This technology can produce high porosity
and high surface-to-area ratio mats from a wide variety of natural and synthetic polymers
providing scaffolds with potential morphological features similar to the ECM for their fibrous
structure [115]. Furthermore, in view of the results reported in the previous chapter, higher
mechanical properties are needed in order to match that of skin and provide mechanical support
for cell growth. In this respect, the intrinsic mechanical properties of biomaterials suitable for
electrospinning technique can play a part in achieving desirable mechanical properties.

In this chapter, fibrous electrospun mats were made using biocompatible, natural and synthetic
materials widely available on the market in an attempt to make this process flexible and
potentially available on a bigger scale. While focusing on the optimization of the process, a
less explored collector was also developed and adopted with the aim to obtain mats with well
distributed and oriented fibres. In addition, differences between nano and microfibrous
matrices were investigated in respect to orientation, human dermal fibroblasts (HDF) cell

attachment and proliferation.

4.2 Green electrospinning

Green electrospinning is a variant of traditional electrospinning technique that involves the use
of weak acid as solvents, solvent-free solutions or water-soluble polymers [116]. This approach
has drawn increasing attention because it prevents the inhalation of toxic and user-harmful
volatile gases from organic solvents traditionally utilized in the electrospinning process. These
solvents pose a risk for the environment and a barrier for industrial scale-up and clinical
translation due to the high cost and possible toxicity [117]. However, there are drawbacks and
constrains associated to the use of green electrospinning. Restrictions on the choice of
polymeric materials for their solubility properties and the complex optimization process due to

instability of water-soluble polymers may limit its use.

64



4.2.1 Materials used in green electrospinning for skin

applications

A wide range of natural and synthetic materials have been successfully used to produce
electrospun membranes for several skin applications, from skin repairing, wound healing to
cell differentiation [118, 119]. Many researchers have favoured blending natural polymers
such as collagen, gelatin and chitosan with synthetic ones [120, 121] as natural fibres alone are
mechanically weak, while others have investigated the use of pure synthetic polymers [122].
Collagen electrospun scaffolds (CL) have demonstrated to have excellent biocompatibility and
to be a favourable environment for cell growth [123, 124]. However, the need of expensive and
environmental toxic fluoro-organic solvents such as 1,1,1,3,3,3-hexafluoro-2-propanol (HFP)
and 2,2,2-trifluoroethanol (TFE) to dissolve it, with consequent loss of its native structure have
restrained its use on commercial scale. Furthermore, collagen is a challenging material to
electrospin. Process optimization relies on the source of collagen and on its molecular weight
that varies significantly [125], as demonstrated in Section 3.3.3, leading to non-replicable
results. Only few studies successfully explored the use of mixture of benign solvents to
fabricate collagen electrospun mats [126, 127]. For this reason, in this study, alternative
polymeric materials were investigated. Chitosan (CT) is a charged natural polymer that
possesses the ability to form covalent or ionic bonds with other chemicals in acid solutions.
Although its polycationic nature makes it exceedingly difficult to electrospin into nanofibres
[128], addition of other polymers such as polyvinyl alcohol (PVA), Polyethylene oxide (PEO),
Polycaprolactone (PCL) and Polylactic acid (PLA) can improve its stability and spinnability
[129]. The use of chitosan has been extensively reported in skin tissue engineering for its
antibacterial properties and hydrophilicity [130]. Most of the synthetic polymers such as
PEO, PVA and PCL are neutral polymers widely studied in the electrospinning process
for their biocompatibility and availability in a wide range of molecular weights. A
summary of various materials dissolved in benign solvents that were investigated in

previous studies, is shown in Table 4.1.
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Table 4. 1 List of biomaterials used in green electrospinning for skin applications.

Material Solvent Reference

PCL Acetone [56]

PCL/PEO -PCL/CT Glacial Acetic Acid (GAA) - GAA/Formic [121, 131-133]
acid

CT/PEO GAA/water [134-136]

PCL/CT Formic acid - Acetone [137-139]

Gelatin, PEO/CT, PCL GAA [122]

Gelatin/PCL/PEO/CS, GAA/water [12, 140]

PCL/PEO/CT,

Gelatin/PCL

Collagen/PCL, Gelatin/PCL.  GAA/water [120]

Collagen/Nigella sativa Water [141]

o0il/Chitosan

Collagen PBS/Ethanol - GAA/DMSO [126, 127]

4.3 Electrospinning system

An electrospinning device was set up by the candidate using existing and new laboratory
supplies. In details, the candidate supplied and coordinated the construction of the chamber
that contained the apparatus and made use of a syringe pump and high voltage generator that
were purchased for a previous electrospinning setup no longer in use. In addition, the candidate
designed a low-cost rotating collector for production of aligned fibrous scaffolds. Various

polymeric solutions were preliminary tested in order to validate the manufacturing process.
4.3.1 Electrospinning setup

The machine (Figure 4.1) was placed horizontally using a syringe pump and a high voltage
generator 40 kV-60 kV (Linari Engineering srl, Italy). Both devices were contained in an in-
house built chamber made of acrylic sheets (5 mm thick) that were glued together using acrylic
cement by the Mechanical Engineering workshop (University of Hull). The chamber had the
purpose to protect the operator from health hazard such as the high voltage but also to limit the

influence of external environmental factors that could affect the process (temperature,

66



humidity, air draughts). In addition, to facilitate access to the pump and collector, a window
was created in the middle and connected to a magnetic non-contact safety switch for further
protection from injuries due to the high voltage. While the applied voltage could be adjusted
using an interface located outside of the chamber, syringe diameter and feed rate had to be set
on the pump before starting the experiment. The collection aluminium plate was mounted on a
plastic support and the deposition surface was covered with aluminium foil to facilitate the
sample collection. A differential voltage was applied from the tip of the syringe needle (+) to
collector tray (-) by means of crocodile clips connected to the generator and to earth,
respectively. Electrospinning was performed at room temperature (23 = 5 °C) and at a relative

humidity of 25% 4 5% monitored by a thermohygrometer.
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Figure 4. 1 Electrospinning setup in the lab displaying all the parts necessary for the process. a) high
voltage power source (behind the pump), b) single channel syringe pump, c) conductive collecting plate,
d) thermohygrometer, e) insulated support that holds the plate f1) input cable (+) connected to tip of the

needle, f2) output cable (-) connected to the conductive plate and, g) safety switch.
4.3.2 In-house built rotating collector

Different types of collectors can be built to control the morphology of electrospun scaffolds
based on their geometry. A recently published study [142] describes the effect of fictitious
forces on nickel cobaltite nanofibres during electrospinning comparing a rotating collector
(Figure 4.2) with a drum and static collectors. Kumar et al. obtained more uniform and less

oriented and agglomerated fibres using the rotating collector. This interesting result combined
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with two other related articles found in literature [ 134, 143] led to the design and development
of a rotating disk collector to explore this innovative concept for electrospinning of polymeric
solutions and investigate the characteristics of these fibrous scaffolds for skin tissue
engineering. The configuration of this collector was also chosen for allowing electrospinning
over collagen porous scaffolds fabricating a continuous porous bilayer structure that could

better mimic the architecture of the structural organization of the dermis. Results and

discussion about this experiment can be found in Section 5.3.

Figure 4. 2 Schematic illustration of the rotating collector components (left) and image of the assembled
collector (right). Collector parts: disk connected to a rod (1) and its support (1a), shaft coupling (2), DC
motor (3) and its support (3a), power supply (4).

The rotating collector was designed and developed by the candidate. Supporting parts were
drawn using SOLIDWORKS software and manufactured in polylactic acid (PLA) using
Ultimaker 2+ 3D printer with the purpose to fit and keep in place the disk and the DC
motor. Once assembled supporting parts were anchored to a Teflon modular support by
means of nylon screws to electrically isolate the system. Engineering drawings of the
supporting parts with details about geometry and dimensions can be found in Appendix I.
The metallic parts of the collector composed of an aluminium disk of 120 mm in diameter
and an 8 mm aluminium rod were assembled by the Mechanical Engineering workshop
(University of Hull). Shaft coupling was obtained from RS components (UK) while DC
motor and power supply were provided by the Electrical Engineering department
(University of Hull). To allow rotation of the rod, two 8 mm deep grove ball bearings (RS
components, UK) were fitted and glued in the extremities of the disk support. A copper
bundle was also secured to the 3D printed support by means of cable ties to allow electrical

earthing through contact with the disk. The rotational velocity of the collector was
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measured in revolutions per minute (RPM) using a laser tachometer. By adjusting the

applied voltage, the velocity was regulated upon need.
4.4 Polymer solutions for electrospinning use

Solutions of synthetic and nature-derived polymers in environmental-friendly solvents were
employed with the purpose of creating fibrous scaffolds for potential applications in skin tissue

engineering and wound healing.
4.4.1 Polyethylene oxide/ Chitosan (PEO-CT) solution

The electrospinning of pure chitosan is impractical due to its polycationic nature and
mixing with other polymers is necessary. Polyethylene oxide (PEO) can be used as an
auxiliary component to improve chitosan electrospinnability as it increases solution
viscosity and surface tension making possible the fabrication of continuous fibres [144].
In the last decades, PEO and Chitosan (CT) blend has emerged as an ideal combination of
materials for wound dressing applications. Studies have shown their biocompatibility and
antibacterial properties [145] with researchers adding herbal extracts intended to act as an
effective treatment for different wound healing mechanisms [146].

On the other hand, less is known of the impact that CT content and their ratio can have on
fibre diameter and on mechanical properties of the membranes. Furthermore, the possible
dissolution of PEO in solution and stabilisation of CT are underexplored and production
of stable process not simple to obtain [135, 147]. For this reasons, different combinations
were preliminary tested using amounts that ranged in an interval investigated by Sohi et
al.[147] and lastly a solution composed of 3% PEO w/v (900.000 MW, Sigma-Aldrich,
UK) and 2% Chitosan (CT) w/v (MMW, Sigma-Aldrich, UK) was chosen. They were
mixed overnight in 50% GAA (Fisher Scientific, UK) separately. Solutions of 1:2 and 1:3
PEO-CT were prepared and magnetically stirred for 2 hours before being electrospun. A
5 or 10 ml luer lock syringe was filled with the polymeric solution and connected to a 21G
blunt needle (0.8 mm OD, 0.5 mm ID). The applied voltage was 13 KV, with a distance
between the needle and the collector of 15 cm. The solution was pumped at rates of 0.2
ml/h ~ 0.4 ml/h since higher feed rate resulted in solution dripping. Changes in fibre
diameter were studied increasing the distance from the collector and adjusting the voltage

to higher values.
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4.4.2 Polycaprolactone (PCL) solution

PCL is a synthetic, degradable polymer commercially used for wound dressing. As a
material for skin tissue engineering, it can support fibroblasts and keratinocytes
proliferation and exhibits good mechanical properties. In this study, PCL pellets (80000
MW, Sigma-Aldrich, UK) were dissolved in GAA (Fisher Scientific, UK) to produce
solutions of 15, 18, 20 % w/v that were intermittently left on a hotplate stirrer at 40°C and
ultrasonicated until complete dissolution. The parameters used in the process were: a
needle-collector distance of 11 cm, a feed rate of 0.2 ml/h ~ 0.4 ml/h and a high voltage
of 9 kV - 12 kV. Temperature and humidity, factors that can have an impact on fibre
morphology, could not be controlled but only monitored, since the system utilised was not

equipped with an environmental chamber.
4.4.3 Polycaprolactone/ Chitosan (PCL-CT) solution

There are several studies reporting the use of electrospun Polycaprolactone (PCL) and
Chitosan (CT) blends for tissue engineering applications since PCL provides mechanical
properties to the scaffold while CT can be added to favour wettability, biocompatibility
and biodegradation. However, the majority of these studies employs fluoro-organic
solvent systems for their dissolution [148, 149] and evaluate resulting membranes
biologically for their CT content without discussions how the chitosan can influence the
fibre diameter. In this respect, the use of fluorinated solvents shows a narrow deviation in
fibre diameter at various PCL-CT ratios [121, 150]. Although, other studies have
investigated PCL and CT blends using binary solvent systems with less toxic acids [11,
121, 131, 138], there are still a lack of understanding if the use of a single benign solvent
to dissolve the materials can produce a stable and continuous electrospinning jet [151].
Furthermore, the impact that small addition of polar solvent such as water may have on
fibre morphology, has not been evaluated. Therefore, the aim of this work was to explore
the feasibility of the electrospinning process utilizing PCL dissolved in pure GAA blended
with CT dissolved in aqueous acetic acid.

Different combinations with 15%, 18%, 20% PCL w/v in GAA and 1%, 2% MMW
Chitosan in 1% GAA with ratio 9 to 1, respectively, were investigated using a static

collector. Also, the effect of adding water to PCL solutions was evaluated.
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4.5 Physio-chemical methods of characterization

The combinations of polymers presented in the previous section was evaluated using several
characterization methods to highlight crucial features in fibrous scaffolds such as morphology

and chemical composition.
4.5.1 Morphology and fibre diameter

Electrospun samples were cut out of the aluminium foil used for fibre collection. They
were observed using a Bench-top Scanning Electron Microscope (SEM) (T100, Hitachi).
and a SEM (Stereoscan 360, Cambridge Instruments) depending on the resolution and
information needed. The use of the Stereoscan 360 was necessary to analyse samples at
high magnifications. However, this process required an additional step as the non-
conductive polymeric samples had to be sputter coated with gold (S150 B, Edwards Ltd)
for at least 3 mins to reduce electron charging effect and to be scanned.

The measurement of the average fibre diameter was carried out manually on the image
analysis software ImageJ, from 30 fibres selected randomly from one image. In order to
characterize the alignment of electrospun fibres, analysis using a new developed plugin
Orientation [152] in Image] was performed. It automatically creates a visual
representation of the fibre orientation plotting its distribution in the image. A more detailed

description of the method is presented in Section 4.7.1.3.

4.5.2 Attenuated Total Reflection - Fourier Transform Infrared

(ATR-FTIR) spectroscopy

The spectra of bulk materials and electrospun membranes, before and after sterilization,
were obtained with a Nicolet iS5 FTIR spectrometer (Thermo Scientific) equipped with
an iDR ATR (attenuated total reflectance) accessory. Parameters used are detailed in
Section 3.2.1.4. The chemical bonds in PEO, PCL and Chitosan were identified. Also,
possible modifications of the chemical structure due to electrospinning and immersion in
70% ethanol solution were investigated. The 70% ethanol solution was chosen as a

sterilizing method for membranes prior to cell culture.
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4.5.3 Water contact angle (WCA) measurements

The wettability of fibrous scaffolds was evaluated by measuring the water contact angle
using sessile drop technique (DSA 100, Kruss Instrument). The samples were directly spun
on cover slips attached to the rotating collector with conductive tape. A droplet of water
(10 ul) was placed on top of the membranes using a gastight syringe for aqueous samples
(Hamilton). The angle was immediately measured by taking pictures of the droplet through
the Drop Shape Analysis software (DSA-4). This method determines the contact angle as
the apparent contact angle between the calculated drop shape and the baseline using the
software polynomial method that is indicated for measuring range between 10° and 180°.

Values are calculated as the average of three measurements.

4.5.4 Stabilisation of Chitosan/ Polyethylene oxide (CT/PEO)

membranes

The swelling and dissolution of water-soluble electrospinning nanofibres is a common
phenomenon that can affect the morphology, structure and applications of the membranes
and not often discussed in literature.

Various techniques have been reported to being used on PEO-CT membranes, from
chemical and physical crosslinking to environment-friendly solutions with the common
goal to promote water stability. PCL and PCL-CT membranes were not investigated to
assess morphological changes as PCL is insoluble in water and alcohols. The surface
stability was assessed through immersion in several solutions before and after DHT
treatment applied for 24h at 105° C under vacuum and the morphology of fibres was

studied using SEM.
4.5.5 Mechanical tensile testing

To evaluate the mechanical properties, samples were cut out by means of a scalpel with
the same dimension described in Section 3.2.1.6 and detached from the aluminium foil
using forceps. In brief, samples size was 25 mm in length, 7 mm in width with a gauge
length of 10 mm and width of 4 mm. Two types of PEO-CT and PCL membranes in random
and aligned configuration were studied. The tensile properties of the mentioned mats were

measured with a Lloyd Material Testing LS1 tensile machine using a load cell of 100N at
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strain rate of 1 mm/min. Five samples (n) were tested in dry conditions and the highest
and lowest values were discarded in order to have a better representation of the average
excluding the extreme values of elastic modulus. Samples from the rotating collector were

taken tangential to the rotational axis at 2.5 cm from the centre.

4.6 Cell culture, cell viability and cell morphology

With the purpose to further understand how topography, type of material and substrate stiffness
affect cell behaviour, primary human dermal fibroblasts (HSF) isolated from skin specimen

collected from different patients were cultured on electrospun substrates.
4.6.1 Primary Human Dermal Fibroblasts Isolation

The following protocol was conducted by collaborators at Daisy building (Castle Hill
Hospital, Hull). Tissue samples were initially collected from theatres at Castle Hill
Hospital and incubated in holding media, comprised of 500 ml of DMEM (Gibco, Thermo
Fisher Scientific, UK), 50ml FBS (Gibco), 10ml of Penicillin-Streptomycin (Gibco) and
10ml Amphotericin B (Gibco). Human skin samples were then defatted using surgical
equipment and washed thoroughly in Hank's Balanced Salt Solution (HBSS) (Gibco),
while continuously agitated on order to remove any remaining fat. Human samples were
then divided into strips and left to incubate in 0.2% dispase (Gibco) for approximately 16
hours at 4°C, maintaining an upwards epidermal orientation. Following an overnight
incubation skin was transferred to a sterile petri dish and rinse in DPBS (Gibco) in order
to remove residual dispase. Dermal skin was dissected using surgical scalpels into sections
measuring approximately 4 x 4 mm. Divided skin sections were then incubated in a
designated C tube for approximately 3 hours at 37°C within the specialised enzyme
dissociated solution (435ul of buffer L, 12.5 ul of enzyme P, 50ul of Enzyme D and 2.5ul
Enzyme A) from the human Whole Skin Dissociation Kit (Miltenyi Biotec, Germany).
After incubation, the tube of dissociation enzymes containing the minced skin was diluted
using 500ul of cold human dermal fibroblast growth medium (Gibco). The C tube
containing the dermal sample was then secured, inverted and attached onto the sleeve of
the gentleMACs dissociator (Miltenyi Biotec). Ensuring the sample material was located
in close proximity to the rotor, the ‘h skin 01’ program setting was run. Following

termination of the program the C tube was detached from the gentleMACs dissociator and
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centrifuged at 400 rpm for approximately 5 minutes to allow the collection of cells at the
bottom of the tube. The material was then resuspended in S5ml of human dermal fibroblast
growth media and filtered through a 70um cell strainer. The suspension was then
centrifuged at 400 rpm for approximately 5 minutes before resuspension of the cell yield
within human dermal fibroblast media. Cells where then left undisturbed at 37°C and 5%

CO2 for approximately 48 hours.
4.6.2 Scaffolds sterilization and cell seeding

Fibres were collected directly on 9 mm glass cover slips attached with conductive tape to
the disk at 2.5 cm from the center. Before seeding, all scaffolds were sterilized in ethanol
70% (v/v) overnight and washed 3 times with phosphate-buffered saline (PBS). Thus, the
solution was removed, and scaffolds were left under UV light (wavelength of 254 nm) for
1 hour. Primary human dermal fibroblasts (HDF) were trypsinized, counted using a
haemocytometer and pipetted directly on each membrane (n=3) placed in a 24 well plate
in number of 4x10* cells in 100 ul of medium. The plate was incubated for 30 min and
after, 400 pl of medium was added in each well and scaffolds were cultured for 2 days at
37° C and 5% COz in an incubator.

Culture medium was Gibco™ DMEM, high glucose, no glutamine, no phenol red
supplemented with fetal bovine serum (10% v/v) and streptomycin (1% v/v), all from

Thermo Fisher.
4.6.3 Viability assay and cell morphology

The cell-matrix interaction is a major factor that affects cell binding and greatly influences
adhesion, proliferation and infiltration of cells. Viability of cells was assessed using MTS
assay (CellTiter 96® AQueous One Solution, Promega) while adhesion and proliferation
by staining of the cells with a combination of fluorescent dyes diluted in PBS. The MTS
tetrazolium compound is converted by reduced nicotinamide adenine dinucleotide
phosphate (NADPH), product of enzymes in metabolically active cells, to produce water
soluble formazan dye which absorbance intensity can be quantified at 490 nm using a
spectrophotometer in a 96 well plate reader after 4 hours of incubation. This method gives
an indirect measure of cell proliferation, as the cell mitochondrial activity increases with
the number of viable cells. The assay solution was added to the membranes cultured in a

24 well plate in amount of 10% in 100 pl of culture medium at day 3. HDF were also
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culture in cell culture-treated plates (Falcon™ 24Well, Corning) following the same
procedure to create a calibration curve and be used as control. Using the equation from the
calibration curve, the absorbance values recorded for the scaffolds were converted to
estimate the number of viable cells in each well. Staining was performed as follow. At day
three, constructs were fixed in paraformaldehyde, 4% in PBS. Thus, cells were
permeabilized and stained with Rhodamine Phalloidin 1:80 and 4',6-diamidino-2-
phenylindole (DAPT) 1:5000 in PBS for F-actin (molecule of cell cytoskeleton) and for cell
nuclei, respectively. Both dyes were bought from Invitrogen, Thermo Fisher Scientific.

Sample were imaged with an inverted fluorescence microscope (Olympus [X71) and SEM.

All tests were performed in triplicates.
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4.7 Results and discussion

In this section the feasibility of a steady electrospinning process for solutions described in
Section 4.4, was reported. Firstly, the effect of various parameters and of the in-house built
rotating collector on fibre diameter and orientation was examined. Secondly, results of
chemical and physical characterization were discussed and finally, cell morphology and

attachment were presented.
4.7.1 Morphology and topography of electrospun membranes

4.7.1.1 Optimization of spinning parameters for PCL and PEO-CT

solutions

Viscosity and conductivity of the polymer solution are considered two of the most
influential factors to successfully spin fibres without defects [153, 154]. In this respect,
the choice of solvent can greatly influence the process, leading to controversial data in
terms of process feasibility if the solution concentrations and spinning parameters are not
optimised, particularly for benign solvents such as acetic acid. For instance, Schueren et
al. [155] showed that the only use of acetic acid as solvent for polycaprolactone (PCL)
was not able to electrospin any fibrous material maintaining the concentration of polymer
constant. The addition of formic acid to the solution was necessary to produce bead-free
fibres. However, the use of binary solvent systems drastically reduced the average fibre
diameter and consequently the macroporosity of the mats that is considered a crucial
element for cell infiltration in tissue engineering applications [156]. On the contrary,
Liverani and Bocaccini [157] and Kanani and Bahrami [151] were successful in
electrospinning concentrations of PCL in pure acetic acid obtaining bead-free membranes.
In this study, the aim was to show and confirm that it is feasible to establish a steady jet
of PCL in pure acetic acid solution for at least 30 minutes prior to optimization of polymer
concentration and applied voltage. In addition, change in fibre diameter with flow rate and
distance of the needle from the collector was investigated. Electrospinning process was
visually judged by the presence of a stable Taylor cone. Solutions with PCL concentration
of 15%, 18%, 20% w/v in pure acetic acid were studied. SEM images of the fibres (Figure
4.3) revealed different morphologies increasing the concentration from 18% to 20%,

resulting in homogeneous defects-free fibres. Solution with 15% of polymer was not
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possible to electrospin without dripping or sputtering and a stable Taylor cone could not

be obtained.

Figure 4. 3 Electrospun scaffolds of PCL 18% (A) and PCL 20% (B). Scale bar = 100 pm.

The average fibre diameters increased with increasing polymer concentration; fibre
diameter measurements could not be compared as the use of 18% w/v PCL in solution
generated embedded beads resulting in thicker fibres [158].

Change of other parameters such as flow rate and needle-collector distance, was evaluated
for 20% PCL and their influence on fibre diameter discussed. As reported in Figure 4.4, it
was established that diameter increases steadily from ~1 to 2 pm with higher pumping rate
whereas there was no notable change varying the distance in the range between 11 and 15
cm that resulted in stable state. Values of fibre diameters are similar to the one obtained
by other researchers [151, 157], which study supported the possibility to use PCL with

benign solvents.
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Figure 4. 4 Effect of flow rates and needle-collector distance on fibre diameter from a 20% w/v polymer

solution of PCL. Scale bars =30 pm.
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For PEO-CT solutions (Section 4.4.4.1), concentrations were kept constant as well as the
flow rate (0.2 ml/h). The latter, when increased, resulted in dripping under certain
conditions and for solutions with high amount of chitosan, in which mass-ratio of PEO to
CT were over 1:5. The ratio between PEO and CT was evaluated at increasing distance.
As shown in the graph (Figure 4.5), it was possible to increase chitosan concentrations up

to five times the amount of PEO with a minimal change in fibre diameter at 15 cm.
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Figure 4. 5 Images of 1:2 PEO-CT (A) and 1:3 PEO-CT (B) membranes and graph representing variations

of fibre diameters with needle-collector distance. Scale bars = 10 pm.

When the collector was placed at 20 cm stable conditions were only obtained for 1:2 and
1:3 PEO-CT ratio. Particularly evident is the increasing standard deviation in fibre
diameter measurements at longer distances, although this was only possible to be evaluated
for PEO-CT 1:2. Measurements of the average fibre diameter resulted in values similar to
other studies [135, 147] validating consequently the electrospinning setup and process.
However, some discrepancies between current study and literature can be found and might

be attributable to the specifics of the materials employed and to the electrospinning setup.

4.7.1.2 Analysis of the effect of rotating collector on appearance and

fibre diameter

The use of a rotating disk changes the way fibres are collected as shown in Figure 4.6.

While the surface of the static collector was covered randomly (Figure 4.6 A) with the
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deposition expanding outwards, rotational movements allowed a well distributed
collection of membranes with a more uniform thickness. PCL fibres tended to start
arranging at the edge of the collector, spreading towards the centre (Figure 4.6 B); on the
contrary, PEO-CT fibres were distributed uniformly on the surface after the same spinning
time of 30 minutes (Figure 4.6 C). Distribution of the fibres can vary from micro to
nanofibres and can be also associated to different solution conductivity and viscosity
(polymer chain entanglement). In support of this hypothesis, Reneker et al [159]
reproduced electrically driven bending instability in PCL fibres that resulted in contact

and merging while in the “flying” phase, limiting the expansion of the jet path.

Figure 4. 6 Examples of electrospun membranes obtained with static (A) and rotating collector (B, C) for
20% w/v PCL solutions at needle-collector distance of 11cm (A, B) (B) and PEO-CT 1:2 at needle-collector
distance of 15cm (C). Rotating speed for B and C was 500 rpm. Scale bars =2 cm.

These two parameters not only affect the distribution but also diameter, quality and
uniformity of the fibres. Fridrikh et al. [160] demonstrated that fibre diameter can be
predicted through a model that consider surface tension, electrostatic charge repulsion,
solution conductivity and viscosity. Besides solution properties, topography and
morphology of the electrospun fibre mat can also be controlled by collector geometry. A
rotating configuration allows to obtain oriented fibres and smaller diameter [161]. As
predictable, the in-house built rotating disk at 500 rpm had the same effect on both
solutions with a reduction in fibre size between 15 and 20% compared to the static
configuration, from 1133.2 + 243 nm to 925.6 = 181 nm for PCL and from 151 + 21 nm
to 131.3 £19 nm for PEO-CT 1:2. Furthermore, it can be observed in Figure 4.7 a slight
increase in fibre diameter at higher RPM for PEO-CT 1:2, probably due to partial melting
of the fibres.
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Figure 4. 7 Differences in average fibre diameter (n=30) for 20% w/v PCL in static and rotating (500rpm)
configuration (A) and for PEO-CT 1:2 across the deposition surface of rotating disk (B).

Considering that the linear velocity on disk collector depends on the distance from the
center [143], PEO-CT 1:2 fibres on the mat were measured at a distance of 0, 2.5 and 5
cm from the center. However, it was not observed a significant increase as also reported

by Nitti et al. [134].
4.7.1.3 Fibre alignment analysis

Although it is well known that rotational speed in drum collectors mechanically stretches
fibres affecting their diameter and alignment [161] and the effect of high rotational
velocity on electrospun mat in a rotating drum have been investigated [134, 143], in this
study analysis of SEM images was performed to evaluate fibre alignment and distribution
of nano and microfibres at low rotational per minute (500 and 1000 RPM) with the aim to
obtain less agglomerated and better distributed fibres. The method use for alignment
analysis was based on a new plugin, OrientationJ developed in ImageJ by the Ecole
polytechnique fédérale de Lausanne (EPFL), Biomedical imaging group. The software was
employed to characterize the orientation and isotropy of SEM images with a magnification
of 3000X. The user specifies the average diameter of the fibre (Structure of Interest, SOI)
that the software uses as the size of a Gaussian-shaped window and then the program
computes the structure tensor for each pixel in the image. As shown in Figure 4.8 B,
orientation properties are visualised as a coloured image with orientation being encoded
in a semicircular colour map. A histogram of the degree of orientation (Figure 4.8 D) is

then plotted.
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Figure 4. 8 Representative images of OrientationJ procedure for PCL fibre at 500rpm; SEM image (A),
outputs of the plugin as hue-saturation-brightness (HSB) color-coded map characterizing the orientation
of fibres (B) and intensity distribution graph (D) Scale bar of 500 pm for original image (C) and 100 pm

for oval image (A).

This method of analysis was reckoned to be more accurate to measure orientation
compared to the commonly used two-dimensional fast Fourier transform (2D FFT)
approach [162], in which direction and anisotropy are analysed looking for periodic
repeats in intensity in the image, giving flat histogram for isotropic content. Also, results
are shown without a visible output, precluding adjustment based on the quality of the
image. It has been shown that OrientationJ is more consistent and representative given
results with higher resolution than methods involving Fourier analysis [163].

Figure 4.9 shows PEO-CT 1:2 images used for OrientationJ analysis at various positions
across the collector at 500 and 1000 RPM and respective histograms that show fibres
orientation. The results in each column indicate that as the rotation speed increases and
we move away from the centre, the number of orientated fibres is higher and the intensity
peak is sharper. Although it is visible from SEM images the presence of fibres in other

directions, the analysis seemed to recognise an orientated pattern.
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Figure 4. 9 PEO-CT 1:2 SEM images from samples taken at 0, 2.5 and S cm from the center at different
rotational speed (500 and 100 rpm) and corresponding orientation analysis by OrientationJ representing
the normalized distribution of orientation on the y axis and degree of orientation on the x axis from 0° to

180°. Scale bar = 10 pm.

This is consistent with what Nitti et al. [134] presented in their study comparing FFT image
analysis to results acquired from tensile mechanical tests. However, it was found that using
image processing software, Orientation J, a certain amount of directionality can be also

obtained at the centre of the collector.
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Figure 4. 10 OrientationJ analysis of SEM images of random PCL membranes and aligned membranes at
2.5 cm from centre. The y axis represents the normalized distribution of orientation while the x axis, the

degree of orientation from 0° to 180°.

Conversely, intensity distributions for PCL scaffolds showed a different pattern of fibre
orientation that, from the images, was not as obvious as for PEO-CT nanofibres. From
image analysis (Figure 4.10), two intensity peaks for oriented scaffolds were identified at
a distance of 90°-100° from each other suggesting a bimodal distribution, whereas the
distribution for random membranes was similar to the PEO-CT 1:2 at the center.

These results might indicate that the rotational disk can align the great amount of PCL
microfibres in two distinct directions, perpendicular to each other probably influenced by
a phenomenon called charge retention [164]. As the fibres accumulates, there is a drop in
the potential difference between the source and the area where fibres have already
deposited due to an accumulation of residual charges that presumably affect the electrical
field. Although this can negatively impact the alignment of the fibres and prevent
fabrication of thick membranes, this fibre distribution may have positive effect on porosity
and cell infiltration compared to electrospun mats collected with rotating drums where
tightly-packed and aligned fibres induce cellular alignment.

From analysis of SEM images, the use of in-house built rotating collector led to
membranes with circumferential and bidimensional aligned fibres. These results will be

further validated through mechanical tests.
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4.7.1.4 Electrospin feasibility and morphology of PCL-CT blends

A preliminary study to explore the possibility to blend CT with PCL in Glacial Acetic
Acid (GGA) was conducted in an attempt to improve biocompatibility, hydrophilicity and
degradation time of PCL membranes adding small amount of CT (1%) dissolved in 1%
GAA. The feasibility of the process was judged by visually checking the stability of the
Taylor cone during a spinning time of 30 minutes and by verifying the absence of defects
and beads on SEM images. Using fixed amount of PCL permitted to analyse the effect of
CT concentration in solution. Chitosan had a major effect on fibre diameter resulting in
much finer fibres when it is added to the PCL solution, as it increases the conductivity and
the viscosity of the solution [131].

When 1% of chitosan was used, solutions of 15%, 18%, 20% of PCL could be spun (Figure
4.11 C, D, E). This is in line with a previous reported article [131], in which 14% PCL
was used with 1% chitosan in a solution of acetic and formic acid. The average fibre

diameter shows a linear increasing trend from 203 nm to 335 nm.
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Figure 4. 11 Representative SEM images of electrospun blends of PCL-CT. Graphs compare fibre diameter
measurements for (A) 18% PCL - 2%CT (PCL-CT red); (B) 18% PCL in 91/9 GAA/water — 2%CT (PCL-
CT W green); (C) 15% PCL - 1%CT; (D) 18% PCL - 1%CT; (E) 20% PCL - 1%CT. Scale bars of 20 pm
for A and B and 10 pm for C, D, E

Because of its polycationic nature, the use of higher concentration of chitosan was
challenging. Only 2% chitosan in 18% PCL resulted in continuous spinning despite some
spitting (Figure 4.11 A). A small increase of 1% in the amount of chitosan led to an
increase in fibre diameter from 290 + 76 nm to 840 + 156 nm for 18% PCL showing that
viscosity as well as conductivity are determining factors in the electrospinning of polymer
blend [165]. This has been demonstrated by electrospinning 18% PCL in 91/9 GAA/water
solution and 2% CT. By changing electrical properties and viscosity of the solution adding
a nonsolvent such as water, the result was a further reduction in fibre diameter, formation

of nanofibres with nonuniform size and local thickening of the fibres due to more
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entanglement of PCL molecules (Figure 4.11 B) [166]. Likewise, larger fibres obtained
with higher amount of acetic acid can be related to a reduction in the solution conductivity.
The possibility to use higher ratio of chitosan respect to PCL was also explored.
Specifically, PCL-CT 1:2 and 1:3 compositions were evaluated and even though the
process of electrospinning was stable leading to membranes with an average fibre diameter
smaller the 100 nm, many beads were visible at microscopic level. Due to the presence of
defects and fibre entanglement, PCL-CT membranes were not further characterized in this
study. Additional improvement of polymer blends in acetic acid may be conducted in the

future.
4.7.2 ATR-FTIR spectra analysis

The IR spectral analysis of PEO-CT and PCL was carried out and compared with that of
PEO and CT powder and PCL pellets. Based on previous findings [135], PEO is soluble
in aqueous medium and its elimination from the scaffold should occur when sterilized in
70%; hence, PEO removal was evaluated after sterilization with 70% ethanol for 24h.
Since FTIR peaks of electrospun PCL before and after sterilization compared to pure PCL
remained unchanged, the spectra were not reported. Figure 4.12 shows the FTIR spectra
of PEO-CT membranes and all characteristic peaks are highlighted in red for CT and in
black for PEO. For CT, the broad band centred at around 3300 cm™ (A) corresponds to N-
H and OH stretching while bands at 1630 cm™ and at 1550 cm™ (B) are characteristics of
amide I (C=O0 stretching) and II (N-H bending), respectively [167]. There is no notable
change in these peaks before and after treatment (AT). Regarding PEO, the band at around
2885 cm™! (CHa stretching) is reduced in intensity after immersion in solution as well as
other characteristic bands; at 1100 cm™! (III) (C=0 stretching) PEO has one of the highest
peaks that is smoothed and substituted after immersion in solution by C=0 stretching at
1045, characteristic of a polysaccharide structure such as chitosan together with bands at

1150 (C) (anti-symmetric stretching of C=0) [168].
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Figure 4. 12 FTIR spectra of pure PEO and Chitosan MMW and electrospun PEO-CT scaffolds before and
after sterilization (AT).

Other peaks that can be distinguished in the PEO spectrum but disappeared after
immersion are: 850 - 950 cm™! (IV) associated with C=0O stretching and 1460-1360 (II),
CH; deformation. The PEO-CT spectrum with some shifted values respect to the pure
materials is an indication of the successful ionic bonds between carbonyl and amino groups
in PEO and CT [168]. Results indicate that membranes after immersion are mainly

composed of chitosan but small traces of PEO may be still present.
4.7.3 Contact angle measurements for oriented membranes

The hydrophilicity of PCL and PEO-CT membranes was examined using the sessile drop
contact angle, capturing the profile of a drop of distilled water on a solid interface and
measuring the angle formed.

Contact angle can be described by several equations depending on the solid surface and
droplet state. An ideal solid surface is considered smooth, rigid, chemically homogenous
and stable. In this case, the contact angle can be predicted measuring the surface tensions
of solid and liquid and it is called Young’s contact angle. In real applications and in nature,
ideal surfaces rarely exist but rather they are heterogenous, chemically and
topographically. For this reason, during the years the roughness of a surface was accounted

for contact angle measurements and described by Wenzel and Cassie-Baxter states. In the
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first one, the apparent contact angle was defined as the contact angle that increases if the
surface is roughened while in the second, the focus was on the liquid that does not
penetrate small pores leaving air gaps. Although it can be argued that surface chemistry
and morphology can influence contact angle, since the current methods of measurement
are macroscopic, the only measurable contact angle is the most stable, transitioning from
Cassie-Baxter to Wenzel state. In this respect, Gao and McCarthy demonstrated that the
interfacial area is irrelevant if the droplet is within the contact perimeter and only the small
fraction of the surface probed by the contact line is important in the contact angle
behaviour [169]. For rough surfaces, it is generally accepted to consider an average of the
apparent contact angle [170]. For contact angles between 0° and 90° the surface is
considered hydrophilic. Materials that show angles over 90° are categorized as
hydrophobic. Three measurements were performed as described in Section 4.5.3.

PCL scaffolds showed an average contact angle value around 100° (Figure 4.13) which
indicates a hydrophobic behaviour. However, possibly due to the use of acetic acid and to
the different morphology [156] the measurement was 25% inferior to angles measured in
other studies [137]. With regard to the fibrous structure, the different morphology and
fibre diameter may have created a surface roughness with less air trapped between
interfaces of fibres that result in a more porous structure. Besides the surface chemistry,
the topography has a strong influence on liquid-solid interface [171]. However, this result

can be a measure of apparent contact angle that differ from the actual contact angle [172].

PCL 20% 100.6° + 1.6° PEO-CT 1:2 32°+1.2° PEO-CT 1:2 DHT 38.7° £ 2.3°

Figure 4. 12 Contact angle images on PCL (A) and PEO-CT scaffolds samples taken at 2.5 cm before (B)
and after DHT treatment (C) using water.

On the contrary, PEO-CT membranes showed hydrophilicity with angle of 32° that rose
to ~39° after being DHT-treated. This may be a consequence of the fibre swelling and
fusing post treatment as shown in Figure 4.13. Remarkably, contact angle measurements

for PEO-CT in literature were found to be 25% higher compared to this study [173]. This
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could be a further indication of the improved morphology with higher porosity achieved
with the rotating disk configuration. This hypothesis needs to be validated in the future by
comparing these results with measurements obtained on membranes collected with a static

configuration.

4.7.4 Stabilization and physical cross-linking effect on

membrane morphology

Various treatments were conducted to check the influence of solutions on the stability of
PEO-CT nanofibres that was analysed with SEM images. Overall, after being immersed in
liquid the morphology of all samples drastically changed (Figure 4.14).

Crosslinking the membranes by DHT caused fusion at the crossing points and thickening
of the fibres resulting in packed and dense membrane with almost no visible porosity. On
the other hand, this treatment strengthened the stability of the fibres preserving some
features while undergoing partial dissolution when immersed in 1 M Potassium carbonate
(K2CO:s). A salt, in this case potassium carbonate, was used with the objective to neutralize
the net charge of chitosan, obtaining insoluble chitosan and extract the acid left from the
electrospinning process resulting in a reaction that gives a potassium acetate, water and
carbon dioxide. This dissolution manifested further when non-treated fibres were exposed
to K2COs solution. This result was not expected as Lemma et al. [135] proposed and
demonstrated the efficacy of this method for stabilization of PEO-CT membranes.
However, this can be associated with the specific source of chitosan which can cause
partial chitosan dissolution when in contact with salts as discussed by Hirase et al [174].
Despite a partial swelling of the protonated chitosan after PEO removal was expected when
in contact with aqueous solutions, neutralization of chitosan in 70% ethanol (EtOH), a
non-solvent of chitosan, seemed to be the most suitable for preserving the nanofibre
structure in agreement with previous findings [135]. Overall, the size of the nanofibres
increased through swelling in all the samples, whether DHT-treated or not, whilst
preserving the fibrous morphology except in the case of KoCO3 solution. Nevertheless,
70% ethanol solution was selected as membrane stabilizer because it could also be used
as method to sterilize the surface before proceeding with cell culture.

For PCL scaffold the surface remained comparable to that one before immersion, because

of its hydrophobicity.
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Figure 4. 13 Effect of different solutions to evaluate the stability and morphology of PEO-CT nanofibres
before and after DHT crosslinking. Scale bars =10 pm.

92



4.7.5 Mechanical properties of electrospun mats

Tensile tests were performed on fibrous membranes to verify that alignment of the fibres
occurred and to understand if the mechanical properties of these electrospun mats were
suitable for skin tissue engineering applications. As the electrospinning process can
influence the characteristics of the membrane, and the time of collection can determine
fibre deposition and distribution, a time of three hours was established to collect fibres
that were spun at 0.4 ml/h pump rate. Results in Figure 4.15 shows that mechanical
properties are dependent on fibre orientation. This is particularly evident for PCL
membranes that displayed a 50% increase in Young’s modulus (£) and higher value of
maximum stress from 0.76 MPa to 1.8 MPa (B). These results are comparable with elastic

modulus values obtained in other research papers in static configuration [122, 143, 157,
175].
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Figure 4. 14 Elongation measurements (A, C) for PCL and PEO-CT random (R) and aligned (A) and

respective elastic modulus (E) and maximum stress (Omax) (B, C). n=3

Interestingly, in this study, mechanical properties, i.e., E and omax, of aligned PCL
membranes do not vary greatly from those of random membranes. This finding supports

the hypothesis of a continuous but spatially varying fibre orientation without much fibre
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drawing towards the direction of rotation [143]. With respect to the percentage of tensile
strain at break (Figure 4.15 A), values vary in literature. Silva et al. [122, 175] reported
maximum elongation above 600% for random fibres whereas Liverani and Bocaccini [157]
found values comparable to this study in which oriented membranes could be stretched six
times more than random mats, confirming successful fibre alignment.

Similar to previous studies [176, 177], values of elastic modulus for random PEO-CT
fibres with ratio 1:2 were around 50 MPa with a decrease of 10% when the amount of
chitosan was increased (1:3) (Figure 4.15 D). While CT is known to be a brittle material
that would increase tensile strength, PEO content can alter the mechanical properties of
the blended materials adding flexibility. Mechanical tests on aligned membranes
confirmed these assumptions, with an overall increase in maximum stress for PEO-CT 1:2
(6.2 £0.3 MPa) compared to PEO-CT 1:3 (4.4 + 0.5 MPa). Similar values for PEO-CT were
shown by Nitti et al. [134] when a rotating drum was used for fibres deposition further
demonstrating the alignment of the fibres obtained with the rotating disk. However, analysing
the mechanical parameters (Young’s modulus, tensile strength and elongation at break)
for aligned and random PEO-CT membranes, differences in trends are worth to be further
discussed. In Figure 4.15 C, the tensile strain decreases with increasing CT ratio for
random membranes whereas it slightly increases for aligned samples. The same trend
occurs for the elastic modulus in Figure 4.15 D but with higher values for aligned fibres
compared to random samples. On the other hand, values of tensile strength are higher for
membranes with lower amount of CT but higher for aligned mats. The reason for different
trends in tensile strength and elasticity for random and aligned fibers is not completely
clear. It can be assumed that orientation improves the material resistance to deform
elastically and have a bigger influence than chitosan content. Nonetheless, in aligned
fibers, an increase of chitosan content might have enhanced the intramolecular and fiber
interactions leading to improved mechanical properties.

From these results, it can be said that while PCL membranes showed characteristics of
elasticity and ductility, PEO-CT membranes resulted more brittle and stiffer with values
of Young’s modulus and ultimate tensile stress that fall in the range of the mechanical

properties of the skin [178, 179]. Results are summarised in Table 4.2.
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Table 4. 2 Young’s modulus (E), stress at break (6max), and elongation at break of electrospun mats

fabricated with static and rotating collector.

Samples Young’s Modulus Tensile strength Tensile strain
(MPa) (MPa) (%)
PCL-R 5.02 +1.06 0.76 £0.08 103.94 £ 6.02
PCL-A 7.64+0.75 1.80 £0.09 586.22 +£67.93
PEO-CT1:2R 5478 £ 15.12 2.99 £0.53 10.49 +3.43
PEO-CT1:3R 45.18 £ 14.15 2.85+0.27 7.42+1.39
PEO-CT 1:2 A 68.39 +32.62 6.20+0.35 7.33+2.28
PEO-CT1:3 A 89.6+7.13 4.39+£0.52 8.83 £1.69

Mechanical tests together with results obtained in the previous chapters, suggested that
complex interactions between fibres collected on a rotating disk may exist and that an
evaluation of the mechanical properties in multiple directions is needed. Furthermore, a
combination of the materials studied may be explored to mirror the mechanical proprieties

of the skin.
4.7.6 Cell culture studies

While physical and mechanical properties can be customised adjusting the material ratio,
understanding the interaction between the substrate topography and the cells is essential for the
design of scaffolds that are suitable for the required biomedical application. In this section,
primary human dermal fibroblasts (HDF) behaviour on PCL and PEO-CT membranes was

evaluated.
4.7.6.1 Cytotoxicity

Cytotoxicity was analysed using MTS assay under similar culture conditions. Although
this assay indirectly measures the cell number converting an absorbance measure using a
calibration curve (Figure 4.16), it is a quick method to compare viability and cellular
activity across different substrates.

Figure 4.16 shows an estimate of the average number of viable cells attached to the
membranes and to the plastic substrate of the culture-treated well plate (CTRL) after 48h.

Results indicated that none of the samples cytotoxic and in all cases, HDF cells adhered
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to the respective surfaces. However, values for scaffolds were below control probably as
a consequence of a slower cell metabolic activity and a slightly smaller area available for
seeding and migration, since the diameter of a 24-plate well is ~12mm, 3 mm larger than
electrospun samples. Nevertheless, the number of cells attached to membranes was found to
be related to the number of cells that were seeded (4x10%). This shows the importance of cell

seeding density to populate the scaffold avoiding confluence after few days.
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Figure 4. 15 Calibration curve and MTS assay at Day 3 on PCL, PEO-CT membranes and on culture plate
(CTRL). n=3

It can be also observed that despite differences in fibre diameter and material, cell attachment

is relatively uniform in the scaffolds.
4.7.6.2 Visualisation of cell adhesion and orientation

Despite extensive research, the in vitro behaviour of cells in contact with macro and
nanofibres is still not well understood, as cell response, besides being affected by many
factors such as material and mechanical properties, is also cell line specific [180].

With the aim to understand how fibre morphology influences cell attachment, scaffolds
were first fixed in 4% formaldehyde and then imaged by SEM (Figure 4.17). Even though
MTS assay showed a similar number of cells attached to the scaffolds, cell topography
was completely different. The denser and fibre-packed surface of PEO-CT scaffold
promoted the formation of focal adhesions (Figure 4.17 A) and clusters of cells (arrows in
Figure 4.17 C) resulting in rounded cells shape upon adhesion and in absence of cell
migration. Cells with spherical shape are generally not considered a good indication of cell
spreading because implies that cells are not effectively interacting with the substrate. Cell

spreading refers in fact to a process by which cells attached to a surface and extend their
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cytoplasmic process to create a flattened and extended shape. Although, CT membranes
favourably interact with cells and promote cells adhesion because of its cationic nature
and hydrophilicity showing signs of activity (cell division, arrow in Figure 4.17 A), CT
may not support a high degree of cell adhesion and spreading compared to PCL.
Researchers have demonstrated that the degree of acetylation of CT and possible charge
distribution at the surface can be linked with cell behaviour to grow in clusters and

maintain a spherical shape [122, 181].

Figure 4. 16 SEM images of HDF attachment on PEO-CT (A) and PCL (B) membranes after 48h at higher
(A, B) and lower (C, D) magnification. Scale bars of 20 pm for A, B and 200 pm for C, D

In this respect, HDF cells on PCL fibres resulted in high proliferation and dispersion within
the fibrous mats despite the hydrophobic nature of this polymer. It can be seen from Figure
4.17 B that cells exhibited uniform distribution of actin stretched within the fibres. While
cells were unable to infiltrate in PEO-CT membranes, on PCL scaffolds cells seemed to
move into the structure giving an indication of a compatible pore size for fibroblast
migration. These observations are consistent with literature findings in which cell
infiltration was facilitate in scaffolds with a distinct bimodal fibre distribution and with

fibre diameter in a range between 400 and 1000 nm [122, 182]. It is worth noticing that
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from lower magnification images (Figure 4.17 D) cells seemed to proliferate and migrate
in the direction of circumferential oriented fibres.

As confirmation of these findings, scaffolds were also imaged under inverted fluorescence
microscope after being cultured for 48h, fixed with 4% formaldehyde and stained with
DAPI and phalloidin rhodamine. HDF cell-to-cell contact with numerous cytoplasmatic
processes corresponding to actin development were observed on PCL membranes (Figure

4.18).

Figure 4. 17 Fluorescent labelling of nuclei (blue) and actin (orange) of HDF cells cultured on PCL

membranes. Scale bars of 100 pm

Spherically shaped cells were instead seen on PEO-CT membranes (Figure 4.19), with some
of them clustered into spheroid-like cellular aggregates that may also hinder individual cells
from spreading. This behaviour on PEO-CT mats could be due to substrate quality, such as
stiffness that may have inhibited cell proliferation and migration and roughness that has been
demonstrated to be a crucial factor in guiding cell attachment and cytoplasmic spreading [183].
In addition, Nagiah et al. [184] found that hydrophilic surface may have a negative impact on
dermal fibroblast proliferation and that substrates with intermediate wettability are preferred
by cells. Therefore, further studies of PCL-CT blends and comparison with PCL membranes
are necessary to understand if a surface with hybrid wettability can positively affect cell
proliferation [149].

However, PCL membranes fabricated in this study showed already good biocompatibility with
cells well attached and spread while PEO-CT membranes performed poorly regarding cell
adhesion and proliferation. The reasons of these results can be mainly attributed to the features

of PCL membranes such as a pore size larger than cell size (~10-15 um) and the average fibre
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diameter suggesting that a value of approximate 1 pm allows HDF growth and orientation

as showed also by Liu et al. [185].

Figure 4. 18 Fluorescence microscopy images of HDF seeded on PEO-CT membranes stained with DAPI
and Phalloidin (Day 3). Scale bars of 100 pm

In conclusion, it is possible to state that surface chemistry and topography played an

important role for HDF attachment and spreading on electrospun membranes.
4.8 Summary

In the past years, many medical companies have emerged offering electrospinning-based
products and trying to translate promising lab findings into commercial products. For this
reason, new strategies to fabricate affordable and sustainable fibrous structures similar to
the extra cellular matrix (ECM) that are intended to be used as in vitro cell culture
substrates or for tissue engineering applications, have to be investigated.

In this chapter, the use of green solvents, the optimization of spinning conditions and the
development of less-explored method for fibres deposition were explored. The in-house
built collector was developed to examine the effect of rotational forces on fibres collection
and analyse the behaviour of primary human dermal fibroblasts (HDF) cultured on nano
and microfibres. As the electrospinning process is influenced by various inter-related and
independent variables, an optimization of spinning parameters was necessary to
standardise and validate the process before successfully fabricate PEO-CT, PCL and PCL-
CT membranes. Analysis of SEM images showed a decrease in the average fibre diameter
using the rotating configuration compared to the static collector. Regarding the PEO-CT
fibres, image processing confirmed that fibres were orientated and aligned towards the

rotational direction, having a better orientation moving outwards from the centre and with
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increasing rotational velocity. Contrarily, oriented PCL fibres showed little difference in
morphology not evident alignment in comparison with those produced using static
electrospinning. However, mechanical testing and analysis of SEM images demonstrated
a fibre deposition in a cross-aligned morphology. Furthermore, blends of PCL and CT in
glacial acetic acid were investigated. They were observed by SEM to produce fibre
entanglement and beads within fibres. Although the combination of the two materials
seemed promising, further work will be performed to optimize the spinning process. To
examine the effect that electrospun membranes had on cells, cell assays, staining and
imaging were performed. Results showed that PEO-CT membranes were not suitable for
HDF cell culture contrary to PCL mats whose morphology positively affected cell
attachment and proliferation. Different adhesion patterns were observed and those could be
linked not only to the topography but also to the membrane pattern and roughness. To
summarise, by using a rotating disk collector the orientation and distribution of the fibres
changed, obtaining a more homogenous substrate. This circumferential pattern needs to be
further studied as it could be used to reduce contraction during wound-healing.

Ductile PCL electrospun nanofibres collected with this configuration showed promising
results that could be relevant for future in vitro skin tissue engineering studies, providing
better cell infiltration and accelerating surface-wound healing. However, different
materials combinations need be tested to better match the mechanical properties of the

skin and improve biomimicking.
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CHAPTER 5 Scaffold upscaling and proof-of-

concept bioreactor to in vitro test NPW'T devices

5.1 Introduction

Cell culture on plates is a conventional method that provides an unnatural environment
and conditions for cell growing [186]. Although it is well recognized and acknowledged
that three-dimensional microenvironments similar to the native tissues can help in
obtaining better cell physiological responses, cell culture and cells analysis have to be
customized and optimized for each specific structure [69, 187].

In this chapter, methods used to study fibroblasts survival and proliferation on porous
scaffolds were illustrated and discussed. Also, the possibility to fabricate a bilayer scaffold
combining the techniques described in the previous chapters, to better mimic the skin
structure was evaluated. Furthermore, a proof-of-concept platform to apply Negative
Pressure Wound Therapy (NPWT) on these sponges was developed and tested. To the
current knowledge, this study was the first of its kind that was designed to upscale the

surface of scaffolds for application and testing of NPWT devices in vitro.

5.2 Cell behaviour on porous scaffolds

In order to understand the impact that different physical and chemical features can have
on cell interaction and proliferation within a three-dimensional environment, cell culture
studies were conducted on porous scaffolds described in Chapter 3. Disks of 9 mm-
diameter were punched out of 35-mm-diameter x 4-5-mm-thick scaffolds, obtained by
freeze-drying collagen-based solutions in 6 well plates, using a metallic biopsy punch

(Figure 5.1).
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Figure 5. 1 Example of collagen sample punched out of a 35 mm porous scaffold. Scale bar = 10 mm.

Then, following a similar procedure used for electrospun scaffolds (Chapter 4), porous
scaffolds were sterilized for 24h in 70% ethanol solution and successively rinsed with
decreasing ratio of ethanol/PBS (50/50; 25/75, 0/100).

Before cell seeding, PBS was removed from the wells and scaffolds were left under UV
light (wavelength of 254 nm) for 1 hour. Thus, an estimation of 4x10* human dermal
fibroblasts (HDF) cells in 100 pl, counted using a haemocytometer, were pipetted on the
surface of the scaffolds and incubated for 30 minutes to allow adhesion. Wells were then
topped up with 400 pl of Dulbecco medium and placed again at 37° C and 5% COaz. After
48h of incubation, viability and proliferation were evaluated by (5-(3-
carboxymethoxyphenyl)-2-(4,5-dimethyl-thiazoly)-3-(4-sulfophenyl) tetrazolium (MTS)
assay (CellTiter 96® AQueous One Solution Cell Proliferation Assay, Promega). Amount
of 10 pl of reagent for 100 pl of cultured medium were pipetted into each well and plates
were incubated for 4 h at 37°C in 5% CO> atmosphere. Then, 100 pl from each well was
sampled and transferred into a 96-well plate where absorbance at 490 nm was recorded.
The number of cells was calculated using the standard curve described in Section 4.7.6.1.
This test is a simplification of MTT assay, is easy to use and does not require an organic
solvent to solubilize the formazan product reducing handling steps and errors in the
process. In addition, it is a straightforward method to check cytotoxicity as it can visually

detected by a change in colour.
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Figure 5. 2 Viability of HDF cells cultured on porous scaffolds differently treated after 48h. Asterisks *

indicate no presence of colour change in the solution linked to absence of cell viability. n= 3.

As observable from the graph in Figure 5.2, cell viability was only affected by GA
treatment in solution. It is known that residual GA in scaffolds can be a source of high
cytotoxicity [188] and the MTS test may have confirmed the role played by GA in cell
mortality. Viable cells were not detected for CL and CL-PVA samples, contrarily to CL-
CT that showed a number of cells similar to the samples treated with GA vapours. This
result may suggest that independently of the material utilised for scaffold fabrication, GA
in solution is not easily washed off after crosslinking. Further treatments such as oven-
drying [189] and glycine washings [190] have shown to reduce traces of GA in the
scaffolds and may be a solution to improve cell survival. In vitro cytotoxicity is often
overlooked in studies focused on mechanical properties of scaffolds and in vivo animal
implantation. For example, during in vivo studies it may happen that an initial
inflammatory response at implant site will eventually neither compromise scaffolds
integration in the tissue nor result in rejection [110]. On the other hand, results in Figure
5.2 showed the effectiveness of GA vapour in cell culture that may be used as a substitute
of GA solutions for collagen sponges crosslinking as the use of solutions can disrupt the
structure and require additional steps to remove GA traces [191]. With regard to CL-PVA

scaffolds, the number of estimated cells was the lowest among all the samples tested and
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compared to CL and CL-CT. This data could have been altered by the absorption properties
of the scaffold that may exchange fluid slower than CL and CL-CT scaffolds [4, 192].
Another possible explanation that can suggest this hypothesis was showed later in Section
5.3. CL-CT scaffolds showed the highest proliferation when un-crosslinked, doubling the
initial number of seeded cells, ~ 8x10%, and having an estimated 50% more cells when
DHT treated than control (CTRL). As DHT crosslinking resulted in a similar proliferation
rate for all the scaffolds with relatively low variability and it is known it was therefore
selected for the experimental studies presented in following sections. In addition, this
choice was made to retain the biomaterial chemistry preserving the cell-binding activity.
It is indeed worth noticing that the proliferation trends varied depending on type of
scaffold, meaning that different treatments cannot only influence physical properties but
also have an impact on cell growth. For example, Bax et al. [193] studying cellular
recognition on EDC-NHS collagen-treated scaffolds, found out that alternated structure
decreases cellular spreading, survival and growth. As support to this thesis, a recently
published research study [194] reported that HDFs may be driven by mechanical cues for
short-term proliferation but long-term proliferation is correlated to levels of integrin-
specific binding. To endorse results obtained with the MTS assay and study fibroblast
morphology, cell viability was evaluated at day 3 by means of nuclei and actin filaments
staining, using DAPI (Invitrogen, Grand Island, NY) 1:5000 in PBS and Rhodamine
Phalloidin (Invitrogen, Grand Island, NY) 1:80 in PBS respectively, after being
permeabilized and fixed in formaldehyde, 4% in PBS.

In Figure 5.3, examples of fluorescent microscope images of CL-PVA and CL-CT DHT-
treated scaffolds are shown. It was found that HDF cells adhered to all the sides of the
scaffold showing the same morphology reported in the images. Although, some details

may result blurred and out of focus, important characteristics of the cells can be seen.
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Figure 5. 3 CL-PVA top side (A) and CL-CT lateral side (B); Orange: Phalloidin (actin) (A1, B1); Blue:
DAPI (nucleus) (A, B). Examples of lamellipodia (LE) and filopodia (FP) are shown in Al and B1. Images

for DAPI staining were slightly modified in brightness and contrast using ImageJ. All scale bars are 100

um.

Cells presented cellular projections that appeared thinner and longer compared to the
fibroblasts shape developed within fibres (Figure 4.18 - 4.19).

As Wong et al. showed in a study [195], fibroblasts tend to use filopodia (FP) for sensing
and testing substrate rigidity around the cell body before spreading and establishing stable
adhesion. This can be the reason explaining the scarcity of lamellipodial extensions (LE)
in the images compared to those when fibroblasts interact with fibres. Fibroblasts
spreading in collagen-based matrixes appeared to be similar to that of neurons which form
dendritic extensions. It has been demonstrated that these extensions contain microtubule
cores and have actin-rich tips that can only form at low tension state [196]. Other than in
two dimension or with collagen coated culture surfaces, cases in which fibroblasts develop
numerous stress fibres and lamellipodia are under conditions of wound repair and fibrosis

when they can differentiate into myofibroblasts [197].
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It is crucial that cells seeded in scaffolds contract and elongate coupling their cytoskeletal
filaments to exert tensile traction on the surrounding material as it occurs in the dermis
[82, 198]. While it is known that these porous scaffolds can only perform as pseudo-3D
support for cells [199], changing the material properties and the composition may affect

the way cells spread and behave.
5.3 Bilayer scaffolds

In skin tissue engineering, attempts to prepare multilayer scaffolds have already been done
using and adapting several techniques for various purposes with the common goal to
simulate natural full thickness skin [200, 201]. Although the use of electrospinning to
deposit fibres on an insulated material have been shown to be possible [202, 203], some
of the issues that may be encountered such as layer separation or membrane thickness have
not been addressed. In this study, freeze-dried DHT-treated collagen scaffolds presented
in previous sections, were mounted with double side adhesive conductive carbon tape
(Agar Scientific) on the rotating aluminium collector (2.5 cm from the centre) and polymer
solutions (Sections 4.4.1 and 4.4.2) were electrospun on top of the disks with a pump rate

of 0.2 ml/h for 3 hours.

Figure 5. 4 Macroscopic picture of PEO-CT/CL bi-layered scaffold (A) and cross-section of SEM images of
PCL-CL scaffold (B, C). Scale bar of 35 mm in (A), 500 pm in (B) and 1mm in (C).

As it can be seen from different angles in Figure 5.4, the two-layer scaffold was
successfully created and electrospun fibres adhered and covered uniformly the surface.
However, following the use of a scalpel to section the structures for SEM analysis, it was
noticed that tension forces caused disruption of the adhesion layer at the cutting point,
specifically in the case of the hydrophobic PCL fibrous mat (arrow in Figure 5.4 B, C).

This partial detachment, technically called delamination, may have been also influenced

106



by the insolubility of collagen substrate in acetic acid solutions and to the membrane
thickness that required higher forces to be sectioned. The use of soluble collagen would
allow partial dissolution of the scaffold surface allowing better fibres adherence to the
disk. Despite Uzunalan et al. [204] used soluble collagen isolated in their lab from rat tail
and a highly toxic solvent (1,1,1,3,3,3 hexafloro-2-propanol) to electrospun fibres on top
of a freeze-dried collagen scaffold, they did not address this potential issue.

To increase the stability and strengthen the bond between the two layers, GA vapor and
solution crosslinking has also been used [204, 205] but its efficacy was not successfully
demonstrated. Nevertheless, the integrity of bilayer scaffolds was tested and visually
inspected after submersion in solution and undergoing cell culture. They were sterilized
in 70% ethanol solution and then seeded with 1x10° HDF cells following the procedure
described in Section 5.2. Thus, they were incubated for 7 days refreshing the medium
every 2 days and the viability was assessed using MTS assay. Compared to the experiment
described in Section 5.2, the scaffolds use this time consisted of two layers and had a size
of 35 mm in diameter. Unexpectedly, the results were null (Figure 5.5) as no change in

colour was detected in any of the scaffolds after the assay.

Figure 5. 5 Bilayer scaffolds, on a 6 well plate after MTS assay, showed no purple colour change. Blue spots

that appeared on PCL/CL scaffolds after 17 hours of incubation were identified as possible fungal moulds.
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It is undoubtable that these materials are biocompatible and suitable for tissue engineering
as they are commonly used commercially and in laboratory research [3, 118] and
experiments carried out in Section 5.2 supported the hypothesis of the cytocompatibility
for the scaffolds fabricated in this work. For this reason, cell assays were questioned and
discussed in Section 5.3. In addition, it is possible to notice that the fibrous membranes
did not separate from the porous freeze-dried structure underneath after a week immersed
in solution, showing the feasibility of the method describe above for creating a bilayer
scaffold without further use of crosslinking. Some blue stains, identified as fungal mould,
were visible on samples where PCL fibres were deposited. Presumably, this may have been
due to a chemical reaction after MTS assay that could not be explained.

Although the possibility to combine the two techniques gave positive results in this
preliminary study, in order to increase the stability at the interface between the two layers,
the use of a biocompatible adhesive such as gelatine might be considered in the future
[206]. Gelatine can be spread on top of the freeze-dried scaffold before performing
electrospinning. In this way, while gelatine is cooling and reaches a semi-solid state, fibres

can be better integrated and strongly adhere to the lower structure.

5.4 Limitations of viability assays on porous scaffolds

During the years, many assays have been developed to evaluate viability and proliferation
of cells [207]. These methods are usually classified according to the measurement type of
end points and a proper choice is crucial to evaluate the status of cells at the end of the
experiment. The most used techniques to measure cell viability and proliferation on
scaffolds are colorimetric methods such as MTT or MTS assays based on metabolic
activity of the cells and fluorometric assays such as alamarBlue® and CFDA-AM, both
membrane permeable dyes that are converted in fluorescent compounds by the live cells.

Despite its destructive consequences on samples, the decision to analyse cell viability with
MTS was initially made to obtain a response in a time of 1 to 4 hours adding the reagent
straight to the cell culture plate. This process would have avoided misleading results due
cells or media manipulation and would have given rapid answer about the presence of
living cells. Although it revealed to be a valid test on small porous samples and electrospun
membranes, doubts about its reliability when scaffolds were scaled up to provide a larger

surface area for cell attachment arose following the results described in Section 5.2.
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MTS assay was repeated, this time on a single-layer porous scaffolds of 35 mm in diameter
DHT-treated preventing any possible interference that electrospun membranes might have

had on the outcome.

Figure 5. 6 Change in colour on porous scaffolds cultured in a standard 6 well plate after MTS assay.

Figure 5.6 shows that a positive response (colour change to purple) was only obtained for
collagen scaffolds, after 5 days of cell culture. To further investigate the reliability of MTS
test on these scaffolds, a resazurin-based assay was also performed to follow and measure
the proliferation of HDF. While MTS used an intermediate electron receptor and not
readily enters viable cells, resazurin-based assays work by a different mechanism.
Resazurin is a blue and non-fluorescent compound that is reduced by dehydrogenase
enzymes in living cells to form a red fluorescent dye, called resorufin (Figure 5.7), which
is visible to the naked eye. Resazurin sodium salt is used in the fluorimetric assay
alamarBlue® and has many advantages over MTS [207]. It is more sensitive requiring less
cells for reproducible results and it is a non-destructive assay so that measurements can be

taken over several time periods.
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Figure 5. 7 The working principle of resazurin salt and resorufin product from reduction in viable cells

Adapted from [208].

Using the same protocol explained in 5.2, scaffolds were sterilized, seeded with 1.25 x 10*
cells and cultured for 24 hours. A stock solution of 5 mg/ml resazurin sodium salt
(SigmaAldrich, UK) was prepared in PBS and successively diluted 1:100, with a final
concentration of 0.2 mM. This amount was chosen based on previous studies [209] in order
to avoid possible cytotoxic effect on cells due to an incubation time longer than 4 hours.
Then, the solution was filter-sterilized trough a 0.2 um filter into a sterile tube.

After 24 hours, the resazurin solution was added to the scaffolds and to the CTRL (cells
cultured in plastic well plates) and incubated at 37° and 5% COx. Scaffolds that contained

no cells were used as negative control (MCTRL).

Figure 5. 8 Effect of resazurin incubation time on CL (A), CL-CT (B) and CL-PVA (C) compared to the
material control (MCTRL).
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The colour change of the media was visually monitored. In contrast to expectations, there
was no resazurin reduction after 4 hours for scaffold samples, but a colour change appeared
following overnight incubation (20h) (Figure 5.8). This was a signal of the presence of
viable cells in CL scaffolds and in one CL-CT scaffold. The absorbance of the medium
was then read at 570 nm for resorufin and at 590 nm for resazurin in a microplate reader
(Multiskan™ FC Microplate Photometer, Thermo Scientific™) and converted by a
calibration curve in an estimated number of cells. Results shown in Figure 5.9 suggest that
protocols, in future studies, need to be adapted for the specific material and 3D structure
in order to avoid misleading results obtained from resazurin-based assays. The uptake of
the scaffolds and the material itself affected the outcome of the test. From the graph, it is
possible to notice that measurements of absorbance in absence of colour response (4h and
20h Blu) were comparable to values obtained for acellular scaffolds after 24h (MCTRL),
whose medium turned purple. There is also a large discrepancy in the readings between
cells cultured on a two dimensional 6-well tissue culture plate (CTRL) and on a 3D

scaffold.
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Figure 5. 9 Estimated average number of cells in each scaffold after conversion from absorbance readings
using a calibration curve. These results are meant to represent that interaction of resazurin-based assay
with the material can affect absorbance readings. T-test revealed no statistical significance differences

between samples (p>0.05). * Only one data point.

Following 48h of cell culture medium was removed and scaffolds were washed extensively
with PBS before adding fresh media. Whilst the test was deemed non-destructive for the

cells, the nature of the scaffolds meant that the dye was retained and thus negating
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subsequent testing making further absorbance readings irrelevant. Contrarily, Gong et al.
[209] demonstrated in their study that a resazurin-based assay performed on small PLA
porous scaffolds (triangles with sides of 8 mm) was successfully washed off, measuring
an absorbance value of nearly zero. These differences suggest that material and size of the
scaffolds may affect cell-based assays. Nevertheless, scaffolds were maintained in culture
over the weekend adding fresh media with the purpose to fix the fibroblasts at day 7 for
cell morphology analysis. Remarkably, CL-PV A showed a change in colour at day 5 (90h)
in all the samples as shown in Figure 5.9. This supports the thesis that different uptake
kinetics may apparently result in absence of cell viability [210]. It is possible to suppose
that cells in these scaffolds proliferate slower and that the exchange of liquid occurs
gradually as also experienced during PBS washings to remove the dye. Studying resazurin
concentration during scaffold cell culture, Gong et al.[209] showed that absorbance
increases linearly up to 24h and then begin to slightly deplete. They also observed in a
time window of 96h that for low cell density (1.56-6.25 x 10%) colour may change slowly
from blue to dark purple whereas when scaffolds have a high cell density (>25 x10%) colour
turns from dark pink to bright pink progressively with the time. These findings can help
to explain the dynamics of colour change in this work indicating a high cell proliferation
in those scaffolds which medium turned pink after 90h.

A list of issues encountered in this study regarding MTS and resazurin-based assays on
porous collagen-based scaffolds with possible causes and solutions for future studies, have
been collected in Table 5. Particularly, the nature of the material and the scaffold structure,
the cell density per surface area and the ratio between reagent and volume of medium can
greatly impact the results of colorimetric and fluorometric assays. These observations can
also be applied to other viability tests. However, it is important to specify that depending
on the cell line, different proliferation rate and interaction cell-matrix can be

acknowledged [69].
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Table 5. 1 List of limitations, causes and potential solutions experienced during cell culture testing 3D

scaffolds for availability and proliferation with commercially available assays.

Limitations

Potential cause

Potential solution Ref.

Cell seeding

Estimate of

cell number

Assay sensitivity

Residual signal
after first assay

(resazurin-based)

Difference in structure
Culture conditions

Cell attachment to the base
of culture plates following
seeding

Different cell interaction in
3D (scaffolds) compared to
2D environment (standard
curve)

Incubation time for each
material

Interaction between reagent
and material

Low reagent / volume ratio
Low cell number

Slow diffusion of liquid in
the structure

Short incubation time

Dye absorbed by the
material

Scaffold precondition and [211]
removal of media in the well

before seeding

Seeding on both sides

covering the entire surface
Establishment of cell density

per ml of culture medium

Use of another well plate [211,
after seeding 212]
Optimization of incubation

time and readings of

absorbance at several time

points for both scaffolds

with cells and without.

Extension of incubation time
beyond the recommended

Measure of the volume (210,
absorbed by the scaffold 213]
Optimization of cell density

to obtain colour change

Increase assay working

solution or consider dilution

factor

Measurement of amount of ~ [209]
liquid needed to rinse the
dye off

Use of smaller samples

5.5 SEM analysis of cell attachment and morphology

With the aim to verify the presence of fibroblasts across the thickness of the structure, at

day 7 post-seeding, cells were fixed as outlined in Section 5.2 on a 35 mm scaffolds. They

were consequently dehydrated using freeze-drier, sectioned in samples that were gold-

coated and analysed by SEM. The effectiveness of this procedure in preparing cells on 3D

scaffolds for SEM examination has been demonstrated in another study [214], in which
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authors found no significant difference in cell morphology when scaffolds were
dehydrated with freeze-drying compared to chemical standard methods. Cellular
infiltration within the sponge as well as cell attachment and morphology were observed
and discussed. SEM images (Figures 5.10, 5.11) showed cell attachment throughout the
examined samples predominantly on CL scaffold compared to the other polymer blended
scaffolds as partially revealed by viability assays in Section 5.3. The advantage of seeding
fibroblasts on artificial porous scaffolds over decellularized human dermis consists in
obtaining cell infiltration into the structure even when seeded statically on the surface
[212], allowing a homogenous distribution of cells. This was confirmed by detecting

images of fibroblasts at different heights along the cross-section of the scaffold.

Figure 5. 10 Cross-section of CL scaffold (A) and a zoomed area at the depth of 200 pm under the surface

to observe a cluster of cells. Scale bars of 200 pm for A and 20 pm for B.
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Figure 5. 11 A) Representative cross-section SEM image of CL scaffold B) Spread (red arrows) and
rounded (black arrows and C) fibroblasts at day 7 and D) fibroblasts imaged after 48h in culture.

Close examination of the porous structure showed samples with a complex morphology in
which fibroblasts were identified and imaged. They can be interpretated as fibroblasts
based on their size which slightly differ due to the way they attach to the surface.
Elongated and spread morphology (red arrows in Figure 5.11 B) indicate that cells could
proliferate after attachment while round-shape cells (black arrows in Figure 5.11 B and
Figure 5.11 C) may suggest an unwillingness to spread. However, multiple cytoplasmic
processes of attachment and intracellular interactions in early stage were found in these
rounded cells. Compared to cells pictured after 48h in Figure 5.11 D, they seemed to be
flattened and incorporated into the surface.

Based on literature review, it was found that this behaviour is common when cells are only
cultured on porous structures for 7 days [214, 215]. Cells initially adhere to the surface

with short filopodia that eventually extend into dendritic extensions. This behaviour may
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be influenced by many factors, such as the nature of the fibroblasts [69], the amount of
time period in cell culture and the medium used in cell culture. In particular, it has to be
said that the initial prolonged incubation time required to generate a signal and resazurin
compound residuals in the culture medium might have interfered with the cell’s metabolic
activity [216, 217]. The potential consequences that resazurin-based assay may have on
the cell survival rate and on cell morphology need to be addressed and investigated. It
cannot be excluded that alterations in cytoskeleton especially in intermediate filaments
and information about the cell-interaction material and cell morphology may have been
lost.

Despite scaffolds being extensively washed and freeze-dried, fibroblasts were shown to
be strongly anchored onto the pore surface likely indicating cell viability before fixation.
Also, the complex morphology of the scaffolds made it laborious to image unambiguously
the presence of spread fibroblasts on the surface [218]. In the future, haematoxylin and
eosin stain (for cell nuclei and cytoplasm, respectively) can give valuable information
about cell distribution and number, while adding specific protein stains such as B tubulin

for microtubules and Phalloidin for F-actin can help to visualize the cytoskeleton.

5.6 Platform for NPTW device application

The use of negative pressure has been largely accepted to be beneficial for wound healing,
promoting formation of granulation tissue, stimulating angiogenesis and reducing wound
exudate [219-221]. However, there is little knowledge about the effect of biochemical
changes in response to this force on a cellular level. First attempts to apply cyclic
compression and tension forces in vitro by means of vacuum dated back to 1985 when
Banes e al. [13] deformed a plastic Petri dish in which chicken-tendon cells were plated.
During the years, scientists have investigated several types of cells in two dimension using
stiff substrates as plastic or glass [222, 223] or flexible materials such as silicone [81].
Only in the last decades, continuous interest has grown in studying the effects of negative
pressure on cells cultured in three dimensional environments in which complex responses
that occur from cell-matrix interactions can be reproduced. Although collagen and fibrin
gels have been the most commonly used matrix for 3D cell culture [79, 224], their low
mechanical stiffness and shrinkage make them unsuitable to replicate the characteristics
of skin and to withstand the application of NPWT through the dressing. Therefore, this
study aimed to investigate the possibility to test NPWT devices on porous scaffolds
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cultured with fibroblasts. Specifically, the single-use negative pressure wound therapy
device PICO 7 (TJ Smith and Nephew Ltd) [225] (Figure 5.12 A) that was recently showed
in an ex vivo study, to cause less damage to the wound edge compared to traditional
application [220]. The culture platform (Figure 5.12 B) (Appendix II) was designed and
then manufactured in the mechanical workshop (Department of Engineering, University
of Hull) from polycarbonate rather than acrylic due to its durability and higher resistance
to crack under stress. Also, this material allows visual monitoring of experiment and is
suitable for several physical and chemical sterilization methods, in autoclave as well as by
means of ethanol solution. The wells were designed to precisely fit the scaffold and
guarantee perfusion through the channels. Pump gas permeable tubing (Cole-Parmer, UK)

were fitted and connected to a peristaltic pump (IPC, Ismatec part of Cole-Parmer, UK).

Figure 5. 12 PICO 7 device that applies Negative Pressure through the dressing (A) and the culture platform
with 35 mm wells designed to precisely fit the scaffolds(B).

The information provided by the company manufacturer of PICO gave indications about
the device and the dressing. The system is intended for wounds with size that should
generally be no more than 25% of the dressing pad area and where the level of exudate is
low (0.6 g/cm?/day) to moderate (1.1 g/cm?/day). The dressing is composed of 4 layers: a
flexible perforated adhesive layer in contact with the scaffold, bonded to an airlock layer
and an upper fluid absorption structure responsible of delivering negative pressure and
exudate removal; it also aids the evaporation through the top film layer that has a high

moisture vapor transmission rate [219]. With the purpose to mimic the conditions of
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exudate flow rate for wounds, this data could be translated to peristaltic pump setting of
15.6 pl/min for low exudate rate and 28.6 for moderate pump rate. In the testing platform,
given the size of the channels, flow rate was set at the minimum value applicable that was
28 pl/min, therefore falling into a range that allowed a moderate absorption of culture
medium (Gibco™ Dulbecco's Modified Eagle Medium, DMEM, high glucose, no
glutamine, no phenol red, Thermo Fisher) during the experiment. To preliminary test the
bioreactor system, flow rate and scaffold perfusion were investigated on DHT-treated CL
and CL-CT scaffolds using a solution of PBS tinted with blue food dye with a flexible
silicon layer sealing the top surface (Figure 5.13). After 24h, CL scaffold visually showed
to be better perfused from a marked blue colour throughout the structure, especially in
proximity of the inlet and outlet. Contrarily, as expected from previous experiments, CL-
CT had a paler blue colour, probably due to low permeability and longer time needed to

exchange fluid.

— b —
C o
d

Figure 5. 13 Schematic representation of bioreactor system. a) NPWT device; b) NPWT dressing; c)

Culture platform; d) peristaltic pump; e) medium reservoir; f) scaffold

Following these primary experiments, three DHT-treated CL scaffolds were sterilized,
seeded with 6x10* HDF using the same procedure described in Section 5.2 and incubated

in a 6 well plate for 7 days, replacing the medium every 48 hours.
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The platform and tubes were cleaned with ethanol (70%) and air-dried under UV light
(wavelength of 254 nm) in a laminar flow cabinet also used for cell culture. Then, scaffolds
were transferred from the 6 well plate to the platform and PICO dressing was applied to

adhere to the acrylic sheet (Figure 5.14).
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Figure 5. 14 Images of scaffolds in the culture platform and PICO dressing application.

PICO device was turned on and the platform placed in a cell culture incubator (Figure
5.15). It was verified that application of negative pressure on scaffolds occurred for few
hours (red arrow in Figure 5.15) and then the device was left in function for 24h. Tubes
were connected to a sterile reservoir containing culture medium (white arrow in Figure

5.15).
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Figure 5. 15 Setup of bioreactor system for negative pressure application on scaffolds inside a cell culture

incubator at 37° C and 5% COa.
5.7 Effect of NPWT on porous structure

The vacuum pump delivered a continuous nominal negative pressure of 80 = 40 mm Hg
(based on manufacturer information [225]) equivalent to ~10 £ 5 KPa, on the collagen
scaffolds for 24h. After this temporal window, the dressing saturated due to large medium
uptake. Therefore, it was not possible to continue the experiment for longer times. The
fact that incubators have a tray filled with sterile distilled water that is placed at the bottom
to generate a highly humid atmosphere inside, preventing the cultured cells from drying
out over time, may have restrained the evaporation rate of the liquid. Also, the cell culture
medium has a different viscosity compared to the exudate [226] facilitating water uptake
from the dressing. The dressing was consequently removed, scaffolds were fixed in 4%
formaldehyde for further SEM analysis. After being rinsed, they were freeze-dried and
sectioned in the middle of the scaffold using a scalpel (Figure 5.16 B)
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Figure 5. 16 CL scaffolds after dressing removal (A) and freeze-dried CL scaffold sections after cell fixation

(B). Red dashed line indicates bending on the side of the scaffold in contact with the culture platform.

Figure 5.16 A shows a pattern on top of the CL scaffold as a consequence of the contact
with the lower perforated layer of PICO dressing witnessing that the application of
negative pressure occurred across the whole surface. The vacuum drawing is crucial for
effectiveness of negative pressure wound therapy because removes exudate and induce
microdeformation and this result positively showed the possibility to apply therapeutical
negative pressure in vitro to a tissue model.

Scaffolds compression was greater moving from the edge towards the centre (Figure 5.16
B) due to the round, rigid edges of the wells that prevented the collapse of the structure. It
is also evident from a macroscopic view (red dotted line, Figure 5.16 B) a minimal
concavity in the inferior side of the scaffolds after freeze-drying. Presumably, this may be
due to the scaffolds being lifted during application of negative pressure, causing an
irreversible deformation of the structure. Part of the process improvement could be to
anchor the scaffold to the bottom of the well or to a substrate to tackle this issue.

SEM analysis was undertaken to have a better picture of structure alterations and to verify

the presence of HDF (Figure 5.17).

121



F——— 200um p———————————— 50um

P 20um ———— 10um

Figure 5. 17 SEM images of DHT-treated scaffold after NPWT application. A), D) Macroscopic views of
cross-section and top surface, respectively. B), C) Different magnifications of cross-section edge and E), F)

top surface with white arrows pointing at HDF.

Inevitably, the initial porous architecture resulted compressed in the middle part with
limited presence of open pores (Figure 5.17 B) that were on the contrary almost intact at
the edges. Likewise, the compression on top of the surface led to a rough and irregular
collagen layer with absence of pores.

In addition, small ripples were noticed on the top surface (dashed red circle in Figure 5.17

F) probably connected to the delivery of negative pressure through the dressing. This
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would imply the possibility to study the effect of micro-deformation on the morphology
of fibroblasts cultured and integrated in a 3D scaffold. Indeed, studies showed that
fibroblast can transduce mechanical forces into biomechanical signals utilizing differential
gene expression and protein secretion [224, 227]. Other research studies [33, 79] found
that cells respond differently to the characteristic of the materials used to apply negative
pressure. Matrix remodelling by compression and traction has already been shown to be
beneficial for cell proliferation of fibroblasts in collagen gels [228], since substrate
stiffness as well as elasticity are important mechanical characteristics that determine cell
fate. Similarly, it has already been theorized that microdeformation of skin structure
caused by negative pressure application can promote cell proliferation through
mechanotransduction pathways [229]. However, according to the literature review
performed in this work, the application of therapeutical negative pressure to study
fibroblast proliferation in a 3D collagen porous scaffold has not been tested yet.

In this study, collagen-based scaffolds have been shown to support cell growth and
withstand negative pressure wound therapy application, suggesting a potential use of in
vitro platforms as preclinical wound healing models. Also, the fact that the scaffolds
remained wet throughout indicate that a fluid exudate-like removal would be possible in a

clinical setting.

5.8 Summary

Given the fact that in vitro cell culture methods are accepted worldwide as a tool that could
effectively contribute to further understanding cellular and molecular biology, this chapter
describes the integration of fibroblasts in 3D porous collagen scaffolds that could
potentially be used in vitro for the observation and study of cell development after NPWT
application. In particular, it has been shown that a NPWT device can be directly applied
on these scaffolds using a bioreactor system. Initially, cell culture experiments on collagen
and polymer blended scaffolds of small size did not raise any concern as results were in
line with expectations, demonstrating that GA vapour crosslinking can biologically be a
valid alternative to the use of GA solution. However, DHT-treated scaffolds were chosen
for the following experiments due to their better biocompatibility as a result of MTS test
(Figure 5.2). Afterward, seeking to recreate a structure that could closely mimic the
dermis, with an upper layer fibrous and well populated similar to the reticular layer and a

more porous sublayer as papillary, the combination of methods described in Chapter 3 and
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4 was attempted with controversial results due to possible delamination between the two
layers and lack of response from cell viability assay. Further experiments confirmed and
showed that using scaffolds four-fold bigger in diameter can represent a challenge when
cell viability and proliferation are analysed through commercial standard cell assays.
Therefore, optimization of cell viability assays for each individual material and size is
required in future experiments in order to determine cell concentration. A list of potential
solutions to solve common problems was presented in Table 5.1. The use of microscopic
techniques such as SEM and fluorescence microscopy was selected as an alternative to
colorimetric methods to examine the presence of cells in the scaffolds. Furthermore, they
can give information about the spatial distribution and morphology of the cells. Although
SEM analysis allowed to detect profiles that were interpreted as cells, the complex
morphology of the sample will require further investigation to state unambiguously and
determine the presence of cells in the scaffolds after NPWT treatment. Nevertheless, while
fibroblasts profiles were recognised throughout the thickness of the collagen porous
microstructure, it posed greater challenges to detect cells in scaffolds made of polymer
blends. In addition, SEM images showed that these collagen porous structures can
withstand negative pressure forces applied by a NPWT device for 24h, and that profiles
linked to spread cells were still present in the structure. This work and system can be
considered a starting point for studying the effect of NPWT on cell structures and
eventually for examination of changes in the production of chemotactic signals. However,
further studies are required to confirm and quantify the presence of cells after NPWT
application on the scaffolds. Potentially, this bioreactor setup could also be used to
investigate the effect of negative pressure on other cells and processes involved in wound

healing such as endothelial cells for angiogenesis.
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CHAPTER 6 General discussion

In skin tissue engineering, scaffolds can have a myriad of uses, from stimulating
regeneration avoiding wound contraction to releasing therapeutical agents, biomedical
signals as well as cell carriers [230]. In general, they function as three-dimensional
templates for cell adhesion and proliferation with material, surface and mechanical
properties to determine the modality of cellular interaction [231]. However, this concept
of structure designed for cell growth, has evolved around the principle that scaffolds
should be realized for the specific application. One of the main goals of this thesis was to
establish reproducible laboratory methods to generate scaffolds that could mimic
characteristics of the skin and could be utilized for wound healing studies withstanding
the application of therapeutical negative pressure. Methods of fabrication were selected
based on strategic choices with the objective to possibly reproduce and validate these
predictive structures using industrial production processes. For these reasons, freeze-
drying and electrospinning were employed to generate highly porous and fibrous scaffolds,
respectively, with characteristics that could partly resemble the skin architecture and be
functional for the final purpose. These structures were chemically and physically
characterized and then morphological interaction with primary human fibroblast cells,
isolated from skin specimens, was evaluated. Accumulating evidence shows that
fibroblasts isolated from different tissues in the body are morphologically and functionally
heterogeneous as a result of a “positional identity or memory” [69]. In some tissue
engineering studies, referenced in this thesis, different immortalised cell line, derived from
humans, animals or cancer have been used to investigate cell-material interactions.
Although cell lines may retain stability in phenotype and function, they can suffer from
dysfunctions such as adapted growth in culture, reduced cell-cell interaction and decreased
protein secretion leading to a possible misinterpretation and variability of results.
Consequently, in the development of clinically relevant in vitro models, cell choice is not
negligible and as important as the material. Freeze dried scaffolds were initially analysed
in this thesis as detailed in Chapter 3. The high porosity of these structures allowed cell
distribution providing a suitable environment for fibroblast secretion of extra cellular
matrix (ECM). In addition, fluid transport through the pores could supply cells with

nutrients during cell culture and potentially simulate exudate in wound healing studies.
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Collagen type I was the material of choice as it is the main component of the ECM in many
human tissues and the most commonly used for engineered skin. Mainly attributed to their
composition, collagen-based scaffolds have found success in several skin applications.
However, the extraction and the source of collagen along with structural differences due
to processing parameters can considerably influence cell response and structural outcome
[232]. As reported in Section 3.3.3, it was also experienced that collagen varied from batch
to batch, suggesting that viscosity or rheology studies should be always included in the
fabrication of collagen-based scaffolds. Collagen was used on its own and blended with
chitosan and polyvinyl alcohol (PVA) in ratio 9:1 searching for scaffolds with improved
physical and mechanical properties comparing the three groups. Previous studies have
already shown the potential of tailoring scaffold composition for tissue engineering
applications using various collagen and chitosan ratio [6, 192] and collagen and PV A ratio
[4, 8]. However, a systematic comparison of the two blends to understand and assess their
influence in scaffold composition and the feasibility of their use in NPWT in vitro
applications has not yet been reported. These biocompatible water-soluble materials could
be added to the collagen-based solution without causing any material precipitation, thus
allowing reproducible and controlled fabrication of a porous structure. On the contrary,
when collagen solution is mixed with glycosaminoglycans (GAGs) to fabricate dermal
template for skin regeneration, part of the product precipitates after centrifugation

generating liquid-phase separation and discontinuity in the final structure (Figure 6.1).
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Figure 6. 1 A) Digital images of Collagen-GAG solution before (right) and after centrifugation (left). B)
SEM images of Collagen-GAG with non-uniform solid content distribution, adapted from [233].

In addition to the possibility to strengthen mechanical properties, chitosan was added as a
potential substitute of GAGs since it has been showed that the N-acetylglucosamine
moiety in chitosan is structurally similar to GAGs [5]. Therefore, it could have added the
same bioactivity and control hydration to the scaffold. On the other hand, PVA is often
used in dressing for wound applications resulting in stiff foams in dry state but soft under
wet conditions with liquid that plasticises the polymer backbone. PVA foams are used
where rigidity is essential to maintain the form without compressing or collapsing under
pressure [234]. These features together with the strong interactions with collagen at low
PVA concentration [7] and high hydrophilicity made these scaffolds worth of being
studied for negative pressure wound therapy (NPWT) applications. During freeze-dried
porous scaffold fabrication, it was found that size and mould filling height cannot be
overlooked along with the freezing process. The use of a temperature-controlled shelf was
essential to determine the effect of freezing process on pore size as detailed in Sections
3.3.1 and 3.3.2. According to Clearfield and Wei [58], the use of a low shelf temperature
(< 40° C) and suspensions with relative low pH (< 0.5M acetic acid) is effective in
maintaining the product temperatures under glass transition temperature thereby
preventing collapse. From pore size measurements, it was possible to suppose that the
shelf freezing rate had a major impact on the average pore size compared to the final

freezing temperature. As reported by O'Brien et al. [60] and showed in Figure 6.2, the
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cellular structure of the scaffold produced at constant cooling rate (Figure 6.2 B) appears
more homogeneous than the scaffold produced using fast freezing i.e quenching (Figure
6.2 A). To better understand the freezing dynamics of collagen slurries, a modulated

differential scanning calorimetry analysis could also be performed.

Figure 6. 2 Cross-section images of collagen scaffolds using quenching (A) and constant cooling rate (B),

adapted from [60]. Scale bars =300 pm

Despite differences in viscoelastic behaviour of the blends, with collagen-chitosan
exhibiting a more fluid-like performance while collagen-PVA a more solid-like (Section
3.3.3), pore size was limited to a range that was suitable for fibroblast seeding and culture.
This appropriate range was also maintained after scaffolds crosslinking. DHT treatment
was applied to all the scaffolds with the aim to provide a better stability in solution causing
a minimum reduction in size. Further carbodiimide (EDC-NHS) and glutaraldehyde (GA)
treatments reduced the scaffolds size and slightly modified the pore size. An increase in
pore size was attributed to ice-induced damage during the second freeze-dried step,
necessary to remove residual cross-linker, but also chemical modification could be
accountable for that. Regarding GA vapour treatment, polymer blended scaffolds
experienced a significant shrinkage in pore size that could be explained with long
incubation time and high hydrophilicity. However, the determination of the exact pore size
by analysis of SEM images might be inaccurate due to sample sectioning and handling,
thus a comparison with a micro-computed tomography analysis and/or cryo-SEM could be
helpful to confirm these results. Chemical characterization of the scaffolds showed an
elevated degree of crosslinking demonstrating the effectiveness of the different treatments
that translated into specific physical and mechanical properties. Contrarily to reports in

literature [97], key measurements such as porosity and water uptake were measured based on
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the percentage of increase in mass. Methods established on relative density or relative variation
in mass were not considered useful for a proper interpretation of results. The approach taken,
allowed the comparison of scaffolds properties based on several factors. The volume of water
absorbed was dependent on the degree of hydrolysis and porosity for collagen and collagen-
chitosan scaffolds while collagen-PVA showed a constant liquid uptake across all
measurements indicating a possible correlation with the collagen/PV A ratio that composed the
scaffold. Results showed in Section 3.3.6 of water uptake measurements suggested that DHT
cross-linking can dramatically reduce the hydrophilicity of collagen-chitosan scaffolds making
it almost comparable to the pure collagen structure. It would have been interesting to measure
hydrolytic and enzymatic degradation of these scaffolds to further investigate the effectiveness
of the various crosslinking methods. Experiments to test the porosity involved the application
of vacuum that permitted the expansion of the structure and fluid entrance into the pores.
During the evaluation of how vacuum forces affected the scaffolds, cryo-SEM analysis
revealed that polymer blended structures under wet conditions behaved similarly to hydrogel
(Figure 6.3) retaining a great amount of water, feature that was not expected based on SEM

analysis and mechanical tests.

A B

Figure 6. 3 Cryo-SEM pictures of A) 0.5 mg/ml gelatin hydrogel from [235] and B) Collagen-Chitosan 9:1

scaffold fabricated in this thesis with pores swollen by water phase.

Mechanical tensile tests of crosslinked scaffolds did not show any relevant improvement in
properties compared to the non-crosslinked samples, and results discussed in Section 3.3.7
were in line with those reported in several research findings. It has to be said that matching the

mechanical and physical properties of biological tissues is one of the obstacles in tissue
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engineering that scientists have tried to overcome for decades with limited success. However,
analysis of creep recovery in compression tests showed that GA treated scaffolds were able to
recover to almost the initial thickness when a strain of 30% was applied, while the other
crosslinked scaffolds experienced a certain level of permanent deformation. Whilst these
results could suggest that GA scaffolds were more suitable for the thesis purpose, cell culture
studies reported in Section 5.2 indicated that residual toxicity and increased stiffness may
interfere with fibroblasts survival and proliferation. For these reasons, it was decided to use
DHT-treated porous scaffolds as 3D structure to test negative pressure wound devices since
cell survival was prioritized over mechanical properties. Although collagen sponges are well-
established materials and have been used as dermal substitutes they are considered
“pseudo-3D culture platform”. As a consequence of large pore size, cells mostly grow with
a pattern similar to that on 2D surfaces. Electrospinning was a technique that would have
provided the possibility to fabricate cues acting in all three directions, comparable to the
ECM.

In Chapter 4, electrospun mats were fabricated using a less explored collector in the search of
a more homogeneous and well distributed pattern with increased pore size. As the thickness of
electrospun scaffolds is limited to hundreds of micrometres, a combination with the porous
scaffolds was a promising research concept to develop 3D tissue models. The electrospinning
market is extensively growing and the aim of finding sustainable solutions to fabricate medical
devices, is drawing particular attention to the use of water/weak acid soluble biomaterials.
There is an urgent interest in replacing highly toxic solvents with relatively environment-
friendly solvents to industrialize the electrospinning process, especially in the biomedical
field for applications such as wound healing, drug release, and tissue engineering. In many
studies [236], chitosan (CT) has been used as an alternative substrate to collagen in
artificial skin models. In this work, it was combined to biocompatible materials such as
polyethylene oxide (PEO) and polycaprolactone (PCL) to facilitate its spinnability and
increase mechanical properties. Mats were successfully obtained with static and rotating
configuration. Through image analysis, average fibre diameters were measured, and mats
categorized in nano and micro scaffolds. There was a substantial difference between PEO-CT
and PCL mats not only in terms of size but also in fibre organization. Although it was shown
that using the developed rotating collector, fibres could be aligned at rotational speed as low

as 500 rpm, the two scaffolds were revealed to have different patterns (Figure 6.4).
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Figure 6. 4 SEM images A) PEO-CT nanofibres and B) PCL microfibres collected on rotating disk.

While PEO-Chitosan showed nanofibres aligned in a specific direction that was more evident
with higher speed and at increased distances from the disk center, PCL microfibres had a
bimodal distribution that allowed greater pore size and less fibre agglomeration. Most studies
carried out using drum collectors showed aligned fibres tightly packed with absence of
spacing between them (Figure 6.5). This particular and innovative configuration has
demonstrated not only an improvement in mechanical properties of the scaffolds and a

reduction in fibre diameter, but it has also provided spacing between the aligned fibres.
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Figure 6. 5 Aligned by drum collector and random electrospun PCL fibres. Adapted from [237]. Scale bars
=10 pm

132



A distribution study with fibre diameters in the range of ~400-700 um could potentially be
explored to understand the reproducibility of this novel pattern. The result was attributed to the
combination of electrostatic forces that accumulated on the fibres and to the rotational
movement of the collector. However, the combination of these two phenomena was
unexpectedly observed only on PCL mats presumably because bigger fibres retained higher
electrostatic forces. Further demonstration of this hypothesis was given by contact angle
analysis in Section 4.7.3 which surprisingly showed 25% lower contact angle values than
measurements found in literature. The possibility to obtain membranes more hydrophilic by
means of a simple collector could open opportunities in several fields since this technology
does not alter any of the fundamental variables of electrospinning and can be apply to a
wide range of polymers. In addition, mechanical tests showed tensile strength and modulus
well within the range of human skin for PEO-CT while PCL mats had 10-fold lower elastic
modulus. These results suggest that an appropriate polymers combination such as PCL-CT
could be ideal to match skin properties as fibres size for PEO-CT were not suitable for
fibroblast proliferation. Generally, fibres of electrospun scaffolds are deposited in the x and y-
planes with virtually no fibres oriented across the z-direction. In this respect, the use of other
techniques, in addition to the rotating collector, can be applied to increase the void space.

Many approaches can be taken to face this problem from the use of low temperature
electrospinning and ultrasonication to dual electrospinning [238]. As reported by ATR-FTIR
analysis in Section 4.7.2 PEO can be easily washed away by ethanol/water rinsing so that
simultaneous spinning of PEO and another solution might intertwine fibres and be beneficial
to create structure with high porosity and void space between layers. Electrospinning can be
considered a precursor of 3D printing in which operators can commonly adapt the setup but
have limited and challenging control on the final structure. During this study, it was also
experienced that reproducible results cannot easily be obtained as too many factors negatively
influenced the spinnability process with temperature of the solution and chamber humidity that
were found to be critical for reproducibility. Furthermore, a key consideration in
electrospinning for cell applications is the duration of spinning. Based on fibre diameter,
the electrospinning period can affect pore size and scaffold thickness that consequently
will impact cell infiltration and behaviour. To understand skin cells interaction within
three-dimensional architecture in the context of the specific structure, fibroblasts were
cultured on PEO-CT, PCL and freeze-dried scaffolds. Pore size and fibre diameter had a

significant influence on the ability of the cells to infiltrate into the scaffolds. On PEO-CT,
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fibroblasts maintained a rounded shape after 3 days in culture but attached well to the
surface while PCL showed actin filaments engaged to different fibres with pore size that
appeared to be suitable for cell infiltration into the structure. These results also proposed
that electrospinning studies should not only focus on mimicking the fibre size of native
tissues but rather direct the attention on obtaining pores broader than the cell size of
interest. Although, cell studies over a longer period are needed to address cell growth and
proliferation, it can be said that PEO-CT membranes could be used for cell attachment and
as bacterial barrier for wound healing applications rather than 3D tissue structures.
Histological haematoxylin and eosin staining, along micro-CT analysis of scaffolds could
be useful to determine how deep cells infiltrated in PCL membranes obtained in random
and rotating configuration and to evaluate differences in porosity. On the other hand, the
analysis of cell morphology and proliferation on freeze-dried scaffolds resulted to be more
complicated particularly in the attempt to upscale the size of the scaffolds. Analysis of
cellular activity within the scaffolds produced good results in terms of cytoskeleton
protrusions and survival rate. Even though, glycine rinsing might have been utilized to
remove GA traces from the scaffolds, GA vapour treatment revealed to be advantageous
over GA solution providing the same mechanical properties and ensuring cell survival.
Yet, these scaffolds showed lower cell proliferation then the other crosslinking methods.
During crosslinking, incubation time may have little effect on material stiffness that
mostly depends on polymer concentration, but rather crosslinking change the inner
structure and hydration that can interfere with cells interaction since adhesion and
proliferation depends on surface characteristics such as chemistry, wettability, and
topography. Microscopic inspections helped in the analysis of morphological differences
between cells cultured on porous and fibrous scaffolds. It was found that fibroblasts can
take longer to spread out on collagen struts compared to PCL fibrous matrices. Cells with
rounded morphology could be easily seen and those may indicate a reduced interaction
between cells and topographic features as well as they may need longer period of
incubation to grow and adapt to a substrate that differ from a plastic layer. Eventually, the
aim would be to image cells that are well-spread and integrated on the structure, able to
synthesize collagen and proliferate. Even though SEM analysis allowed to identify cells
across all the structure, imaging was laborious for lack of contrast and uneven surfaces
that made focusing on various depths particularly challenging. As remarked for fibrous
scaffolds, a haematoxylin and eosin staining (Figure 6.6) would be suitable to image cell

distribution within the scaffolds. Based on the expertise acquired, this method would be
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the most reliable for analysis of collagen porous sponge, since confocal images can only
reach few hundred micrometres in depth. However, these scaffolds turned out to be quite
fragile when sliced by means of a microtome. In this study, wax embedding was
unsuccessful as the porous structure crumbled apart when sliced, while cryo-sectioning
could work only if vacuum is used to fill up inner pores of the structure with medium

before cell culture.
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Figure 6. 6 Haematoxylin and eosin staining of cross-sections of PCL electrospun membranes [239] (left)

and collagen porous matrix [240] (right) cultured with fibroblasts.

Fibrous and porous scaffolds were identified as possible 3D models designed to mimic
native tissue and targeted for Negative Pressure Wound Therapy (NPWT) investigation.
Since one of the limitations of electrospinning is the difficulty in building up scaffold
thickness, a combination of electrospun matrices and freeze-drying porous scaffolds was
explored to make use of the advantages offered by both techniques and serve the purpose.
The process of electrospinning on porous structure was straightforward but doubts were
raised about attachment of the fibrous structure on the upper porous surface upon
application of cutting forces by scalpel. Potential solution for stronger attachment could
be the application of a thin layer of gelatine right before the electrospinning process that
will perhaps allow fibres to be better integrated. Further development of this structure was
limited by issues encountered during cell culture that involved the use of colorimetric
assays to evaluate cell viability on scaffolds. Scaling up cell culture means that cell growth
should remain consistent as the size of the scaffold increases. Regrettably, many issues

were discovered along the process that did not make possible to determine viability nor to
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track cell proliferation at various time points. Potential causes and solutions were
identified but the timeline did not permit optimization of the process. Since collagen
scaffolds were the only samples to show decent viability, they were selected to be tested
under negative pressure. For this specific intent, a custom-made bioreactor chamber was
designed and fabricated to experiment and support what at the beginning was a research
idea as detailed in Section 5.5. It was made of polycarbonate to facilitate the attachment
of NPWT device adhesive layers, for ease to be sterilized and because of the possibility to
embed fluid channels into the structure. While the use of polydimethylsiloxane is not
recommended on studies of this scale, it could be integrated in the system as scaffold
support. Even if the fluid flow was maintained as low as possible, a preliminary study

showed diffusion of fluid inside the collagen scaffolds after 24h (Figure 6.7).

Figure 6. 7 Digital image of 24h preliminary experiment to assess fluid diffusion in collagen scaffolds.

This would suggest that mechanical stimuli were applied to some extent to the cells by the
medium along with the negative pressure. Due to dressing saturation the experiment was
stopped after 24h leading to some reflections to be made. Firstly, it is suggested not to run
the experiment in triplicates or considering the likely possibility that dressing needs to be
changed regularly. Secondly, if compatible with tube fittings and manufacturing process,
channels diameter should be smaller in size to meet a low exudate rate. Lastly, as the

dressing is designed to absorb exudate, it is recommended to use a medium with higher
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viscosity. Finally, this work highlighted the feasibility to apply therapeutical NPWT to
tissue engineered scaffolds for the first time. It has to be specified that with the term
“therapeutical” is intended the application of NPWT as a whole, in which dressing and
pressure are combined to produce deformations to the tissue on micro and macro scales.
As a matter of fact, these forces contribute to the acceleration of wound healing under
NPWT. SEM analysis showed that DHT scaffolds can tolerate the treatment and
interconnection of pores can still be observed after permanent deformation of the scaffolds
that was partly anticipated by compression tests. While studies have showed that collagen
scaffolds with average pores size of 150 um have high fluid permeability even when
compressive strain are applied [241], fluid transport and diffusion on the resulted structure
should be investigated since they have influence on cellular survival and degradation of
the scaffold. Nevertheless, this work has demonstrated the possibility to transfer
mechanical signals from an external environment to the cells via the scaffolds and that a
series of structure variants such as electrospun mats could also be studied to gain

knowledge about the effects of NPWT on skin cells.
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CHAPTER 7 Conclusions and future directions

7.1 Summary

In this thesis, models of engineered skin that hold specific features were fabricated using
conventional and advanced techniques and materials that are cost effective and largely
used in industry with the aim to translate this research into an industrial application for
research and development purposes. The work was focused on optimizing the fabrication
process, improving scaffold properties and understanding the influence of scaffold
architecture on cellular function and behaviour. In addition, a proof-of-concept bioreactor
system was developed to provide NPWT forces on porous scaffolds. Previous NPWT in
vitro studies presented limitations with regard to application of negative pressure and the
use of small-scale skin equivalents or artificial skin that were not specifically designed for
this purpose. This work explored the possibility to create reproducible and durable
scaffolds that could withstand high stresses and in which cells could easily infiltrate and
be adherent to the substrate. In this way, cells can experience the same level of stretch and
forces sensed in vivo.

In Chapter 3, the fabrication of highly porous collagen-based scaffolds using a freeze-
drying method resulted in a homogeneous pore structure suitable to host skin cells. Results
showed that blending water-soluble components i.e., chitosan and PVA in the collagen
dispersion before freeze-drying affected the physical of the scaffolds while minimally
altering the morphology and mechanical properties. Addition of limited amounts of these
materials resulted in scaffolds that could retain amounts of water 6 times higher than those
made of pure collagen. However, after cross-linking treatments, water retention capacity
of blended collagen scaffolds diminished drastically for CL-CT varying with cross-linking
method while a small decrease of around 10% was measured for CL-PVA independently
of the treatment. These results may imply that PVA interact strongly with collagen during
mechanical blending resulting in a material with innovative physical properties. On the
other hand, crosslinked CL-PVA scaffolds showed mechanical properties similar to
collagen scaffolds when tested in dry conditions and slightly inferior in hydrated state.
This finding further suggests that PVA do not prevent cross-linking agents to react with
amino acid residues of collagen, but due to its fluid retention capacity the rigidity of the

scaffold can increase when hydrated. On the contrary, elastic modulus of CL-CT scaffolds
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in hydrated state was higher than CL and CL-PVA across all the groups. These results
confirmed that addition of chitosan in collagen blends can enhance scaffold elasticity.
With respect to the proposed application, GA treatments, either in solution or through
vapour phase, allowed to obtain scaffolds that showed high compression strength and
almost total recoverable elastic deformation for all types. Although, these scaffolds had
superior mechanical properties, low fibroblast viability was assessed in cell culture studies
possibly attributable to the presence of toxic GA residual in the structure.

While a porous structure was chosen to meet biological and mass transport needs, fibrous
scaffolds were designed to match skin mechanical properties and architecture. With the
aim to improve the complexity of the skin model and to produce fibrous structures that
better resemble the native tissue, in Chapter 4 a planar rotating disk was designed and used
to collect fibres in the electrospinning process. This configuration had an impact on the
membrane morphology that resulted to be mainly orientated in the direction of spinning
for PEO-CT fibres with diameters smaller than 200 nm. On the contrary, the use of the
developed collector during electrospinning of PCL dissolved in GAA produced fibres with
diameters of around 1 pum that were arranged in a cross-aligned morphology. Further
investigation demonstrated an improved hydrophilicity of these scaffolds that could
potentially increase passive cellular infiltration. These results confirmed that interactions
between material, solvent and system could lead to the development of membranes with
unique properties that are not yet reported in research. Furthermore, these PCL membranes
showed excellent fibroblast proliferation contrarily to PEO-CT membranes that appeared
to inhibit the growth of fibroblasts. Cells formed cellular spheroids and cellular
agglomerates although attached to the substrate. This behaviour can be ascribed to the
composition of the membranes that after dissolution of PEO in solution were made of pure
chitosan. The combination of the freeze-dried and electrospun scaffolds with the aim to
realize a bilayer structure that could better mimic the skin was investigated in Chapter 5.
Experiments led to the understanding of complications in obtaining the final structure and
related problems in scaling up the scaffold size that have not been addressed in existing
studies. For instance, the weak interaction between the two structures was attributed to the
different nature and physical characteristics of the polymers. Also, lack of standardisation
and dosage of assay reagents to test cell viability led to questionable results due to absence
of colour change or interaction with the scaffold material. Considerations and
consequential solutions were proposed in Table 5.1 with the aim to improve the

reproducibility of these methods. Furthermore, a basic bioreactor was successfully

139



developed and was found to be capable of delivering NPWT under physiologically relevant

conditions to study cell behaviour in in vitro investigation.

7.2 Conclusions

The central theme of this thesis was to advance the understanding of Negative Pressure
Wound Therapy (NPWT) mechanisms by developing bioartificial scaffolds with improved
properties that could be used as skin models in bioreactor systems designed for NPWT
device studies. By replicating therapeutical conditions as closely as possible and providing
a more accurate representation of cellular behaviour, researchers will be able to investigate
and understand the mode of action of differing NPWT technologies limiting the need of
in vivo testing.

This study contributed to new knowledge providing insights in the area of scaffolds for
skin engineering in vitro applications. The investigation of the freeze-drying technique
demonstrated that blending water-soluble components with collagen in 1:9 ratio did not
change the main scaffold structure, which was mostly driven by the viscosity of the
solution and parameters of the freeze-drying process. On the other hand, material blending
affected physical and mechanical scaffold properties as well as the response of cultured
fibroblasts. Those properties could be further altered by crosslinking methods. In this
respect, results from this work led to the conclusion that dehydrothermal crosslinking is
the most suitable method for this specific application, leading to an overall higher cell
survival rate compared to the other crosslinking methods. Furthermore, although chitosan
has been employed in many skin tissue engineering applications, its use in combination
with collagen resulted to be impractical in this work and inferior to PVA as shown by cell
culture results reported in Chapter 5, due to reduced cell viability.

Similarly, the use of electrospinning with a novel rotating collector enabled the creation
of fibrous scaffolds and provided critical insights into the behaviour of fibroblasts in
response to the unique scaffold microenvironment. Particularly, the use of PCL in Glacial
Acetic Acid (GAA) solution, that was confirmed to be successful only for specific polymer
concentration as described in literature, led to a bimodal fibre distribution not previously
reported in other studies. The formation of this structure was attributed to the rotating
collector and its interaction with the polymer solution that allowed a better distribution of
the fibres modifying their density and orientation. This finding suggests that cellular

infiltration of electrospun membranes could be enhanced without applying physical
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manipulation or combining other techniques. It was discovered during evaluation of cell
interaction and viability that fibroblasts were well spread and could infiltrate into the
scaffold showing that pore size and fibre diameter of around 1 pm are crucial features for
fibroblast attachment and proliferation. In fact, the use of Chitosan-PEO resulted in
membranes with fibre-packed surface that prevented cell ingrowth and promoted only
formation of focal adhesion and cluster of cells. These results contribute to the
understanding of the effect of fibre diameter on skin cells growth suggesting that
electrospinning fibres with diameter below 200 um are not suitable for human dermal
fibroblast proliferation and infiltration.

Moreover, one of the key contributions of this research lies in the development of a proof-
of-concept bioreactor system specifically designed for NPWT investigations, introducing
a novel approach. This bioreactor enabled the application of negative pressure forces on
scaffolds, simulating the conditions of NPWT. The study showed the feasibility of
investigating human dermal fibroblast survival, proliferation and morphological changes
by subjecting the dehydrothermally treated collagen scaffold to such forces. The integrity
of the porous scaffold after application of such therapy was confirmed by microscopy
analysis.

Overall, this thesis provides a comprehensive investigation of the intricate interplay
between scaffold architecture, cellular behaviour, and therapeutic NPWT. The fabrication
of innovative 3D skin models, the thorough evaluation of their properties, and the
successful development of a bioreactor system for NPWT investigations collectively
underline the potential of this research and lay a foundation for further advancement in
bioartificial scaffold design with the ultimate goal of studying negative pressure wound

therapy in a controlled and reproducible environment.

7.3 Future work

Promising findings were obtained in this work, but further research is undoubtedly needed
to solve experimental problems and confirm and ameliorate the results.

With regards to collagen-based porous scaffolds, future work would be focused on (i)
analysing more in detail the permeability and fluid-exchange of collagen-based scaffold
with particular interest in collagen-PVA that showed to have unique capacity of fluid
retention; (ii) standardizing a protocol for cell viability assays based on the size and dye-

material interaction of these scaffolds or using other proposed methods such as separation
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of cells from materials; (iii) extending cell culture incubation time. Since a scaffold can
be considered physiologically relevant if it contains ‘mature’ cells, analysis of change in
cell morphology and long-term viability are crucial; (iv) allowing fibroblast interaction
with keratinocytes, endothelial and inflammatory cells that have important roles in the
wound healing process. The outcome of this research also recommends future continuation
of the work on the electrospun membranes obtained with the rotating collector. Firstly, it
will be necessary to investigate the effectiveness of the fibre alignment method for other
blends such as PCL-Chitosan or PCL-gelatin, targeting specific fibre diameter ranges
suitable for human dermal fibroblasts. Secondly, further analysis of cell infiltration and
consequent comparison with random and drum-aligned membranes will demonstrate the
preliminary results of this study and help to advance the production of electrospun
products that are speedily growing in industry. To achieve this objective, the new
developed collector system should be integrated in a fully automated and standardized
process in which control over environmental and process parameters will diminish
variability and increase reproducibility. Lastly, additional use of these membranes in
wound healing applications such as for antibacterial purposes should be explored with
particular attention to liquid permeability / vapor evaporation and degradation of nanofiber
structures.
Meanwhile, bonding between the porous structure and electrospun layers should be
improved in order to produce a uniform and complex 3D model of skin in which the upper
electrospun layer provides mechanical support while the lower, more porous substrate is
designed to facilitate cell and fluid infiltration. Measurements of delamination forces and
attempts to strengthen the link between the layers could be investigated. Applying an
adhesive layer on the porous surface exposed to electrospinning process could be a valid
solution in order to obtain a bilayer scaffold. Nevertheless, these developed bioartificial
scaffolds were designed to be coupled with a bioreactor to study therapeutical Negative
Pressure and consequent mechano-transduction response of cells, in particular of
fibroblasts that is the most mechanoresponsive skin cell population. Future work would be
directed in the optimization of this testing platform. Several ideas can be applied and
integrated:

I.  measurements of the optimal flow rate and dressing uptake to perform continuous

experiments over 3-4 days without interrupting the experiment
II.  use of sensors to control pressure around the structure and fluid flow in inlet and

outlet. Even though fluid rate can be set up on the peristaltic pump, drawing forces
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from the negative pressure devices could influence the amount of medium that
circulate in the system
III.  use of soft material such as polydimethylsiloxane (PDMS) to host the scaffold and
mimic the mechanical properties of tissues such as adipose tissue that is connected
with the dermis.
Eventually this in vitro system will allow to study and investigate the cause-effect
relationship between mechanical signals from NPWT and biological outcomes.
Furthermore, the bioreactor could be utilized to compare and characterize diverse types of
skin substitutes for skin tissue engineering applications. Once again it must be
acknowledged that engineered tissue integrated in a testing platform is a model of complex
living system and beyond these studies there are bound to be limitations. However, the
methodology described in this thesis that led to the development of an in vitro testing
platform could be implemented in order to help and forward the development of NPWT

devices.
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